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Preface to the Series 

Materials are highly diverse, yet many concepts, phenomena and transformations 
involved in making and using metals, ceramics, electronic materials, plastics and 
composites are strikingly similar. Matters such as transformation mechanisms, de- 
fect behavior, the thermodynamics of equilibria, diffusion, flow and fracture mech- 
anisms, the fine structure and behavior of interfaces, the structures of crystals and 
glasses and the relationship between these, the motion or confinement of elec- 
trons in diverse types of materials, the statistical mechanics of assemblies of at- 
oms or magnetic spins, have come to illuminate not only the behavior of the in- 
dividual materials in which they were originally studied, but also the behavior of 
other materials which at first sight are quite unrelated. 

This continual intellectual cross-linkage between materials is what has given 
birth to Materials Science, which has by now become a discipline in its own right 
as well as being a meeting place of constituent disciplines. The new Series is in- 
tended to mark the coming-of-age of that new discipline, define its nature and 
range and provide a comprehensive overview of its principal constituent themes. 

Materials Technology (sometimes called Materials Engineering) is the more 
practical counterpart of Materials Science, and its central concern is the process- 
ing of materials, which has become an immensely complex skill, especially for 
the newer categories such as semiconductors, polymers and advanced ceramics 
but indeed also for the older materials: thus, the reader will find that the metal- 
lurgy and processing of modern steels has developed a long way beyond oldfash- 
ioned empiricism. 

There exist, of course, other volumes and other series aimed at surveying these 
topics. They range from encyclopedias, via annual reviews and progress serials, 
to individual texts and monographs, quite apart from the flood of individual re- 
view articles in scientific periodicals. Many of these are essential reading for spe- 
cialists (and those who intend to become specialists); our objective is not to be- 
little other sources in the cooperative enterprise which is modern materials sci- 
ence and technology, but rather to create a self-contained series of books which 
can be close at hand for frequent reference or systematic study, and to create these 
books rapidly enough so that the early volumes will not yet be badly out of date 
when the last ones are published. The individual chapters are more detailed and 
searching than encyclopedia or concise review articles, but less so than mono- 
graphs wholly devoted to a single theme. 

The Series is directed toward a broad readership, including not only those who 
define themselves as materials scientists or engineers but also those active in 
diverse disciplines such as solid-state physics, solid-state chemistry, metallurgy, 
construction engineering, electrical engineering and electronics, energy technol- 
ogy, polymer science and engineering. 



While the Series is primarily classified on the basis of types of materials and 
their processing modes, some volumes will focus on particular groups of appli- 
cations (Nuclear Materials, Biomedical Materials), and others on specific catego- 
ries of properties (Phase Transformations, Characterization, Plastic Deformation 
and Fracture). Different aspects of the same topic are often treated in two or more 
volumes, and certain topics are treated in connection with a particular material 
(e.g., corrosion in one of the chapters on steel, and adhesion in one of the poly- 
mer volumes). Note, however, that corrosion is now to receive its own dedicated 
volume, number 19. Special care has been taken by the Editors to ensure exten- 
sive cross-references both within and between volumes, insofar as is feasible. A 
Cumulative Index volume will be published upon completion of the Series to en- 
hance its usefulness as a whole. 

We are very much indebted to the editorial and production staff at VCH for their 
substantial and highly efficient contribution to the heavy task of putting these vol- 
umes together and turning them into finished books. Our particular thanks go to 
Dr. Peter Gregory and Deborah Hollis on the editorial side and to Hans-Jochen 
Schmitt on the production side. We are grateful to the management of VCH for 
their confidence in us and for their steadfast support. 

Robert W. Cahn, Cambridge 
Peter Haasen, Gottingen 
Edward J. Kramer, Ithaca 

Our friend and coeditor-in-chief, Peter Haasen, fell ill in May and died in Gottingen 
on 18 October 1993, at the age of only 66. Nearly until the end, driven by con- 
science and his love of science, he continued to discharge his editorial functions 
for our joint enterprise and also for another in which he was engaged. His death 
represents a devastating loss to his family, to which he was so deeply devoted, to 
his colleagues, to his church, and to the worldwide professions of metal physics 
and physical metallurgy (which he regarded as closely related but by no means 
identical). 

Dr. Haasen, who had been professor of metal physics at the University of 
Gottingen for more than three decades until his retirement in 1992, possessed a 
name to conjure with on both sides of the Atlantic, In his native Germany he was 
greatly influential, both on the public scene and among his students, who looked 
to him for wise counsel even when their own hair became speckled with gray. He 
was an editor of Zeitschrift fu r  Metallkunde, was for a time president of the 
Gottingen Academy of Arts and Sciences, was a central figure in the councils of 
the Deutsche Gesellschaft fur Metallkunde (latterly, Materialkunde), a member 
of the Academia Europaea and a foreign member of the U.S. National Academy 
of Engineering. 



In 1986, he took the first initiatives which led directly to the publisher’s deci- 
sion to create the 18 volumes of Materials Science and Technology, and he per- 
sonally edited the first volume to appear, devoted to Phase Transformations and 
published in 1991; it has already won much praise. We, the undersigned, owe to 
him our own involvement in this great enterprise. We shall miss him immensely, 
and we shall honor his memory by doing our part to bring the enterprise to a suc- 
cessful conclusion. 

Robert W. Cahn, Cambridge 
Edward J. Kramer, Ithaca 
October 1993 



Preface 

For most people, ‘corrosion’ means the formation of rust on iron and steel by the 
action of water from the environment. Rust is of course the most obvious and om- 
nipresent form of corrosion which is encountered in daily life but in today’s tech- 
nologies, corrosion and environmental degradation - which is the title of the book 
- cover a much larger area than just the corrosion of iron-base materials. Techni- 
cal materials nowadays range from metallic and intermetallic structural alloys 
through high-performance ceramics and advanced polymers to electronic and pho- 
tonic devices. All these applications have their specific environments and prob- 
lems with corrosion and environmental degradation. This is reflected in the present 
volume, which addresses all the major aspects of this field in the form of separ- 
ate contributions by internationally renowned experts in their fields. The aim of 
the book is to provide a reasonably concise but nevertheless profound overview 
of the entire field without requiring more than a basic knowledge of the natural 
and technical sciences from the readers. The book should, however, not be re- 
garded just as a classical textbook for university education; rather, it addresses 
readers who wish to become familiar with this subject such as engineers in indus- 
try or scientists in research. Therefore, the most recent developments in materi- 
als research have been included in the book. 

The book consists of two volumes. Volume I covers the fundamentals of dif- 
ferent aspects of the field and primarily serves to allow understanding of the phe- 
nomena and to give a description of the existing models in a scientific approach 
to the topic of corrosion and environmental degradation. Sampling Volume I is rec- 
ommended before moving to Volume 11, which covers the different material class- 
es, from a more practical point of view. However, Volume I1 is self-contained, i.e., 
for readers with fundamental knowledge of corrosion Volume I is not an absolute 
prerequisite although it would help such readers to a deeper understanding. 

Volume I starts in chapter 1 with the classical approach to corrosion which is 
electrochemically based. Chapter 2 deals with the corrosion processes occurring 
at high temperatures, a topic which is becoming increasingly important as envi- 
ronmental protection laws require higher efficiencies and lower emission values 
in thermal technologies which can only be achieved by increased operational tem- 
peratures. Chapter 3 addresses the technically most important aspect of aqueous 
or electrolytical corrosion, i.e., passivity, in detail. Microbially influenced corro- 
sion which is the reason for a significant number of unexpected corrosion dam- 
age cases in modern plant technology is discussed in chapter 4 while chapters 5 
and 6 deal with complex forms of corrosion where operational aspects such as 
superimposed mechanical stresses or the flow of liquids come into play. Chapter 
7 covers recent developments in measurement techniques while chapters 8 and 9 
are devoted to corrosion protection measures. 



The chapters in Volume I1 each represent a specific materials group. Chapter 1 
starts with the quintessential traditional material, steel. The next 3 chapters (2, 3 
and 4) discuss the corrosion aspects of the non-ferrous alloys which either play a 
role owing to their superior corrosion resistance compared to steels in several 
highly aggressive media (chapter 2), or are of high interest in several modern tech- 
nologies owing to their low specific weight and good mechanical properties (chap- 
ters 3 and 4). Chapter 5 deals with the challenge to corrosion resistance of metal- 
lic materials and coatings for use in high-temperature applications while chapters 
6 and 7 focus on the most recent developments in high-performance materials, 
i.e., intermetallic alloys and ceramic materials. A more traditional topic is dis- 
cussed in chapter 8 which covers the corrosion of steel in concrete structures, re- 
vealing, however, that even in this field significant developments have taken place 
in recent years with respect to corrosion detection and protection. Many un- 
expected failures in modern electronics are due to corrosion of devices and inter- 
action with the environment which is discussed in chapter 9. The volume finish- 
es with a chapter on the environmental degradation of polymers which in many 
cases are actually used for corrosion protection of metals but show their own sen- 
sitivity to environmentally induced degradation processes. 

The book is the result of the joint efforts of many colleagues who contributed 
to it or helped with the editing procedure. First of all I would like to express my 
sincere thanks to all of the authors who supplied their high-quality contributions 
within the short time frame available. This turned out to be challenge for authors, 
editor and publishers. Furthermore, thanks are due to Dr. W. Furbeth, Frankfurt/ 
Main, Prof. E. Heitz, Kelkheim and Prof. A. Rahmel, Bad Homburg for reading 
and commenting on some of the manuscripts. I am particularly indebted to Dr. P. 
Drodten, Essen who helped with the revision of one of the manuscripts and also 
to Ms. N. GruB, FrankfurdMain for typing and correspondence as well as to Mr. 
M. Rohrig, Frankfurmain for the preparation and handling of the electronic data. 
Thanks are also due to the series editor, Prof. R. W. Cahn, Cambridge, for his en- 
couragement and sustained interest in the progress and the contents of the manu- 
scripts, to Dr. J. Ritterbusch, Mr. H.-J. Schmitt and Mrs. S. Silber with WILEY- 
VCH for pleasant cooperation and to Prof. G. Kreysa, chief executive of 
DECHEMA, Frankfurtmain, for the use of the infrastructure of the Karl- 
Winnacker-Institut in the preparation of this book. Last but not least I owe thanks 
to my family from whom I have stolen a number of weekends. 

Michael Schutze 
Aschaffenburg, March 2000 
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2 1 Phenomenological and Electrochemical Fundamentals of Corrosion 

List of Symbols and Abbreviations 

radius of hemispherical electrode or corrosion pit 
activity of species i 
capacity 
concentration 
bulk concentration 
surface concentration 
saturation concentration 
concentration of oxidized and reduced species of a redox system 
concentration of aggressive and inhibiting anions 
diffusion coefficient 
distance, layer thickness 
charge of electron (1.6 x 
electrode potential 
energy ratio for ISS 
cell voltage 
standard potential 
Nernst equilibrium potential ( q  = 0) 
activation energy of anodic or cathodic electrode process 
E i +  , E i -  including electrical energy 
binding energy 
corrosion potential 
Fermi energy 
Flade potential ( E p  for iron in acidic solution) 
kinetic energy 
passivation potential 
rest potential (n=O) 
Faraday constant (96 485 A sNal); Helmholtz function 
frequency 
activity coefficient of species i 
Gibbs free energy 
standard Gibbs free energy of formation 
standard Gibbs free energy of a reaction 
enthalpy 
standard enthalpy of formation 
standard reaction enthalpy 
Planck's constant (6.63 x 
current 
current density 
anodic and cathodic partial current density 
charge transfer controlled current density for t + 0 
exchange current density ( q  = 0) 
corrosion current density (n=O) 
maximum diffusion limited current density 

As) 

J s) 



List of Symbols and Abbreviations 3 

intensity of species i (XPS or ISS) 
rate constants of anodic and cathodic electrode process 
stability constants of cation complexes with 1-3 anions 
dissociation constant 
solubility constant 
mass of target atom 
mass of noble gas atom (probe gas for ISS) 
collection efficiency for RRDE 
particle concentration of species i 
number of electrons exchanged for an electrochemical reaction 
pressure 
-log a (H') 
gas constant (8.314 J K-I mol-'); resistance 
charge transfer resistance 
ohmic resistance 
radial distance 
entropy 
standard entropy 
reaction entropy 
temperature (K) 
analyzer transmission function of a spectrometer 
time 
passivation time 
internal energy 
ohmic potential drop 
volume 
ionic or atomic fraction of species i 
sensitivity factor of a spectrometer 
charge of species involved in a charge transfer process 

charge transfer coefficient 
thickness of Nernst diffusion layer 
overvoltage (17 = E - E,) 
take off angle of photoelectrons, backscattering angle 
surface coverage of species i 
specific conductivity 
mean free path 
mean free path (escape depth) of electrons from species i in oxide 
or metal matrix 
energy of radiation 
viscosity 
stoichiometric coefficient 
polarization (?r=E- E R )  
mass density 
photoionization cross section of species i 



4 1 Phenomenological and Electrochemical Fundamentals of Corrosion 

z 
cp 

Acp 
A(PH 
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e@ 

0 
Am 

AES 
CE 
EM 
ESCA 
ISS 
HESS 
HL 
HMRRDE 
MS 
PICS 
PVC 
RBS 
RDE 
RE 
RRDE 
RRE 
SAES 
SCC 
SEM 
SFM 
SHE 
SIMS 
SRDE 
STM 
TW 
UPS 
UHV 
uv 
WE 
XPS 

time constant 
potential 
potential of metal, oxide, or solution phase 
potential drop at interface 
potential drop at SHE 
work function 
work function of analyzer 
rotation frequency (w=2 nf) 
change of rotation frequency 

Auger electron spectroscopy 
counter electrode 
electron microprobe 
electron spectroscopy for chemical analysis 
ion scattering spectroscopy 
hydrogen electrode in the same solution 
Haber - Lug gin 
hydrodynamically modulated rotating-ring -disk electrode 
magnetic stirring 
photoionization cross section 
pol yvin ylchloride 
Rutherford backscattering 
rotating-disk electrode 
reference electrode 
rotating-ring-disk electrode 
ring-ring electrode 
scanning Auger electron spectroscopy 
stress corrosion cracking 
scanning electron microscopy 
scanning force microscopy 
standard hydrogen electrode 
secondary ion mass spectrometry 
split-ring-disk electrode 
scanning tunneling microscopy 
thermostated water 
UV photoelectron spectroscopy 
ultrahigh vacuum 
ultraviolet 
working electrode 
X-ray photoelectron spectroscopy 
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1.1 Introduction 

Corrosion is the environmental degrada- 
tion of materials. It is an expensive process 
which leads to enormous damage for mod- 
ern industrial societies. Estimates show that 
3.5% of the gross national product is lost by 
corrosion, a third of which could be avoid- 
ed by the application of present knowledge. 
This enormous loss requires world-wide ac- 
tivity of basic and applied research in this 
field. Funding is relatively modest in com- 
parison to the economic importance of cor- 
rosion, although great effort is made to in- 
crease the understanding and insight into 
corrosion processes through research activ- 
ities, and to increase knowledge through ed- 
ucation and training. With regard to this, the 
chapters of this book will hopefully give ap- 
propriate support. 

Corrosion is a process that occurs at the 
surface of various materials. Traditionally, 
it is subdivided into the dry and hot and the 
wet part, i.e., corrosion in hot gases or with- 
in electrolytes. The attack of any material 
may be understood as corrosion, including 
metals, semiconductors, insulators, ceram- 
ics, polymers, etc. This chapter will intro- 
duce the fundamentals and the electrochem- 
ical basis of the corrosion of metals in an 
aqueous environment. Other chapters will 
concentrate on high temperature corrosion 
and special topics in detail. This chapter in- 
tends to provide the basis for a better under- 
standing of the following more specialized 
contributions to aqueous corrosion. There- 
fore, it will mention briefly methods and 
phenomena, some of which will be dis- 
cussed later more in detail. 

Corrosion research is an interdisciplinary 
field requiring the collaboration of various 
specialists. Traditionally, this is a domain of 
material scientists, metallurgists, and elec- 
trochemists, but also of engineers applying 
the knowledge to industrial praxis. Howev- 

er, with the development of new methods 
and their application to this technologically 
important problem, experts with different 
backgrounds enter this field, such as metal 
physicists, organic chemists, surface scien- 
tists, and the community applying synchro- 
tron radiation. This situation sometimes 
causes the problem that scientists and engi- 
neers with different backgrounds and expe- 
rience have to collaborate and to exchange 
their knowledge. This could cause problems 
which should not be underestimated. This 
book may help to overcome these difficulties. 

Aqueous corrosion is a reaction of mate- 
rials at their interface to the electrolyte, 
which has several undesirable consequenc- 
es. Distinction is made between the bulk of 
the solid material or metal, the metal/elec- 
trolyte interface, and the bulk of the electro- 
lyte. The mechanical and chemical process- 
es within a metal are the domain of metal- 
lurgists and metal physicists. It is of deci- 
sive importance whether a metal is a single 
phase alloy or consists of more than one 
phase with their special chemical and elec- 
trochemical properties. Composite materi- 
als, such as, e.g., carbon fiber enforced met- 
als, are usually even more complicated in 
this regard. Damage, segregations, and in- 
clusions are chemical defects, as well as the 
various structural defects, such as grain 
boundaries, dislocations, and stresses with- 
in the materials, which might seriously in- 
fluence the occurring corrosion phenomena. 

A very important part is the metal/elec- 
trolyte interface. This is the site where anod- 
ic metal dissolution and the compensating 
cathodic reduction of redox systems take 
place. At this site, adsorption and layer for- 
mation occur which might drastically re- 
duce the corrosion rate by inhibition of the 
corresponding electrode reactions. The ad- 
jacent electrolyte is the medium where pre- 
ceding or consecutive electrode reactions 
occur, and diffusion or migration of corro- 
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sion products and species involved in the 
electrode reactions take place. Multiple cor- 
rosion damage might occur at all these sites. 
In the bulk, metal stresses may cause crack- 
ing, and the absorption of hydrogen causes 
metal embrittlement. General or local dis- 
solution may occur at the metal/electrolyte 
interface. Preferential dissolution of one 
metal component causes dealloying of the 
material close to its surface. Finally, the ac- 
cumulation of corrosion products may cause 
deposits which alter the visual appearance 
of a metal surface and its chemical and phys- 
ical properties. Dissolved metal may cause 
toxic or radioactive pollution of the electro- 
lyte. This is an important problem for im- 
plants in the human body, such as surgical 
and dental prothetics, or for nuclear power 
plants. All these different effects contribute 
to the corrosion damage, which must be 
avoided as much as possible. 

1.2 Thermodynamics 
of Corrosion 

Corrosion is dominated by chemical and 
electrochemical processes, with an apparent 
influence by their thermodynamic charac- 
teristics. On the other hand, the kinetic pa- 
rameters are extremely important for the 
rates of the reactions that occur at the solid/ 
electrolyte interface. Any attempt to reduce 
corrosion to a mere thermodynamic pro- 
blem will give an incomplete description, 
and might lead to serious errors. Thermo- 
dynamics give the answer as to whether a 
process may occur under the present condi- 
tions or not. The question as to whether this 
is really the case or not has to involve the 
kinetical characteristics of the system. A re- 
action that has a strong driving force to oc- 
cur, i.e., a negative Gibbs free energy AG, 
might be kinetically inhibited. Its rate may 
be small due to a large activation energy. 

The passivity of metals like iron, chromi- 
um, nickel, and their alloys is a typical ex- 
ample. Their dissolution rate in the passive 
state in acidic solutions like 0.5 M sulfuric 
acid may be seriously reduced by almost six 
orders of magnitude due to a poreless pas- 
sivating oxide film continuously covering 
the metal surface. Any metal dissolution has 
to pass this layer. The transfer rate for met- 
al cations from this oxide surface to the elec- 
trolyte is extremely slow. Therefore, this 
film is stabilized by its extremely slow dis- 
solution kinetics and not by its thermody- 
namics. Under these conditions, it is far 
from its dissolution equilibrium. Apparent- 
ly, it is the interaction of both the thermo- 
dynamic and kinetic factors that decides 
whether a metal is subject to corrosion or 
protected against it. Therefore, corrosion is 
based on thermodynamics and electrode ki- 
netics. A short introduction to both disci- 
plines is given in the following sections. 
Their application to corrosion reactions is 
part of the aim of this chapter. For more de- 
tailed information, textbooks on physical 
chemistry are recommended (Atkins, 1999; 
Wedler, 1997). 

1.2.1 A Short Introduction 
to Thermodynamics 

The energetics of a reaction are described 
by the change of their internal energy AU or 
enthalpy AH. The internal energy U in- 
volves the thermal energy of translation, ro- 
tation, and oscillation of the atoms and 
molecules, their chemical and physical 
interaction, and the surface or interfacial en- 
ergy of the materials. AH and AU only dif- 
fer if a volume change is involved during 
the reaction. This is only significant if moles 
of gases are changing. If a reaction occurs 
in condensed phases only, i.e., if it involves 
solid, liquid, or dissolved species only, 
AU and AH equal each other (AU= AH). If 
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gases are formed or consumed, the enthal- 
py change AH=AU+pAV, where AV is the 
volume change of the reaction and -pAVthe 
related work. If ideal properties of the gas- 
es are assumed, -pAV=-Av R T  is the cor- 
responding work, which has to be included 
in the energy balance with the change of 
moles of gases Av, the gas constant R, and the 
temperature in Kelvin T (K= "C+273.16). 
The enthalpy of a reaction may be calculat- 
ed by stoichiometric addition of the standard 
enthalpies AH! of the involved species. 
These standard enthalpies of formation cor- 
respond to the formation of the species from 
the elements for standard conditions, i.e., 
forT=298 Kandp=1.013x105 Pa=1.013 
bar. Their values are listed in the literature 
(Handbook of Chemistry and Physics, 
Robert and Weast, 1977; Barin et al., 1973). 
For elements, AH!= 0 will hold as a conse- 
quence of this definition. AHf values at oth- 
er pressures p and temperatures T may be 
calculated. The change of AH with temper- 
ature requires the values of the molar heat 
of the species involved in the chemical re- 
action. The AH! values of dissolved species 
may be calculated taking into account their 
enthalpy of dissolution. The values of AH! 
for cations and anions are based on the defi- 
nition that AH! of H+ ions in aqueous solu- 
tion equals zero. The standard reaction en- 
thalpy of any chemical process AH!&8 is ob- 
tained by stoichiometric addition of the stan- 
dard enthalpies of formation AHti of the 
reacting species with positive stoichiometric 
coefficients vi for the products and negative 
for the educts. The following two examples 
show the use of AH: values to calculate the 
standard enthalpy of a reaction AH!& 

 AH&^ = c vi  AH;,^ 
Fe+2H+ + Fe2++ H, (1 -2) 

AH! =o  o -89.1 0 
AH&8 = AH;=-89.1 kJ 

The value of AH! equals zero for all in- 
volved elements and H+ ions, whereas for 
Fe2+ the value is negative. Consequently, 
this reaction describes the electrochemical 
formation of Fe2+ ions. is negative, 
i.e., the dissolution of iron under standard 
conditions in acids with hydrogen evolution 
produces heat and thus it is exothermic. 

3Fe+4H20 + Fe,O, + 4H2 

AH!=O 4(-285.83) -1116.06 0 (1-3) 

In this case AHo is positive, and thus the 
reaction is endotherm. 

The driving force of a chemical reaction 
is given by the change of the Gibbs free en- 
ergy AG or of the Helmholtz function AF.  
Both are related to each other in the same 
way as AH and AU, i.e., by the equation 
AG=AF+pAV. They again equal each 
other if AV is negligible, i.e., if no gases are 
involved in the reaction. They are related 
to the enthalpy or internal energy by the 
Gibbs-Helmholtz equation 

AH&,=-4(-285.57)- 11 16.06 = 26.22 kJ 

AG = AH- TAS 

A F =  AU-TAS 

where AS is the change of entropy of a re- 
action. AS is positive for a spontaneous pro- 
cess in an isolated system and may be cal- 
culated by stoichiometric addition of the 
standard entropies S!& of the reacting spe- 
cies(T=298 K,p= 1.013 bar), whichcanbe 
found in thermodynamic tables (Handbook 
of Chemistry and Physics, Robert and Weast, 
1977; Barin et al., 1973). (AS=C vi St298). 
If AG or A F  are negative, i.e., if the reac- 
tion is exergonic, it should occur spontane- 
ously. For a positive change the reaction is 
endergonic, i.e., it does not occur and only 
the reverse reaction is possible. If their val- 
ues are zero, the reaction is at equilibrium. 
AG may be understood as the maximum 
work that may be gained from a chemical 



a 1 Phenomenological and Electrochemical Fundamentals of Corrosion 

process. This corresponds to a reversible 
process with the maintenance of chemical 
or electrochemical equilibrium, and refers 
to the conditions for an infinitely slow reac- 
tion rate. The standard values for most com- 
mon compounds can be found in tables 
(Handbook of Chemistry and Physics, 
Robert and Weast, 1977; Barin et al., 1973; 
Pourbaix, 1963). AGF is the standard Gibbs 
free energy of formation of a compound 
from the elements. It is zero for elements in 
their stable modification under standard 
conditions. It is zero by definition for the 
formation of H+ ions in solution with the ac- 
tivity of 1 M, i.e., pH=O. The standard 
Gibbs free energy of any reaction AGg8 may 
be calculated simply by stoichiometric ad- 
dition of the AGF,i values of the reacting spe- 
cies i according to Eq. The following calcu- 
lations give examples using the same reac- 
tions as earlier, but written for conventional 
reasons in the reverse direction, thus chang- 
ing the sign of AG;g8 

(1-6) A G ; ~ ~  = c vi AG:,~ 
Fe2++ H 2 +  Fe+ 2H+ (1-7) 

AG;gg=78.90 kJ mol-' 

Fe,O,+ 4H2 + 3Fe+4H20 (1-8) 

AGF=-1013.23 0 0 4(-237.13) 

AG!=-78.90 0 0 0  

AGig8=-4(237.13)+ 1013.23 
= 64.7 1 kJ mol-' 

Both reactions are endergonic with 
AGg8>0. Therefore they will only occur in 
the opposite direction. 

AGig8 for an electrochemical reaction is 
related to its standard electrode potential Eo. 
AGgg8 is the maximum work that can be 
gained from a chemical reaction. This is 
achieved if the rate of an electrochemical re- 
action at the electrode/electrolyte interface 
is negligibly small, i.e., if electrochemical 
equilibrium is maintained. In order to inves- 

tigate Reaction (1-7) in an electrochemical 
cell, it is necessary to combine the Fe/Fe2+ 
electrode with the hydrogen electrode as 
shown in Fig. 1-1. The total reaction (1-7) 
is split into the partial reaction (a) and (b) 
at the two electrodes, which compensate 
each other electronically. 

2e-+ Fe2+ + Fe (1-7 a) 
H, + 2H+ + 2e- (1-7 b) 

For Reaction (1-8) similarly 

8e- + 8H++Fe304 + 3Fe+4H20 (1-8a) 

The total AG;g, for both reactions (a) is 
the same as that calculated earlier for the 
combination of the partial reactions (a) and 
(b), due to the definition that AGFfor H+ 
equals zero. If the main corrosion reaction 
(a) is written as usual as the cathodic reac- 
tion, AG;g8 is related to the electrical work 
by the relation 

4H2+ + 8H+ + 8e- (1-8b) 

AG;98=-n F E o  (1 -9) 
which permits calculation of the standard 
electrode potential E o  from AG!jg8. F is the 
Faraday constant and n the number of elec- 

=p =1.013bar 
H2 

Figure 1-1. Combination of an Fe/Fe2+ electrode and 
an H,/H+ standard electrode (SHE) in an electrochem- 
ical cell, and separation of the corrosion reaction into 
two electrode processes. 
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trons required for the electrode processes (a) 
and (b). Application of this equation yields 
the following standard potentials for Reac- 
tions (1-7a) and (1-8 a), respectively 

78.90 x lo3 
2 F  

EO= - =-0.409V (1-10) 

EO = - 64.71 x lo3 
=-O.O84V (1-11) 

8 F  
The equilibrium electrode potential Eo 

depends of course on the actual concentra- 
tions c or the activities u=cf  of the dis- 
solved species according to the Nernst equa- 
tion (where f is the activity coefficient). 
For the discussed electrode reactions with 
T= 298 K and the definition pH =-log uH 

E o = E  0 +-haFe RT 
n F  

= - 0.409 + 0.029 In uFe (1-12) 

= 0.084 - 0.059 pH (1-13) 

It is in principle impossible to measure 
the potential drop at only one electrode/ 
electrolyte interface. Two electrodes always 
have to be combined in an electrochemical 
cell. To normalize all potential measure- 
ments, the standard hydrogen electrode is 
used as a reference with [H+]=1.0 M 
(pH = 0) and p (H2) = 1.013 bar at an inert 
metal electrode such as platinum. Its poten- 
tial is Eo=O V by definition. This definition 
is directly linked to the definition in ther- 
modynamics of AG: (H+) = 0 for the forma- 
tion of hydrogen ions under standard condi- 
tions. The cell voltage between an electrode 
and the standard hydrogen electrode is 
called the electrode potential E. Work func- 
tion measurements have related this hydro- 
gen-based potential scale to the vacuum 
scale used in physics. The standard hydro- 

gen electrode has a potential of ca -4.6 V 
relative to the vacuum scale (Trasatti, 1974; 
Garenstroom and Winograd, 1977; Hansen 
and Kolb, 1979). The potential difference 
between any two electrodes of an electro- 
chemical cell is called their cell voltage AE. 

1.2.2 Potential-pH (Pourbaix) Diagrams 

Using thermodynamical data, it is pos- 
sible to calculate the equilibrium potentials 
of any electrode reaction applying the 
Nernst equation. Pourbaix has calculated 
these equilibria and has plotted them in 
E/pH diagrams for most elements in aque- 
ous media (Pourbaix, 1963). For example, 
the diagram for iron is presented in Fig. 1-2a, 
including the equilibria (Eqs. (1-10) and 
(1-1 1) and others that may be calculated us- 
ing an analogous procedure. The Fe/Fe2+ 
equilibrium of Eq. (1- 10) leads to a horizon- 
tal, i.e., pH-independent line, separating the 
range of stability of Fe and Fe2+. Variation 
of the Fe2+ concentration (1 0-6 to 1 M) leads 
to several parallel lines. The redox potential 
of the Fe2+/Fe3+ couple leads to a horizon- 
tal line at Eo= 0.770 V. The Fe/Fe,O, equi- 
librium of Eq. (1-1 1) leads to a line with a 
slope of -0.059 V/pH, separating the stabil- 
ity domains of Fe and Fe304. The thermo- 
dynamic data also permit the calculation of 
the redox potential of the Fe304/Fe203 
couple, which appears as a parallel line 
above the Fe/Fe304 equilibrium. The oxida- 
tion of dissolved Fe2+ to solid Fe304 and 
Fe203 yields lines with a greater slope due 
to the higher power of [Hf] with respect to 
the number n of electrons involved in the re- 
dox reaction. calculation of one of these 
equilibria is presented as a further example 

Fe203 + 6H++ 2e- ++ 2Fe2++ 3 H,O (1-14) 

(Eq. (1-15)). 

AG:= - 740.45 2 (- 84.85) 3 (- 237) 
AGig8=740.45- 169.7-71 1 =- 140.25 kJ 
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-1 

-1.2 

-1.4 

-1.6 

-1.8 

= 0.728 V 
140.25 EO =- 

- - -1 

- Fe - -1.2 

- -1.4 

- - -1.6 

-1.8 9 0  I 8 I I I 1  I ,  I I I ,  

(1-15) 
2 F  

Eo = 0.728 - 0.177 pH - 0.059 log [Fe2'] 

Each activity of Fe2+ has its own line ac- 
cording to the Nernst equation. The disso- 
lution equilibrium Fe203/Fe3+ leads to ver- 
tical lines, i.e., to a pH related to the solu- 
bility of the oxide and the Fe3+ activity with- 
in the solution. Going from negative to more 
positive potentials, the oxide that is in equi- 
librium with the iron metal is Fe304, which 
is finally oxidized to Fe203. This sequence 
is characteristic of the passive layer on iron, 
which is assumed to have a bilayer structure 
with an inner Fe304 magnetite and an outer 
"/-Fe203 part. This conclusion has been 
drawn from pure thermodynamic arguments 
(Vetter, 1958b; Gohr and Lange, 1956). It 
was confirmed later experimentally by XPS 

measurements of iron passivated in alkaline 
solutions (Haupt and Strehblow, 1986,1987 a, 
1989). Figure 1-2a also contains the pH-de- 
pendence of the H+/H2 and the 02/H20 elec- 
trode. These redox systems are important 
counter-reactions for metal oxidation and 
hence for aqueous corrosion. They define the 
potential range without electrochemical de- 
composition of water on the basis of thermo- 
dynamical data. The equations of Table 1 - 1 
summarize the equilibria for the potential- 
pH diagram and the related Nernst equations 
for iron which are presented in Fig. 1-2a. 

Potential-pH diagrams have been calcu- 
lated for almost all elements (Pourbaix, 
1963). They subdivide the plots into fields 
where the metal or element is immune, cor- 
rodes, or is passive due to a protecting ox- 
ide or hydroxide film. Figure 1-2b shows a 
simplified diagram for iron. 

- 2 0  2 4 6 8 1 0 1 2  
2 

- 1.6 
I ' I ' -  

- 1.2 

d-' 

immunity 
4.6 

0 2 4 6 8 1 0 1 2  

b) PH 

Figure 1-2. a) Potential-pH diagram 
for iron [after Pourbaix (1963)], in- 
cluding the experimental passivation 
potential in acidic electrolytes (central 
dashed line). b) Simplified poten- 
tial-pH diagram for iron indicating 
the domains of immunity, corrosion, 
and passivity (Pourbaix, 1963), in- 
cluding the experimental passivation 
potential (bold dashed line). 
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Table 1-1. Equilibria for the potential-pH diagram of iron shown in Fig. 1-2. 

Equation E (V> 

Fe -+ Fe2'+ 2e- 
Fe2+ + Fe3++ 2 e- 
3Fe+4H20 t) Fe30,+8H'+8e- 
2Fe30,+H20 t) 3Fez0,+2H++2e- 
3Fe2'+4H20 t) Fe30,+8H++2e- 
2 Fez'+ 3 H20 t) Fe203 +6H++ 2e- 
2 Fe3++ 3 H20 t) FeZO3+6 H' 
H, t) 2H++2e- 
2H20 t)4H++4e-+O2 

E=-0.440+0.029 log [Fe2'] 
E=-0.771-0.059 log [Fe3']/[Fe2'] 

E=-0.085-0.059 pH 
E=0.221-0.059 pH 

E=0.98-0.236 pH-0.089 log [Fe"] 
E=0.728-0.177 pH-0.059 log [Fe"] 

log [Fe3'] = - 0.72 - 3 pH 
E=0-0.059 pH 

E= 1.23-0.059 pH+0.015 logPo2 

Currently, these diagrams are calculated 
for elevated temperatures, and they may in- 
clude the formation of protecting insoluble 
salts or other compounds that may also lead 
to corrosion protection. Well-known exam- 
ples are zinc phosphate layers on iron, the 
Fe,O,/CaCO, layers on iron, and basic cop- 
per carbonates on copper, which provide 
good protection against neutral and weakly 
acidic solutions. A porous structure of ox- 
ide layers may lead to poor protection, al- 
though the Pourbaix Diagram postulates 
passivity. This might be the case if these 
films are formed by a dissolution/precipita- 
tion mechanism and not by a solid state 
growth mechanism. 

The conclusions from the Pourbaix Dia- 
grams on the basis of pure thermodynamic 
data are not always right due to the fact that 
kinetic data are completely neglected. A 
slowly dissolving layer may lead technical- 
ly to the same consequence as protection by 
an insoluble surface film. This is shown in 
Fig. 1-2a, b for iron by an additional dashed 
line based on experimental data. Above this 
line, iron is passive. The passivity range of 
iron in acidic electrolytes is limited by the 
Flade potential according to the relation 
Ep=0.58-0.059 pH (Flade, 191 1; Franck, 
1949). The potential-pH diagram postu- 

lates corrosion but not passivity in this po- 
tential and pH range. Detailed electrochem- 
ical examinations have shown that the dis- 
solution rate of passive iron is extremely 
slow for E>E, in strong acids like 0.5 M 
H2S04. Apparently, the transfer of Fe3+ ions 
from the Fe,O, surface to the electrolyte is 
kinetically hindered. As a consequence, 
passivity is observed with dissolution rates 
of several microamps per square centime- 
ter, although the system is far from any dis- 
solution equilibrium. In conclusion, the use 
of Pourbaix Diagrams is very useful to get 
an idea of whether a system is subject to cor- 
rosion for the given conditions or not. How- 
ever, kinetic investigations or at least a sim- 
ple corrosion test is absolutely necessary to 
learn whether the material is really protect- 
ed against corrosion under the given condi- 
tions or not. 

Figure 1-3 presents copper as another ex- 
ample (Pourbaix, 1963) where the metal 
closely follows the predictions of the poten- 
tial-pH diagram. Copper is not passive in 
acidic electrolytes. The formation of passi- 
vating Cu (1)- or Cu (11)-oxide layers starts 
in weakly acidic and alkaline electrolytes at 
potentials close to the thermodynamic val- 
ues (Strehblow and Titze, 1980) which are 
included in Fig. 1-3. Apparently Cu oxides 
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Figure 1-3. Potential-pH diagram of copper according to Pourbaix (1963), including experimental potentials 
of oxide formation (central bold dashed lines). 

dissolve much faster in acidic electrolytes. 
They are only protective in weakly acidic 
and alkaline electrolytes when the dissolu- 
tion equilibrium is not essentially disturbed. 

1.2.3 Complexing Agents 

Protecting surface layers and even noble 
metals may be dissolved if strongly com- 
plexing agents are present within the elec- 
trolyte. A typical example is the complex- 
ing of cations of noble metals by cyanide, 

which causes an extremely small concentra- 
tion of free cations in solution. The follow- 
ing equilibria and the related dissociation 
constants of the complexes give some ex- 
amples (Table 1-2). 

The extremely small concentration of 
free cations leads to a strong negative shift 
of the standard electrode potential Eo, as 
will be demonstrated for the Au/CN- system. 
The concentration of free Au+ ions [Au+] is 
given by the dissociation equilibrium and 
may be introduced into the Nernst equation 
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Table 1-2. Dissociation constants of some comple- 
xesa and the related metal-complex standard poten- 
tials E". 

1.3 A Short Introduction 
to Electrode Kinetics 

AuCl, + Au3++ 4C1- 2 . 2 ~ 1 0 - ~ ~  0.994 
Au(CN); + Au+ + 2CN- 2 . 3 ~ l O - ~ ~  -0.6 
Ag(CN); + Ag+ + 2CN- 1 . 5 ~ 1 0 - ' ~  -0.31 
CU(NH,):+ + Cu2++ 4NH3 3 . 5 ~  -0.05 
Cu(CN), + Cu+ + 2CN- 7.3~10-" -0.43 

a Handbook of Chemistry and Physics, Christen and 
Baars ( I  977). 

of the Au/Auf electrode as follows 

(1-16) 

RT 
F 

Eo = Elu + ~ In [Au'] 

= 1.68 + 0.059 log KD 

[Au(CN),I + 0.059 log 
[CN-I2 

The standard potential of the Au/Au/CN); 
couple yields 

GuCN= 1.68 + 0.059 log 2.3 x 
= 1.68 - 2.28 = - 0.60 V 

The standard potential is shifted by 
- 2.28 V to - 0.60 V so that gold may be ox- 
idized easily by oxygen and will therefore 
dissolve in cyanide solution with oxygen ac- 
cess. A similar situation holds when gold is 
dissolved in a 1 : 3 mixture of hydrochloric 
and nitric acid. In this case Au3+ is com- 
plexed by C1- leading to a very small Au3+ 
concentration in solution. With K,= 2.2 x 

for the AuCl, complex, the standard 
potential of the Au/Au3+ electrode is shift- 
ed from 1.42 V to 0.994 V. Apparently, the 
formation of a thermodynamically stable 
AuC1, complex leads to the dissolution of 
gold, which does not occur in pure nitric 
acid. 

The kinetics of electrode reactions are 
controlled by the potential difference at the 
electrode/electrolyte interface. In spite of 
this special situation, the kinetics follow 
similar rate equations as normal reactions. 
Due to Faraday's law, the resulting current 
provides a direct measure of the reaction 
rate. At the Nernst equilibrium potential, the 
total current density is zero because the pro- 
cess is in dynamic equilibrium and the re- 
actions in the two opposite directions com- 
pensate each other. If the potential deviates 
in the positive direction, the anodic process 
will be greater than the cathodic, and vice 
versa, and a net current is measured. The de- 
viation of the electrode potential from its 
equilibrium value is called the overpotential 
q = E -  Eo, which may be negative or posi- 
tive. According to general convention, an 
anodic process corresponds to a positive 
current density, which means that positive 
charges are going from the electrode to the 
electrolyte, or negative charges from the 
electrolyte to the electrode. For a cathodic 
process, the current is negative and flows in 
the opposite direction. Even a simple elec- 
trode reaction consists of a sequence of ele- 
mentary reaction steps characterized by 
their related overvoltages qi,  which contrib- 
ute if the related kinetic step is sufficiently 
hindered. Table 1-3 lists these partial elec- 
trochemical reactions. 

Further processes involve various steps 
to the dissolution and deposition of metal at- 
oms at an electrode surface, leading to crys- 
tallization overvoltage. Usually at least one 
of these partial reactions is the rate-deter- 
mining step for the overall reaction. In this 
case its overpotential qi is dominating q. 
Some examples of the partial reactions 2) 
or 3) (Table 1-3) preceding or following the 
charge transfer step are given as follows: 
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Table 1-3. Sequence of partial reaction steps of an electrode process and the related overpotential. 

Process Overvoltage 

Transport of reactants to the electrode surface (diffusion, migration) 
Chemical reaction within the electrolyte or at the electrode surface 
preceding the charge transfer 

Charge transfer reaction 

Chemical reaction within the electrolyte or at the electrode surface 
following the charge transfer 
Transport of reaction products 

diffusion overvoltage, qD 
reaction overvoltage, qR 

Adsorption - 

Desorption - 
charge transfer overvoltage, qT 

reaction overvoltage, qR 

diffusion overvoltage, qD 

2) Chemical reaction within the electro- 
lyte or in front of the electrode. Hydro- 
gen evolution from a weak acid like ace- 
tic acid with slow dissociation followed 
by a fast charge transfer 

HAc +H++Ac- (slow) (1-17) 
H++ e- + Had (fast) 

3 a) Chemical reaction at the electrode sur- 
face with the Tafel reaction recombina- 
tion of the adsorbed H-atoms during the 
process of hydrogen evolution (see Sec. 
1.5.1) 

Had+Had + H2,ad (1-18) 

3 b) The mechanism as a sequence of reac- 
tion steps. Autocatalytic reduction of 
nitrate with a slow charge transfer step; 
for preceding fast reactions the chemi- 
cal equilibrium is established 

(1-19) 
H++NO, HHNO, (fast) 
HNO, + HN02 + H20 + N204 (slow) 
N2°4 H 2NO2 (fast) 
NO2+ e- + NO2- 

(slow charge transfer) 
H++NO; + HN02 (fast) 

For large current densities, ohmic poten- 
tial drops AUQ may occur within the elec- 

trolyte, which may have a serious influence 
on the kinetics of the electrode processes. 
All mentioned overvoltages qi  and the volt- 
age drop between the reference and the 
working electrode of a potentiostatic circuit 
sum up to the total overvoltage q = C qi + 
AUQ . They may all be important for the ki- 
netics of a corrosion process, although in 
most cases one of the reaction steps and its 
related overvoltage is dominating. In the 
following, the charge transfer overvoltage 
is discussed in more detail, followed by a 
brief description of the diffusion overvolt- 
age and the ohmic drop, which have an im- 
portant influence on the kinetics of corro- 
sion phenomena. 

1.3.1 Charge Transfer Overvoltage 

For a simple redox reaction, the follow- 
ing rate equation holds, including both the 
anodic and the cathodic processes 

Red + Ox+ne- (1 -20) 

I i = n F  [ - d y  - -d[Ox] 
dt 

= nF(k+ [Red]- k- [Ox]) (1-21) 

Not necessarily, but in this special case it 
is assumed that each reaction in both direc- 
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tions has an electrochemical reaction order 
1 with respect to the reacting species Red 
and Ox. The electrochemical reaction order 
in the rate equation depends on the detailed 
mechanism. In many cases it is much more 
complicated, as suggested by Eqs. (1-20) 
and (1-21). Reaction orders of catalysts or 
inhibitors, which do not appear in the over- 
all electrochemical reaction equation, may 
also be involved. n is the number of ex- 
changed electrons for the overall electro- 
chemical process, whereas z shall be the 
number of charges that are transferred dur- 
ing an elementary charge transfer reaction. 
The numbers may be different. Usually, for 
an individual charge transfer step, the num- 
ber of exchanged electrons z=  1. If more 
than one electron transfer occurs in se- 
quence, z > 1 will hold for a so-called more 
electron transfer reaction. This situation 
leads to the formation of intermediates 
which follow a steady state condition. A 
very important reaction in corrosion is the 
metal dissolution, which may involve the 
transfer of multivalent cations of charge z+ 
across the metal/electrolyte interface. In the 
anodic part of the rate equation, the surface 
coverage OM, of metal atoms is introduced. 
These metal atoms are in an energetically 
favored position for their transfer as cations 
into the electrolyte. 

Me + MeZ++ ne- ( 1-22) 

i = n Fk+ @Me - n F k- [MeZ+] ( 1-23) 

Here again, the concentration of the spe- 
cies might enter additionally into the rate 
equation which catalyze the cation transfer. 
This situation is often encountered for met- 
al corrosion as, e.g., in the OH- catalysis of 
active iron dissolution. In the following 
part, the Butler-Volmer equation will be de- 
veloped for a simple redox process. For met- 
al dissolution and deposition the rate equa- 
tion is similar. The concentrations [Red] and 

[Ox] are replaced by the surface coverage 
of metal atoms in an energetically favored 
position OM, and the bulk concentration of 
their cations [Me"], respectively. 

As usual, the rate constants follow the ex- 
ponential Arrhenius equation with activa- 
tion energy E ,  . According to the superpo- 
sition of the potential drop Acp = cpM- cps at 
the electrode/electrolyte interface, the acti- 
vation energy is changed (in this discussion 
decreased) by the electrical work -az FAcp 
(Fig. 1-4). The transfer coefficient a as- 
sumes values between 0 and 1, indicating 
that only part of the potential drop Acp up to 
the maximum of the energy curve of Fig. 1-4 
is kinetically effective. Usually values of a 
between 0.2 and 0.8 are found. The sign of 
Acp and z determines whether the electrical 
work leads to a decrease or an increase of 
the activation energy, and thus an accelera- 
tion or retardation of the charge transfer re- 
action. A q  = cpM- cps is the potential drop 
within the Helmholtz layer, i.e., it is locat- 
ed within the distance of the radius of the 
solvated reactants up to that at which they 
may approach the metal surface (Fig. 1-4). 

Metal Electrolyte 

electron energy 

T 

Distance + 
0 

Figure 1-4. Energy diagram of a charge transfer re- 
action and the influence of a potential drop Acp =cpM- cps 
in the Helmholtz layer. 
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The addition of an excess of supporting 
electrolyte (ca. 1 M) suppresses the diffuse 
part of the double layer so that the total po- 
tential drop A q  occurs within the Helmholtz 
layer and contributes completely to the ki- 
netics of the charge transfer reaction. The 
influence of this potential drop finally leads 
to the following equation for the rate con- 
stants k+ and k- 

- (E+A - a z FAq)  
RT 

k+ = k,+ exp 

r ~ z F A ~  
= ko+ exp 

RT 
- [E-A + (1 - a)  z FAq]  

RT 
k- = ko- exp 

- (1 -a )  z FAq 
RT 

= kh- exp (1 -24) 

As the potential drop A q  at the metal/elec- 
trolyte interface cannot be measured, it should 
be replaced by the electrode potential E 
which necessarily introduces the potential 
drop for the standard hydrogen electrode 
AqH according to the relation E=Aq-AqH 
(Fig. 1-5). Introducing E and Eq. (1-24)  to 
Eq. (1-21) yields 

a z FAqH 
RT 

' exp 

a z  FE 
RT 

.exp-- kh- [Ox] 

- (1 -a )  z FAq,  
RT 

- (1 - a) z FE 
RT 

. exp 

1 . exp (1-25) 

Introducing the overpotential q = E - E, 
yields the Butler-Volmer equation. The to- 
tal current density appears as the superpo- 
sition of the anodic and the cathodic partial 

3 fE (PP! 

Figure 1-5. Potential diagram for the combination of 
an electrode with the standard hydrogen electrode. 
A q  = qM- 'ps and Arpk = qM- qs are the potential 
drops for the related electrodes, and E is the electrode 
potential. 

current densities 

a z F q  i=io exp- 
RT 

- ( l - a ) z F q  = 1+ . + 1- . (1 -26) - exp 
RT 

At the electrochemical equilibrium (E= E,), 
the overpotential q = O  and the total current 
density i = 0. The partial current densities 
equal the exchange current density i,, i.e., 
(i+= I i-l = i,). i, sums up all the details of 
Eq. (1-25) and is a very important kinetic 
parameter of an electrode reaction. It also 
contains the concentrations of the species of 
the rate equation. Comparison of Eqs. (1-25) 
and (1 -26) yields ( 1-27) 

For sufficiently large positive overpoten- 
tials q %RT/F, the cathodic current density 
may be neglected and the anodic current 
density equals the total current density. For 
large negative overpotentials, the total cur- 
rent density equals the cathodic current den- 
sity and the anodic current density may be 
neglected. For these conditions, the loga- 
rithm of the anodic or cathodic current den- 
sity changes linearly with the overpotential. 
A linear presentation according to Eqs. (1-28) 
and (1-29) is called a Tafel plot. 
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RT RT 
a z F  a z F  

In io + ~ In i+ = a + b log i+ q=-- 

(1 -28) 

. In I i- I RT 
In io- RT 

r l =  
(1 - a)  z F (1 - a) z F 

= a + b log I i- I ( 1-29) 

Figure 1-6 presents a plot of log ( I  i I / i o )  
as a function of q (Vetter, 1967). This pres- 
entation depicts that the total measured cur- 
rent density will coincide with the lines of 
the Tafel plot for I q I 2 0.1 V. The deviation 
for smaller overpotentials is caused by the 
influence of the corresponding counter re- 
action. The anodic and cathodic current 
lines are symmetric to each other for the case 
of a=0.5 and asymmetric for a#0.5. Ex- 
trapolation of the anodic and cathodic Tafel 
line to q =O yields the exchange current den- 
sity i,. For small overpotentials, Eq. (1-26) 
can be approximated by a linear i/q relation 

L -2 
lil log,-q 
'0 

Figure 1-6. Tafel plot for a charge transfer reaction 
with varying charge transfer coefficient a. 

[Mac Laurin series with only the linear part, 
Eq. (1-30)] 

RT RT 

(1 -30) 

From this equation the charge transfer resis- 
tance RT may be deduced, which is the 
inverse slope of the i - dependence for 
q+ov.  

RT 
= ( $ ) q + o =  

(1-31) 

This equation permits determination of the 
exchange current density io without know- 
ing the total q/i relationship (see also resis- 
tance polarization R,, Sec. 1.5.4). 

1.3.2 Diffusion Overvoltage 

If the current density of electrode reac- 
tions is sufficiently large, the concentrations 
of reactants and products at the electrode 
surface may seriously deviate from the val- 
ues within the bulk electrolyte due to the 
limited rate of transfer by diffusion or mi- 
gration. The contribution of migration may 
usually be suppressed by a sufficiently large 
concentration of supporting electrolyte that 
is indifferent to the electrode process, but 
suppresses large ohmic drops due to the re- 
lated increase of conductivity of the electro- 
lyte. This deviation of the surface concen- 
tration influences the electrode potential ac- 
cording to the Nernst equation. Transport of 
the reactants has to occur by diffusion with- 
in the Nernst diffusion layer. For a sufficient- 
ly large planar electrode, diffusion is treat- 
ed as a simple linear transport according to 
Fick's first diffusion equation (Fig. 1-7). If 
the transport of a species Ox is rate-deter- 
mining for the electrode reaction, the ca- 
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6 X 

Figure 1-7. Concentration profile for a diffusion- 
limited electrode process. Dashed line: maximum 
concentration gradient leading to i =  i,; 6is the thick- 
ness of Nernst diffusion layer. 

thodic current density equals Eq. (1-32) 
which also takes into account Faraday’s law 

. ( ~ g - c ) n F D  
1 = -  

6 (1-32) 

where 6 is the thickness of the Nernst dif- 
fusion layer, D the diffusion constant, cB the 
bulk and c the surface concentration of the 
species, and n the number of exchanged 
charges for the electrode process. If the sur- 
face concentration becomes zero, i.e., if the 
concentration gradient gets to its maximum, 
the maximum diffusion current density i, is 
obtained. 

(1-33) 

Combination of Eqs. (1  -28) and (1 -29) yields 

n F D c  
6 i=i,+- ( 1-34) 

The cathodic current density increases 
(gets more negative) with decreasing sur- 
face concentration c ,  finally approaching its 
largest value iD with the maximum concen- 
tration gradient within the Nernst diffusion 
layer (Fig. 1-8). When i, is reached the dif- 
fusion-limited current density becomes po- 
tential-independent. Assuming the Nernst 
equation for the charge-transfer step of a dif- 

t i  

Figure 1-8. Cathodic electrode process under diffu- 
sion control. Dashed line: superposition of charge 
transfer and diffusion control. 

fusion-limited process, Eq. (1-35) is ob- 
tained for the diffusion overvoltage qD, 
which is the difference of the electrode po- 
tential E with a smaller surface concentra- 
tion c and the equilibrium potential Eo for 
the bulk value cB 

(1-35) 

The combination of Eqs. (1-32), (1-33), and 
(1-35) yields the following qD/i relation 

RT (iD -i) q,=-ln- 
nF iD 

(1-36) 

The same discussion with the same equa- 
tions holds for anodic reactions with diffu- 
sion of the species Red as the rate-determin- 
ing step. In the case of intense metal corro- 
sion, the diffusion of cations from the elec- 
trode surface to the bulk may become the 
rate-determining step, with their accumula- 
tion at the electrode surface and the final 
precipitation of a salt film. These processes 
are important for intense active metal dis- 
solution and localized corrosion, as will be 
discussed in Sec. 1.5.4. At small current 
densities, a superposition of charge transfer 
and diffusion control is obtained. Therefore 
the current density increases exponentially 
in the vicinity of the Nernst potential ac- 
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cording to the Butler-Volmer equation 
and follows, for larger overpotentials, the 
diffusion control according to Eq. (1-36) 
(Fig. 1-8). 

1.3.3 Ohmic Drops 

The ohmic drop within the electrolyte is 
a consequence of large currents. It depends 
on the conductivity of the electrolyte and the 
geometry of the electrode and its environ- 
ment, similar to the concentration gradient 
for diffusion. For a large planar electrode, 
the ohmic resistance R, increases for a giv- 
en conductivity K of the electrolyte with the 
distance d from its surface according to the 
relation (in R cm2) 

d RQ =- 
K 

(1-37) 

Therefore the reference electrode is placed 
with its Haber-Luggin capillary as close to 
the electrode surface as possible, thus meas- 
uring the electrode potential without large 
deviations due to a possible ohmic drop 
within the electrolyte. However, it should 
not get too close in order to avoid the for- 
mation of an artificial crevice. As a general 
rule, the distance should be two to three 
times the diameter of the capillary. The re- 
maining ohmic drop AU, may be compen- 
sated for by up to more than 90% by a feed- 
back loop of the potentiostat. 

Hemispherical electrodes of radius a pro- 
vide a special geometry, with a concentra- 
tion of the ohmic drop close to the electrode 
surface due to the hemispherical spread of 
the current lines (Fig. 1-9a). The ohmic re- 
sistance to a distance r from the hemispher- 
ical surface and the related ohmic drop AU, 
amount to 

and for a distance r + 00 
(1 -39) 

These equations are important for local- 
ized corrosion and the ohmic drop within 
small corrosion pits, which will be dis- 
cussed in detail in Sec. 1.6.2.2. Due to the 
concave geometry, the ohmic drop within 
pits and in the vicinity of pits is enlarged by 
a factor of three (Fig. 1-9b). This value has 
been estimated and later confirmed by com- 
puter simulation (Vetter and Strehblow, 
1970a; Newman et al., 1974). Due to the in- 
tense local dissolution in the individual pits, 
the ohmic drop may not be compensated 
electronically for the whole electrode. 

Figure 1-9. a) Cross section of a convex hemispher- 
ical electrode/electrolyte combination with current 
lines (solid) and curves of equal potential (dashed); 
a is the radius of electrode. b) The situation for a 
concave hemispherical pit at a passivated metal sur- 
face. 

(1-38) r a  
K ( r + U )  

AUa = i RQ 

RQ = 
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1.4 Methods in Corrosion 
Research 

1.4.1 Electrochemical Methods 

The application of electrochemical meth- 
ods to corrosion research has a long tradi- 
tion. Usually, a three-electrode cell with a 
counter (CE), a reference (RE), and the 
working electrode (WE) of the material 
under study is used (Fig. 1-10). Purging 
with inert gases like nitrogen or argon re- 
moves the dissolved oxygen, because its re- 
duction parallel to the corrosion process 
under study is not wanted for electrochem- 
ical studies. Most investigations are per- 
formed with a fixed electrode potential or a 
fixed current, i.e., by potentiostatic or gal- 
vanostatic experiments. Potentiodynamic 
experiments require a linear sweep of the 
electrode potential with time. The first elec- 

Salt 

Hg 

- HL 

MS 

Figure 1-10. Electrochemical cell with a noble met- 
al counter electrode (CE), a reference electrode (RE) 
with a Haber-Luggin capillary (HL), the working 
electrode (WE), a gas inlet for purging the electrolyte 
with nitrogen or argon, agitation of the electrolyte with 
magnetic stirring (MS), and a constant temperature by 
thermostated water (TW). 

tronic potentiostats were built and used in 
the early 1940s. The development of oper- 
ational amplifiers in the 1960s promoted the 
construction of electrochemical equipment 
with integrated circuits. The potentiostats 
became much more powerful, with a low 
drift, low residual currents, and a fast re- 
sponse, which opened a wide field of sophis- 
ticated experiments, including electro- 
chemical noise measurements in the current 
range of less than a nanoamp. Pulse gener- 
ators and fast potentiostats permit the mea- 
surement of potentiostatic transients ad- 
vancing to the microsecond range. Modern 
electronic equipment also supports gal- 
vanostatic transients. Further support came 
from the addition of computers and transient 
recorders which facilitated the registration 
and evaluation of data as in other fields of 
research. Even in engineering practice, the 
development of electronic equipment sup- 
ports routine measurements to predict or 
avoid corrosion damage. 

Impedance methods have been applied to 
many basic and applied studies, and they are 
now widely used in corrosion research (Le- 
vich, 1962). Application of the Kelvin probe 
permits measurement of the electrode po- 
tential and potentiostatic studies without di- 
rect contact of a reference electrode to a thin 
electrolyte film, especially in the field of 
atmospheric corrosion (see Chap. 7 of this 
Volume). Microelectrochemistry is another 
developing branch, although many methods, 
such as the measurement of potential profiles 
within the electrolyte with high spatial reso- 
lution, were developed several decades ago 
(Herbsleb and Engell, 1961; Isaacs, 1988). 
Electrochemical investigations with high spa- 
tial resolution in the micrometer range could 
be interesting techniques for the study of the 
electrochemistry of small inclusions, which 
are decisive for alloys in technical applica- 
tions. The corrosion of integrated electronic 
circuits is another field for microelectro- 
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chemical studies. The developments of 
scanning tunneling microscopy (STM) and 
scanning force microscopy (SFM) permit 
the study of surface structures with extreme- 
ly high lateral resolution down to the atom- 
ic level. As these methods may be applied 
in situ within the electrolyte, they provide 
information on the structure of surfaces and 
surface films and make it possible to follow 
changes during corrosion processes. Pres- 
ently these methods are applied in electro- 
chemistry to the investigation of the struc- 
ture of noble and seminoble metal surfaces 
and of adsorbate layers (Budevski et al., 
1996), as well as passivating oxide films 
(Ryan et al., 1995; Maurice et al., 1994, 
1996). There is still a large potential in these 
methods to study the various aspects of elec- 
trode processes and the dissolution kinetics 
of metals and other corrosion phenomena. 
Many of these advanced techniques and 
their application to corrosion phenomena 
will be discussed in detail in Chap. 7 of this 
Volume. This chapter presents only those 
methods that are not discussed in detail in 
one of the following chapters of this book, 
whose application, however, is extremely 
important in order to understand the chem- 
ical and structural aspects of corrosion phe- 
nomena. 

1.4.1.1 Some Details for Electrochemical 
Corrosion Experiments 

The electrochemical contact of speci- 
mens requires special attention for corro- 
sion experiments. The embedding of sam- 
ples with plastic materials like PVC or Tef- 
lon leads to crevices which may cause un- 
wanted crevice corrosion, especially in the 
presence of aggressive halides. Therefore it 
is recommended to mount the specimens 
with epoxy resin to glass tubes with a close 
fit and protection of the electrical contact. 
A flag shape as shown in Fig. 1-10 reduces 

the area of the critical resin/metal contact. 
Most metals may be soldered to a copper 
wire. If this is not possible as, i.e., for alu- 
minum and thin film metal electrodes on 
nonconducting substrates (silicon, glass, 
etc.), a wire may be fixed with conducting 
epoxy which is covered by resin. Brittle ma- 
terials or precious specimens which should 
not be contaminated may be held mechani- 
cally by a clamp with a small platinum con- 
tact if there no reaction is possible at the 
platinum within the potential range of inter- 
est. An appropriate mounting permits sub- 
sequent investigation with surface analyti- 
cal methods in the ultrahigh vacuum (UHV), 
which does not allow resins due to their out- 
gassing. There are, however, resins that do 
not contaminate the UHV of an ESCA spec- 
trometer (Torr Seal, Varian) and which have 
been successfully applied for corrosion 
studies with subsequent surface analysis of 
the embedded metal specimens. A special 
specimen mount for clean surface analyti- 
cal measurements in the UHV after an elec- 
trochemical surface treatment is discussed 
in Sec. 1.4.2. Contact of the specimen to the 
electrolyte surface with a hanging meniscus 
geometry avoids any contamination by 
embedding materials, however, still with a 
well defined contact area to the electrolyte. 

Another important detail is the choice of 
reference electrode. Usually electrodes of 
the second kind are used which have a 
known and reproducible potential relative to 
the standard hydrogen electrode. A very 
common reference is the calomel electrode. 
As indicated in Fig. 1-10, a platinum wire 
at the bottom of a small glass vessel pro- 
vides contact to the mercury filling which is 
covered with insoluble Hg,Cl, and followed 
finally by a chloride solution. The Haber- 
Luggin capillary (HL) is usually filled with 
the bulk electrolyte. An additional dia- 
phragm reduces the danger of intermixing 
of both electrolytes, but often increases the 
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ohmic resistance which may reduce the fast 
response of the potentiostatic circuit. The 
H g p  concentration of the Hg/Hgp elec- 
trode is determined by the solubility prod- 
uct of the weakly soluble Hg2C12. Applying 
the Nernst equation gives 

Ks= [Hgp] [C1-I2 ( 1-40) 

E=E0+0.029 log [Hgp] 
E=E0+0.029 log Ks-0.029 log [C1-I2 

=E0(cl)-0.059 log [Cl-] (1-41) 

The standard potential of the calomel 
electrode Eo (cl) includes the solubility con- 
stant Ks of Hg,C12. Table 1-4 gives exam- 
ples of several electrodes of the second kind 
which may be used as a reference. They may 
be easily prepared with the design shown in 
Fig. 1-10. The Ag/AgCl electrode consists 
simply of a silver wire contacting a solution 
with known chloride concentration, covered 
with some AgCl formed by anodic oxida- 
tion in an HC1 solution. 

Usually, the composition of the solution 
of the reference electrode should be close to 
that of the bulk electrolyte in order to avoid 
a large liquid junction potential. This poten- 
tial difference occurs at the contact of two 
electrolytes due to the different mobilities 
of the cations and anions which diffuse 
under the influence of their concentration 
gradients. The liquid junction potential is 
small if it is determined by an excess of a 
salt whose cation and anion have the same 
mobility; this is the case for KC1 and, to a 
slightly less extent, for KNO, or NH,NO,. 

Electrolyte bridges filled with a concentrat- 
ed solution of these salts reduce the liquid 
junction potential in many cases to a negli- 
gible value. A numerical correction by the 
calculated liquid junction potential is an- 
other possibility. Many authors avoid this 
problem by relating the electrode potential 
to the actually used reference electrode. A 
large pH difference between two solutions 
could cause a problem due to the very high 
mobility of H+ and OH- relative to other 
ions. Therefore, a reference electrode with 
an electrolyte composition close to the bulk 
solution is perferred. 

Figure 1 - 1 1 presents a simple diagram of 
the important parts of a potentiostatic cir- 
cuit which is mainly built with operational 
amplifiers. The main potentiostatic ampli- 
fier followed by further amplifiers, which 
are not shown here, controls the potential 
difference between the working (WE) and 
the reference electrodes (RE) and supplies 
the necessary current at the output. The ad- 
der sums up the incoming voltage pulses and 
ramps and the stationary value, which is giv- 
en to the noninverting input of the poten- 
tiostat. Thus an appropriate potential time 
sequence may be applied for any sophisti- 
cated potentiostatic corrosion experiment. 
Modern potentiostats are fast enough to al- 
low potentiostatic transients with a rise time 
that may easily reach the microsecond range. 
The current I ,  is measured by a proportion- 
al voltage drop at a resistor R with a diffe- 
rential amplifier, and is given finally to the 
recorder or computer where it may be pro- 

Table 1-4. Some common reference electrodes with the related standard potentials. 

Electrode Eo (V) Nernst equation 

Calomel electrode: Hg I Hg2C12 I C1- 
Hg2S04 electrode: Hg I Hg2S04 I SO:- 
HgO electrode: Hg I HgO I OH- 
AgCl electrode: Ag I AgCl I C1- 

0.268 E=Eo-0.059 log [Cl-] 
0.615 E=Eo-0.059 log [SO,] 
0.926 E=Eo-0.059 log [OH-] 
0.222 E=E0-0.059 log [Cl-] 
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Figure 1-11. Block dia- 
gram of a potentiostatic 
circuit serving an electro- 
chemical cell. 

h_u(WE-RE) Potentiostat 

Electrochemical Differen 
Amplifie 

Compensation 
of ohmic drop AUn 

cessed further. The electrode potential of WE 
is measured relative to RE as AU(WE-RE) 
via an operational amplifier. The ohmic 
drop AUa between the Haber-Luggin cap- 
illary and the working electrode, which in- 
creases in proportion to the current, may be 
compensated for by the addition of an ap- 
propriate voltage (relative to the ground) to 
the adder, which is taken at the output of an 
appropriate compensation circuit. 

of the electrolyte parallel to its surface. The 
charging of the electrolyte layer with corro- 
sion products during its outward movement 
parallel to the disk surface is compensated 
for by the perpendicular transport of fresh 
bulk electrolyte to the electrode surface 
(Fig. 1-12). This special situation leads to a 
constant thickness 6 of the diffusion layer 

1.4.1.2 Rotating-Disk and Rotating- 
Ring-Disk Electrodes 

Polarographic methods have been ap- 
plied to corrosion problems for several 
decades. The rotating-ring-disk electrode 
(RRDE) is a special modification of this 
technique, which is well suited for examin- 
ing the formation of corrosion products, 
qualitatively and quantitatively, with a time 
resolution in the range of a second or less 
(Albery and Bruckenstein, 1966; Albery 
and Hitchman, 199 1 ). The rotating-disk- 
electrode (RDE) works with a laminar flow 

Figure 1-12. Rotating-disk electrode with electro- 
lyte convection in front. 
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and a constant concentration gradient inde- 
pendent of the site on the disk electrode (Eq. 
(1-42)). Therefore, the RDE is frequently 
used to establish well controlled transport 
conditions for electrochemical investiga- 
tions and corrosion studies. The solution of 
this transport problem and the related con- 
vective diffusion equation yields the Levich 
equation (Levich, 1962) 

6= 1-61 0-112 v1/6 ~ 1 1 3  (1 -42) 

0 = 2  z f with the frequencyf, v=v'lp,  the 
viscosity v'divided by the density p ,  and D 
is the diffusion coefficient. Using v= 
cm2 s-l for water D=5  x 10" cm2 s-l, a 
characteristic value for many ions within wa- 
ter, and w=63 s-l yields 6= 1 . 6 ~  lo-, cm2. 
With Eq. (1-33) n = l ,  and a bulk concen- 
tration cB= lo-, M of a species consumed 
at the electrode surface, this value leads 
to a diffusion limited maximum current 
density of iD= 3 ~ 1 0 ~  A cm2=300 yA 
cmP2. During an intense corrosion process, 
cations will accumulate in front of an RDE 
of the material under study with diffusion- 
limited transport of these cations into the 
electrolyte and a related diffusion-limited 
current density. For iron dissolution in pure 
sulfuric acid (c,=O M) with a saturation 
concentration of cs=0.56 M FeSO, at the 
surface, for a rotating iron disk with the 
above-mentioned conditions iD=0.336 A 
cm-2 is obtained. For an iron electrode with 
weak stirring of the electrolyte only 200 mA 
cmP2 is found experimentally at the maxi- 
mum of active dissolution, which is a con- 
sequence of the thicker diffusion layer and 
a smaller diffusion coefficient due to less 
convection and the higher viscosity of a con- 
centrated solution of corrosion products. 
The accumulation of dissolved Fe2+ ions fi- 
nally leads to the precipitation of a visible 
FeSO, film. 

A rotating-ring-disk electrode (RRDE) 
consists of a central disk of the material 

under study and a surrounding noble metal 
ring (gold, platinum) (Fig. 1-13). The ring 
electrode is used to analyze qualitatively 
and quantitatively the corrosion products 
formed at the central disk electrode; these 
are transported radially due to the electro- 
lyte flow during rotation. Application of an 
appropriate ring potential causes a diffusion 
limited electrode reaction and a related cur- 
rent of the products formed at the disk, 
which may be used for quantitative analy- 
sis. The two half rings of a split-ring-disk 
electrode (SRDE) permit the simultaneous 
determination of two corrosion products, 
e.g.,Fe(II)andFe(III),orCu(I)andCu(II). 
This arrangement of three independent 
working electrodes WE, to WE, requires a 
tripotentiostat with the potentiostats PI to P, 

rotating mercury I 
contact \ 

Rotator for 
split-ring - disk 

Pt-sp 

...__ ..._._ 

Figure 1-13. Disk rotator for exchangeable rotating- 
disk and split-ring-disk electrodes. Rotating mercu- 
ry contacts provide connection to the potentiostat 
(Lochel and Strehblow, 1980). 
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Control unit 
(zero control 

amplifier) 

Figure 1-14. Block diagram of a tripotentiostat for a split-ring-disk electrode with three potentiostats PI to P,, 
three working electrodes WE, to WE,, a common reference electrode RE, and a common grounded counter elec- 
trode CE. The potentials of the working electrodes are measured at URefl to URen and their currents at ZCellI to 
Ice,,,  (Lochel and Strehblow, 1980). 

(Fig. 1-14). This circuit has a common ref- 
erence RE and a common grounded plati- 
num counter electrode CE. A differential 
amplifier (diff, to diff,) at the entrance of 
each potentiostat separates the three poten- 
tiostatic circuits and provides a ground-free 
input for each WE and RE. The tripotentio- 
stat contains all the facilities shown in Fig. 
1- 1 1 for a regular potentiostatic circuit. The 
construction of an SRDE of any material is 
described in the literature (Lochel and 
Strehblow, 1980). Figure 1-15 gives an ex- 
ample of a polarization curve for a copper 
disk in 0.1 M KOH (Strehblow and Speck- 
mann, 1984). The two ring currents demon- 
strate the formation of Cu(1) and Cu(I1) at 
the two anodic dissolution/passivation 
peaks. Part of the anodic disk current is used 
for the dissolution of copper ions and part 
for the formation of passivating Cu20 and 
CuO, Cu(OH), layers. 

The collection efficiency N of a special 
RRDE depends on its geometry, i.e., the ra- 

dius of the disk and the rings and their 
widths. N may be calculated or determied 
experimentally by a dissolved redox spe- 
cies, e.g., the redox couple [Fe(CN)6]3-’4- 
(Albery and Hitchman, 197 1). Collection ef- 
ficiencies of N >  30% for a full ring may be 
achieved easily. With the analytical ring cur- 
rent, the disk current may be calculated ac- 
cording to the relation ZDi= nDi IR/(NnR) 
with the numbers nR and nDi of charges for 
the electrode processes at the ring and the 
disk electrode, respectively. 

There are further modifications described 
in the literature, such as the rotating-ring- 
ring electrode (RRE) with two concentric 
analytical rings (Albery and Hitchman, 
1971). This gives a fast response for the 
analysis of a species at the outer ring formed 
at the inner ring. Another development is an 
RRDE with two concentric noble metal 
rings and a central disk of the material under 
study. This has been used to determine quan- 
titatively the development of Cr (111)-ions at 
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Figure 1-15. The examination of soluble Cu(1) and 
Cu(I1) species in 0.1 M KOH with a rotating Pt-split- 
ring-Cu-disk electrode for a potentiodynamic scan 
(10 mV s-l) for the Cu-disk (Strehblow and Speck- 
mann, 1984). 

a central chromium disk by its reduction to 
Cr(I1) at the inner ring and its reoxidation 
to Cr(II1) at the outer ring (Haupt and Streh- 
blow, 1987b). The current at the inner ring 
cannot be used analytically because of the 
parallel hydrogen evolution at the negative 
electrode potential. The Cr(II1) reduction 
has been sensitized and the hydrogen evo- 
lution partly suppressed by a deposit of sil- 
ver on a glassy carbon ring (Haupt and 
Strehblow, 1987b). The reoxidation of 
Cr(I1) to Cr (111) at a moderately positive po- 
tential of the outer ring is well suited for 
quantitative analysis because of the absence 
of further electrode processes. 

The hydrodynamically modulated RRDE 
(HMRRDE) allows the measurement of 
small currents on a large background (Haupt 
and Strehblow, 1987b). The modulated 
current response due to a sinusoidal, square 
wave, or rectangular variation of the rota- 

A 

5s 
Figure 1-16. Ring current response of an HMRRDE 
with square wave modulation of the rotation frequen- 
cy w:  a) redox system in bulk solution, b) detection 
of corrosion products formed at the disk, c) redox 
system from bulk plus corrosion product from disk, d) 
modulation of frequency @+Am. (Haupt and Streh- 
blow, 1987a). 
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tion frequency w is closely linked to the 
concentration of the species analyzed or to 
the amount of product formed at the central 
disk (Bruckenstein and Miller, 1970; Engel- 
hardt et al., 1992a, b). If the disk current ZDi 
refers to a pure charge transfer controlled 
process and its rate does not change with w, 
only a current spike ZRi is observed at the 
ring for square wave modulation (Fig. 1 - 16). 
If the process at the disk is transport-con- 
trolled by a participating species from the 
bulk, an additional long term current step re- 
sults (Haupt and Strehblow, 1987b). The 
current spike is a consequence of the elec- 
trolyte pumping due to a square wave fre- 
quency modulation Am, as has been con- 

firmed by theoretical calculations (Engel- 
hardt et al., 1992b). This makes it possible 
to separate the analysis of products formed 
at the disk from the current contributions of 
species from the bulk electrolyte and elec- 
tronic offset currents. Figure 1-17 gives an 
example of the dissolution of a central iron 
disk electrode in 1 M NaOH and the detec- 
tion of dissolved Fe(I1) and Fe(II1) ions at 
the analytical ring (Haupt and Strehblow, 
1987 a). The spikes of the ring current indi- 
cate Fe (111) dissolution for the anodic scan 
and Fe(I1) formation at the appropriate 
anodic and cathodic current peaks of the 
disk at -0.7 and - 1 .O V, respectively. These 
analytical ring currents permit quantitative 

50 

1 4 0  2 

? Fe. 1 M NaOH 
..'-.. v =  10 mV s-' 

Figure 1-17. Potentiodynamic pola- 
rization curve of an iron RRDE in 1 M 
NaOH. Upper part: iron disk starting 
with an oxide-free electrode at 
E=-0.96 V with dE/dT=lO mV SKI 

and an applied hydrodynamical square 
wave modulation W= 2 k f = 450 
min-I, A0=+250 min-I, andf=0.1 
s-' ; the dashed line shows the capac- 
ity of the iron disk. Lower part: ring 
currents with hydrodynamic modula- 
tion: a, b) detection of Fe(II1) corro- 
sion for anodic and cathodic scans; 
c, d) detection of Fe(I1) corrosion for 
anodic and cathodic scans (Haupt and 
Strehblow, 1987a). 
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separation of the total disk current density 
into a corrosion and a layer formation part. 

1.4.1.3 Transient Techniques 
' The examination of potentiostatic (con- 
stant electrode potential) or galvanostatic 
transients (constant current) are an appro- 
priate method to separate the influence of 

for a potentiostatic transient of an electro- 
chemical reaction under charge transfer and 
diffusion control (Vetter, 1967; Gerischer 
and Vielstich, 1955). Pure charge transfer 
control is expected for short times and dif- 
fusion control for long times of the transient 
(erf = error function). 

i = i (0 )  exp (a2 t )  erf (a d) (1-43) 

the various mechanistic steps (Table 1-3) to 
the overall corrosion reaction. Figure 1 - 18 
shows the time ranges for the processes in A = [ 
double logarithmic plot. Charging of the 

lyte interface occurs within the first few mi- 

ity of c,= 20 pF cm-2 and an ohmic resis- 
croseconds. Assuming a double layer capac- 

where 

az Fr] exp ~ 

1 

sequence for a potentiostatic transient in a z F  [Red]= RT 

1 - (1 - a ) z F r ]  
electrical double layer at the metal/electro- + 

[Ox] lfDox RT 

i = i (0 )  11 - 2 ;1 d 1 (for + 1) 
tance R,=0.1 S2 cm2 in series (electrolyte 
resistance electrode/Haber-Luggin capil- 
lary), a time constant of z= R,CD= 2 ps re- 
sults. Charging of the interface is followed 
by a time period of charge transfer control 
and finally diffusion control for the electro- 
chemical reactions. Diffusion control re- 
quires a sufficiently large current density 
and a long time for the potentiostatic tran- 
sient. Equation (1-43) describes the solution 

:barge transfer 
ind diffusion control 

iD 

diffusion control 

l o g t l s  

(1-43a) 
1 

i = i ( O )  ( forA&%l) (1-43b) 

The extrapolation of an i versus f i p l o t  to 
t + 0 yields the current density, which is de- 
termined exclusively by charge transfer 
control according to the approximation of 
Eq. (1-43 a) for short times (Gerischer and 
Vielstich, 1955). i (0) is the current density 

&A& 

o= 
I000 upm 

10 upm 

upm 
Figure 1-18. Time domains of double 
layer charging, charge transfer con- 
trol, and diffusion control for a poten- 
tiostatic transient of a rotating-disk 
electrode with frequency w. 
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at t = O  given by the Butler-Volmer equation 
Eq. (1-26). The extrapolation of an i versus 
V f i p l o t  for l / f i +  0 (Eq. (1-43 b) yields 
the current density i, at pure diffusion con- 
trol. This discussion shows how to separate 
diffusion control from an electrode process 
to get to an i-q relationship with pure 
charge transfer control corresponding to the 
Butler-Volmer equation. Figure 1 - 18 refers 
to a transient with an RDE. The change of 
the current density with the rotation fre- 
quency u) for t > 1 s follows the Levich 
equation (Eq. (1-42)) as expected for an 
electrode process under diffusion control. 

1.4.2 Surface Analytical Methods 

Like electrochemistry, modern corrosion 
research requires a variety of spectroscopic 
methods to learn about the details of the re- 
actions at the interface metaUelectrolyte. In- 
frared and Raman spectroscopy give infor- 
mation about the oscillating modes of spe- 
cies and groups within surface layers. X-ray 
photoelectron spectroscopy (XPS) and Au- 
ger electron spectroscopy (AES), as well as 
ion spectroscopies like ion scattering spec- 
troscopy (ISS) and Rutherford backscatter- 
ing (RBS), are useful tools to study the 
chemical composition of surfaces and sur- 
face layers. In particular, ex situ XPS pro- 
vides a very detailed insight into the chem- 
istry of passive layers and other surface 
films. Various pure metals and alloys have 
been examined with systematic variation of 
parameters such as potential and time for the 
exposure of the metal specimens to the so- 
lution, and the composition of the metal and 
the electrolyte. These methods require ultra- 
high vacuum (UHV). Thus the electrode los- 
es its contact to the electrolyte and the po- 
tential control, with the possible danger of 
surface contamination and loss of water dur- 
ing transfer and exposure to the vacuum. 
There is also the danger of oxidation of the 

surface species and oxide growth during ac- 
cess of the laboratory atmosphere. To pre- 
vent possible changes and avoid the influ- 
ence of artifacts, specimen preparation in a 
protecting argon atmosphere and transfer 
into the UHV in a closed system without 
contact with the laboratory atmosphere has 
been developed (Haupt et al., 1986). Fur- 
thermore, systematic variation of the elec- 
trochemical specimen preparation parame- 
ters yields conclusive results from surface 
analysis about the composition and struc- 
ture of metal surfaces and surface films and 
the mechanisms of their formation. In this 
chapter, a short description of some fre- 
quently used UHV methods will be present- 
ed, with detailed discussion of some exam- 
ples. Following chapters will show that 
modern corrosion research requires surface 
analysis to get deeper insight into corrosion 
phenomena and their reliable interpretation 
by appropriate mechanisms. 

Modern spectrometers consist of several 
UHV chambers, as depicted in Fig. 1-19. 
Specimens are introduced via the fast entry 
lock and may be pretreated in the prepara- 
tion chamber, e.g., by a cleaning procedure 
with argon ion sputtering. The analyzer 
chamber is equipped with the essential parts 
for analytical procedures, i.e., the energy an- 
alyzer, the X-ray, UV, electron; and ion 
source for XPS, UV photoelectron spectros- 
copy (UPS), Auger electron spectroscopy 
(AES) and ion scattering spectroscopy 
(ISS), respectively. A specially designed 
fourth chamber permits the electrochemical 
preparation of metal surfaces under a pro- 
tecting argon atmosphere (Haupt et al., 
1986). This system makes it possible to 
study metal surfaces, starting with a sputter 
cleaned oxide free surface of well-known 
composition which is subsequently submit- 
ted to electrochemical preparation and a fi- 
nal XPS analysis. The samples have no con- 
tact with a contaminating laboratory atmos- 
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Figure 1-19. Spectrometer with UHV chambers and an electrochemical chamber attached to the fast entry lock 
for specimen preparation and transfer in a closed system (Haupt et al., 1986). 

phere. It especially prevents any oxidation 
and oxide film growth after specimen prep- 
aration. Thus the formation of surface layers 
may be studied quantitatively, even at neg- 
ative electrode potentials and for short oxi- 
dation times starting in the millisecond 
range. This technique makes it possible to 
follow the chemistry of surfaces and surface 
films in detail. 

Table 1-5 summarizes the most important 
surface analytical methods, with their char- 
acteristics, which are applied in corrosion 
research and for the solution of corrosion 
problems in industry and the environment. 
Collaboration with companies and numer- 
ous analytical tasks from industry, i.e., anal- 
ysis of the surfaces of metals, ceramics, 

semiconductors, polymers, and biological 
materials, proves that XPS is a well-suited 
and frequently applied method to get an- 
swers to a variety of problems, including 
corrosion. AES permits detailed examina- 
tion of localized effects on surfaces due to 
its high lateral resolution. In this regard, the 
scanning electron microscope and the elec- 
tron microprobe should be mentioned as 
very valuable routine methods to study the 
topography with a lateral resolution of some 
10 nm, and the elemental composition with 
lateral and in depth information of several 
micrometers resolution. 

Mass spectrometric methods are also ap- 
plied to corrosion research, especially when 
organic surface films are examined. Ad- 
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Table 1-5. Characteristics of some UHV surface analytical methods. 

Method In depth Lateral Information 
resolution resolution 

XPS (X-ray photoelectron 2 nm 100 nm composition of surface and surface 
spectroscopy ) films, binding and oxidation state 
UPS (UV photoelectron 1 nm > I  mm work function, threshold energies, 
spectroscopy) band structure, binding orbitals 
AES, SAES [(scanning) 2 nm 20 nm composition of surface and surface films, 
Auger electron spectroscopy] 
ISS (ion scattering 0.3 nm 20 nm composition of surface and surface films, 
spectroscopy) modest lateral resolution 
RBS (Rutherford 5 nm 0.1 mm quantitative quasi nondestructive 
backscattering) depth profile 
SEM (scanning electron 2 nm 50 nm surface topography with high lateral 
microscopy) resolution 
EM (electron microprobe) 2 !Jm 2 P composition of surfaces and surface layers 

high lateral resolution 

sorbed molecules and components of sur- 
face layers may be desorbed by soft sputter- 
ing with subsequent mass analysis using a 
quadrupole or time-of-flight mass spec- 
trometer. The large variation of the sensitiv- 
ity of secondary ion mass spectrometry 
(SIMS) with the properties of the matrix of 
surfaces may be a serious problem for its 
quantitative application in surface analysis. 
However, the ionization of sputtered species 
with an electron beam, or the application of 
a glow discharge to the specimen surface, 
help to stabilize the ion yield. With this mod- 
ification, SIMS became a reliable, quantita- 
tive method for depth profiles of surface 
films. These mass spectrometric methods 
are very sensitive to small amounts of layer 
components. Apart from cations and anions 
of surface films, large molecules may also 
be examined by their fragments, but also as 
molecules. 

1.4.2.1 Electron Spectroscopies 

If electromagnetic radiation with a suffi- 
ciently short wavelength hits a specimen, 

electrons may be excited and leave ist sur- 
face. Using X-rays, core level electrons may 
also be emitted. X-ray photoelectron spec- 
troscopy (XPS) examines the kinetic ener- 
gy of these photoemitted electrons in an 
electrostatic energy analyzer. A simple en- 
ergy balance permits evaluation of the bind- 
ing energy EB of the level from which the 
electron is emitted 

h V =  EB+ Ekin,A+ (e@A) ( 1-44) 

Equation (1-44) contains the work function 
of the energy analyzer (eOA), which is a 
consequence of the reference of all binding 
energies E, to the Fermi level EF of solid 
specimens, and the relation of the Fermi lev- 
els of the specimen and the analyzer to each 
other in the spectrometer (Fig. 1-20). (dA) 
is constant for a given spectrometer and is 
internally compensated, which makes it 
possible to omit this term at the right side of 
Eq. (1-44). With the known energy h v of 
the X-rays, Eq. (1-44) allows the calculation 
of EB when Ekin is measured. Figure 1-21 
illustrates EB and &in of XPS signals and 
the relationship to their core levels. For sim- 
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Figure 1-20. Photoemission of a core level electron 
of binding energy EB by X-rays of energy h V ;  EF is 
the Fermi level, Ekin,* is the measured kinetic energy 
of the photoelectron; eQs and eQA are the work func- 
tions of the sample and the analyzer, respectively. 

plicity the work function eQA has been 
omitted equivalent to its internal compensa- 
tion in the spectrometer. I ,  and Z, are the ion- 
ization energies of the core levels. 

In modern spectrometers, the photoelec- 
trons are focused to the entrance slit of a 
spherical sector analyzer by electrostatic 
lenses which permit a large working dis- 
tance for the specimen (Fig. 1-22). A con- 
stant voltage at the spheres of the analyzer 
provides a constant pass energy of the elec- 
trons. To obtain the energy spectrum of the 
photoelectrons, a continuously changing re- 
tardation voltage reduces their kinetic ener- 
gy, thus providing a chance for all the elec- 
trons to reach the detector via the analyzer. 

Sensitive spectrometers work with an array 
of several channeltrons, or even channel 
plates, to get high count rates with a com- 
puter-assisted shift of the individual data of 
each channeltron for their proper superpo- 
sition to obtain an XP spectrum. Reduction 
of the surface from where the photoelec- 
trons are accepted leads to a lateral resolu- 
tion of XPS of ca. 100 ym. This small area 
XPS is achieved by a small entrance slit to 
the electrostatic lenses. The polarity of the 
voltage supply of the hemispheres of the an- 
alyzer may be changed so that the spectrum 
of positive ions may also be taken in the case 
of ISS. 

Each core level of a component of a 
specimen appears as a characteristic peak in 
the energy spectrum (Fig. 1-23a). These 
core level peaks provide a qualitative meas- 
ure of the composition of the surface. The 
size of the signal is proportional to the sur- 
face concentration of the element under 
study. For a quantitative evaluation, the rel- 
ative sensitivities of the elements, which de- 
pend to the first order on their photoioniza- 
tion cross section (PICS), have to be taken 
into account. The PICS are listed in appro- 
priate tables (Wagner et al., 1978). The ex- 
act energy position of an XPS signal de- 
pends on the charge or valency of the atom. 
Therefore, the chemical shift of an element 

Figure 1-21. Emission of photoelec- 
trons by X-rays of energy h v from 
core levels and their relationship to 
the XP spectrum with binding energy 
EB and kinetic energy &in. For sim- 
plicity eQA has been omitted equiva- 
lent to its internal compensation. I ,  
and Z, are the ionization energies of 
the core levels. 
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Figure 1-22. Schematic diagram 
of an XPS spectrometer with a 
spherical sector analyzer, imaging 
lenses, and a multi-channeltron de- 
tector. 
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Figure 1-23. a) Survey XP spectrum of a Fe20Cr specimen passivated in 0.5 M H2S04 at E =  1.0 V, showing 
the 0 1 s ;  Cdp,,,; and Fe2p3,, signals including the X-ray induced iron and chromium Auger lines. b) Back- 
ground-corrected, expanded Fe2p3,% signal with deconvolution in Fe(O), Fe(II), and Fe(II1) contributions. 

depends on its binding situation. This chem- 
ical shift provides valuable qualitative and 
quantitative chemical information, in addi- 
tion to the elemental composition of a sur- 
face. Due to the interaction of the photoelec- 

trons with atoms during their transfer to the 
WHV, the XPS signals have a large back- 
ground which requires a background correc- 
tion. In most cases, the signals then have to 
be deconvoluted to contributions of atoms 
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in different chemical conditions (oxidation 
state, binding state). This is usually done on 
the basis of well-characterized standards. 
Figure 1-23b gives an example for the 
Fe2p3,, signal of a passivating layer on iron 
alloys with contributions of Fe(0)-metal, 
Fe(II), and Fe(II1). 

XPS is surface-sensitive due to the mean 
free path il of the photoelectrons within a 
specimen which is in the range of several 
nanometers. Their inelastic losses lead to an 
exponential attenuation of the signal with 
depth. Thus only those electrons that origi- 
nate at a depth not larger then 3 I. may con- 
tribute to the signal. The intensity Zi of a 
component i with a particle concentration Ni 
of a thin layer follows Eq. (1-45) with an ex- 
ponential self attenuating factor which ap- 
proaches 1 for a large thicknesses dl  . 

Zi =Xs T, q ili Ni 

where X s  considers the special design of the 
spectrometer and its settings, and T, is the 
transmission function of the analyzer. Both 
are characteristic for the individual spec- 
trometer. The coverge by an additional layer 
of thickness d2 causes a further attenuating 
factor exp (d,lA cos 0). The variation of the 
take-off-angle 0 of the photoelectrons 
(measured relative to the surface normal of 
the specimen) permits the determination of 
the depth of a species within a surface layer, 
and thus the determination of the non- 
destructive depth profile. The intensity ra- 
tio of XPS signals of two species changes 
characteristically with 0, enhancing the 
contribution of those located directly at the 
surface relative to those in deeper parts of a 
film. This angular resolved XPS is applied 
to detect and to prove a multilayer structure 
of a thin surface film of several nanometers 
thickness in corrosion research. A good ex- 
ample is the development of a passive layer 
on iron in alkaline solution with time (Fig. 

Fe 
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E =-Od6V(SHEI .J-+ d2 

4 Fez’ 

metal 

tp.loos 

Figure 1-24. Angular resolved XPS analysis of a bi- 
layer structure. Fe(II)/Fe(III) passive layer on iron de- 
veloping at E=-0.16 V in 1 M NaOH with passiva- 
tion time f p  (Haupt and Strehblow, 1987a). 

1-24) (Haupt and Strehblow, 1987a). After 
deconvolution of the contributions of Fe (11) 
and Fe(II1) of the Fe2p3/* signal, the inte- 
grated signals Z of both components are ob- 
tained along with their ratio with a compen- 
sation of the special spectrometer character- 
istics and their photoionization cross sec- 
tions. (1-46) 

&elJ 

IFeII 

This ratio is small for a 100-ms oxidation 
and gets larger for longer oxidation times tp 
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due to the initial formation of Fe (1I)hydrox- 
ide and its later oxidation to Fe(II1)oxide at 
sufficiently positive potentials. The upward 
bending of the ratio for longer times is typ- 
ical for a bilayer structure, as depicted in 
Fig. 1-24. Apparently, the bilayer structure 
develops with time when a sufficient 
amount of Fe(II1) is formed by metal oxida- 
tion and by oxidation of the initially formed 
Fe(I1). Figure 1-25 shows the evolution of 
the thickness of the inner Fe(I1) and the outer 
Fe(II1) layer as a function of the electrode 
potential, as calculated from the ratios of the 

Fe 
IM NaOH 
tp .300s  

60- 

E (SHE) 0 

Figure 1-25. Thicknesses d, of the inner Fe(II), d2 of 
the outer Fe(III), and d of the total layer of passive 
iron as a function of the electrode potential E (SHE) 
(Strehblow and Speckmann, 1984; Haupt et al., 1986), 
and the related potentiodynamic polarization curve; 
E,, is the passivation potential, EF2 is the Flade po- 
tential; insert: phase model. 

XPS signals, and its close relation to the 
potentiodynamic polarization curve (Haupt 
and Strehblow, 1987a; Haupt et al., 1986). 
The decrease of Fe(I1) due to its oxidation 
to Fe(II1) and the related peak in the pola- 
rization curve meet the extrapolated Flade 
potential according the relation EF1 = 0.58- 
0.059 pH (Franck, 1949). This relation was 
found for the passivation potential of iron in 
acidic electrolytes and has been explained 
on the basis of the thermodynamical values 
of the oxidation of Fe304 to Fe203 (Vetter, 
1958a; Gohr and Lange, 1956). Apart from 
oxide formation, the change of these surface 
films with the electrode potential, i.e. their 
further oxidation or reduction at more pos- 
itive or negative potentials, respectively, 
can be examined (Haupt and Strehblow, 
1987a; Strehblow, 1988). 

XPS has been applied to study the com- 
position and formation of passivating layers 
on various pure metals and binary alloys. 
Usually, a multilayer structure is found 
with the lower valent species in the inner 
and the higher valent species in the outer 
part of the film. Generally, hydroxides are 
located at the surface and oxides at the in- 
ner part of these layers. The distribution and 
accumulation of cations within these films 
are characteristic for the alloy components 
and are closely related to their contribution 
to the improvement of passivity of these 
metals (Strehblow, 1997). XPS is a valuable 
tool to detect the role of alloy components 
and to understand their influence on the cor- 
rosion properties of metals. 

Ultraviolet photoelectron spectroscopy 
(UPS) involves the emission of electrons by 
UV radiation, e.g., He(1) or He(I1) radiation 
with an energy of 21.2 or 40.8 eV, respec- 
tively. Due to the smaller energy, UV radi- 
ation involves the emission of photoelec- 
trons from electrons in higher energy levels, 
i.e., from binding orbitals. Besides impor- 
tant chemical information about the binding 
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orbitals, the work function e@ of metals and 
threshold energies eaTh, i.e., the energy of 
the upper valence bond edge of semiconduc- 
tors relative to the vacuum level, may be de- 
termined. This is valuable information 
about the semiconducting properties of thin 
oxide films on metals, e.g., passive layers. 

Auger electron spectroscopy (AES) is an- 
other valuable ex situ method to analyze 
corrosion processes at the metal surface. If 
an electron is emitted from acore level, elec- 
trons from orbitals with a higher energy will 
drop to this level and the energy difference 
is consumed by the emission of a third elec- 
tron, the Auger electron. Its kinetic energy 
is characteristic of the involved energy lev- 
els of this three-electron process. The Au- 
ger signals in the energy spectrum of elec- 
trons are therefore characteristic for the ele- 
ments at the surface. Due to the escape depth 
of the electrons, which is related to their 
mean free path, the depth resolution is in the 
range of several nanometers, similar to XPS. 
The ionization of a core level can be 
achieved by X-rays, i.e., the Auger signals 
will appear additionally in the XP spectrum 
(Fig. 1-23a). However, there is an advan- 
tage to emitting these electrons of the spec- 
imen with an electron beam. This beam may 
be focused so that AES may be performed 
with a high lateral resolution of several tens 
of nanometers only. This situation permits 
elemental analysis of small surface struc- 
tures, i.e., grain boundary segregations, im- 
purities, and local corrosion structures. 

1.4.2.2 Ion Spectroscopies 

Backscattering of noble gas ions at solid 
surfaces is a useful tool for obtaining ele- 
mental depth profiles. The two main ion 
spectroscopies work with different primary 
energies of the ion beam. Ion scattering 
spectroscopy (ISS) uses several kiloelec- 
tron volts and Rutherford back scattering 

(RBS) a helium beam of 2 MeV. If ions with 
of several kiloelectron volts hit the speci- 
men's surface, their backscattering follows a 
classical elastic binary collision process (Fig. 
1-26). The ratio of the energies before Eo and 
after the collision E for the backscattering 
of ions of mass m at surface atoms of a larg- 
er mass M follows Eq (1-47). Equation (1- 
48) refers to a scattering angle @= 90". Con- 
sequently, the energy spectrum of the back- 
scattered ions contains a peak for each type 
of target atom related to their mass M .  

m2 - - - E 

E~ ( m + M I 2  

L 

E ( M - m )  
- - - (for 0 = 90") ( 1-48) 
Eo (m+M> 
For similar masses, e.g., iron and chromium, 
the contributing peaks are too close to each 
other and require deconvolution of the mea- 
sured signal. A probe gas of larger mass, 
e g ,  neon instead of helium and higher pri- 
mary energy Eo = 3 keV instead of Eo = 1 keV 
enable sufficient separation of close target 
masses (Frankenthal and Malm, 1976; Ca- 
linski and Strehblow, 1989). 

The intensities of the integrated signals 
may be evaluated on the basis of well-char- 
acterized standards. Consequently, ISS pro- 

Figure 1-26. ISS as a binary collision process of no- 
ble gas ions of mass m with target atoms of mass M 
and a backscattering angle 0; E, is the primary ener- 
gy, E is the energy after backscattering. 
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vides qualitative and quantitative informa- 
tion of the composition of the surface. No- 
ble gas ions which penetrate the first layers 
of the surface are backscattered as neutrals 
and thus may not pass the energy analyzer. 
As a consequence, only ions backscattered 
at the first atomic layer are detected and the 
method is sampling the outmost atomic 
layer. A soft sputter process by noble gas 
ions yields an ISS depth profile with atom- 
ic depth resolution. Therefore ISS has been 
applied to the study of very thin oxide films, 
e.g., on passivated Fe/Cr alloys. This meth- 
od may be applied in addition to XPS due 
to its high depth resolution. Figure 1-27 
gives an example for the cationic fraction of 
chromium within a passive layer on Fel5Cr. 
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Figure 1-27. ISS depth profile of passive layers 
formed on FelSCr in 0.5 M H2S0, at E=0.9 V for 
passivation times of 1 min to I week (Strehblow et al., 
1994); cationic fraction X,,=[Cr]/([Cr] +[Fe]). 

The serious accumulation of chromium 
within the film corresponds to XPS results, 
but provides a much higher depth resolu- 
tion. The depth profile shows a maximum at 
the centre of the film which shifts to the sur- 
face with passivation time, even after days 
due to the slow dissolution of Fe(II1) and the 
negligibly small dissolution of Cr(II1) from 
the passive layer (Strehblow et al., 1994). 

Rutherford backscattering is a valuable 
tool for getting quasi nondestructive depth 
profiles of thin films on surfaces. Due to 
their high primary energy, He2+ ions pene- 
trate into solid surfaces up to ca. 1 pm and 
emerge back to the vacuum after a binary 
collision process with a target atom. This 
collision process follows Eq. (1-49) as ISS, 
which yields for 0 = 180" (backscattering) 

( 1-49) 

The energy spectrum of the backscattered 
helium ions yields a peak for each atomic 
species. Its size is proportional to its con- 
centration. As the helium ions are submit- 
ted to further inelastic energy losses on their 
way in and out, broad signals appear which 
depict the depth profile of the element. Fig- 
ure 1-28 presents the RBS of a vapor depos- 
ited aluminum film containing a few percent 
of copper on a quartz substrate, as it is used 
in electronic industries for integrated cir- 
cuits (Strehblow et al., 1978). The shape of 
the copper signal proves the presence of a 
flat, homogeneous distribution within the 
metal phase. The silicon and oxygen signals 
of the quartz substrate are found at smaller 
energies due to their light mass. Anodic ox- 
idation forms a copper free aluminum oxide 
film which leads to a shift of its leading edge 
to smaller energies and copper accumula- 
tion at the fildmetal interface, as seen by a 
superimposed peak. The aluminum oxide 
film is seen as a shoulder in the aluminum 
signal and an additional oxygen peak at 
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Figure 1-28. RBS of an A1 0.7 at.% Cu film on quartz before and after anodization with i =  1 mA cm-2 to E =  100 
V in 0.1 M citrate buffer pH 6.0 (Strehblow et al., 1978). 

higher energies in comparison to that of the 
quartz substrate. This accumulation of cop- 
per during anodic oxide formation finally 
leads to breakdown of the passive layer at 
high potentials and serious damage of the 
metal film by localized corrosion (Streh- 
blow and Doherty, 1978). 

1.5 The Kinetics of Corrosion 
Processes 

Metal corrosion usually consists of anod- 
ic metal dissolution and a compensating ca- 
thodic process like hydrogen evolution or 
the reduction of dissolved oxygen. The re- 
duction of other oxidants, like Fe3+, HNO,, 
or dissolved Cl,, are further examples of 
compensating processes. These processes 

occur independently, and are only related to 
each other by the condition of electroneu- 
trality. Without an external current supply, 
the rate of both reactions leads to electron- 
ic compensation without a net current flow. 
Figure 1-29 shows the active metal dissolu- 
tion in acidic electrolytes. As discussed in 
Sec. 1.3 the measured current density is a 
superposition of the anodic metal dissolu- 
tion and the cathodic metal deposition with 
i= 0 at the equilibrium potential according 
to the Nernst equation. Similarly, the cur- 
rent density of a redox system is a superpo- 
sition of the anodic and cathodic partial cur- 
rent densities. In studies of metal corrosion, 
the cathodic metal deposition is negligibly 
small due to the absence of metal cations 
within the electrolyte, and the electrode po- 
tential will often be too positive to permit 
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the cathodic reduction, even in the presence 
of cations. Similar arguments will hold for 
the cathodic counter process of a redox 
system; thus its reduction mainly occurs, 
which compensates the anodic metal disso- 
lution. Figure 1-29 shows the current den- 
sity of metal dissolution and the cathodic re- 
duction of a redox system. The superposi- 
tion of both reactions leads to the current 
density curve measured with a zero current 
for the rest potential ER. This situation re- 
sembles the discussion of the equilibrium 
potential and the partial current densities of 
one electrochemical reaction, however, 
with the difference of the superposition of 
two different processes. The deviation of the 
electrode potential E of the rest potential ER 
leads to an exponential increase of the anod- 
ic or cathodic current according to the But- 
ler-Volmer equation. The deviation of the 
rest potential is called the polarization 
n= E - E ,  in contrast to the deviation of the 
equilibrium potential, i.e., the overpotential 

t 

/Ox + d+ Red 

Figure 1-29. Superposition of the current density po- 
tential curves of an Me/MeZ+ and a redox electrode, 
which yields the polarization curve of anodic metal 
dissolution and cathodic reduction of the redox 
system; EO.M and &redox are the Nernst potentials, ER 
is the rest potential, io,M and iO,redox are the exchange 
current densities, i, is the corrosion current density 
( I t=O) .  

q = E-  E,, . A semi-logarithmic Tafel plot 
yields the lines of the current densities of 
anodic metal dissolution and cathodic re- 
duction of the redox system, as presented 
for iron dissolution in 0.5 M H2S04 in Fig. 
1-30 (Kaesche, 1979). The intersection of 
both lines yields ER and the related corro- 
sion current density i, within the electrolyte. 
In the case of iron corrosion in sulfuric ac- 
id, the corrosion rates determined by the 
electrochemical evaluation of the Tafel plot 
and the chemical analysis of the dissolved 
species or the weight loss of the specimen 
for simple immersion tests agree sufficient- 
ly well (Kaesche, 1979). 

Usually the equilibrium potential of met- 
al dissolution is much more negative than 
that of the cathodic reaction of the redox 
system. Iron dissolution in sulfuric acid with 
hydrogen evolution corresponds to this sit- 
uation. The potential of the H+/H2 electrode 
shifts by -0.059 V pH-' and its kinetics 
slow down due to a smaller exchange cur- 

-0.55 -0.45 -0.35 t, -0.25 

electrode potential E I V 

Figure 1-30. Tafel plot (log i versus E )  of iron disso- 
lution and hydrogen evolution in 0.025 M H,SO,/ 
0.45 M Na2S04 solution of pH 1.7 according to Kaes- 
che (1979); ER is the rest potential, i, is the corrosion 
current density. 
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rent density i, with decreasing H+ concen- 
tration (Eq. (1-27)). As a consequence, E R  

gets more negative and the currentless me- 
tal dissolution decreases. At pH 4-5, E R  

gets sufficiently small and metal corrosion 
is determined by H+ reduction under diffu- 
sion control (Fig. 1-3 1). Finally, the concen- 
tration of H+ ions gets so small that the max- 
imum diffusion current density, and thus the 
corrosion rate, is negligible. For pH>5, 
metal corrosion by the reduction of dis- 
solved oxygen is another important and 
more efficient process. This is particularly 
dominating in alkaline solutions with oxy- 
gen access. Due to the negative equilibrium 
potentials of reactive metals, oxygen reduc- 
tion usually occurs under diffusion control 
(Fig. 1-32). Seminoble metals like copper 
will dissolve with oxygen reduction at more 

Figure 1-31. Metal dissolution with hydrogen evolu- 
tion, and decreasing ic and ER with increasing pH. 
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positive potentials due to its positive equi- 
librium potential. This situation might lead 
to charge transfer control of O2 reduction. 
Noble metals like silver, gold, and platinum 
will not dissolve even for oxygen access 
to the solution. However, if the dissolved 
cations form thermodynamically stable 
complexes with anions like cyanide, their 
equilibrium potentials will be shifted to 
much more negative values and they will 
corrode with the reduction of oxygen as well 
(see Sec. 1.2.3). The dissolution of reactive 
metals may also be catalyzed by OH- ions 
which shifts the reactive metal's polariza- 
tion curve with increasing pH to more neg- 
ative potentials. OH- catalysis of the active 
dissolution of iron is a typical example. This 
discussion shows that the overall corrosion 
rate depends on the equilibrium potential 
and the kinetics of the metal/metal ion elec- 
trode and of the redox system. To under- 
stand the complex corrosion processes, each 
contributing factor has to be examined sep- 
arately. 

1.5.1 The Hydrogen Electrode 

Hydrogen evolution has been studied ex- 
tensively in electrochemistry due to its im- 
portance in different fields such as energy 
storage, fuel cells, and last but not least cor- 
rosion. It is a relatively complicated reac- 
tion involving many consecutive reaction 
steps. Apart from the transport of H+ ions to 
the electrode and H, from the electrode to 
the bulk electrolyte, there are still three re- 

Au 
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Figure 1-32. Metal dissolution 
with oxygen reduction for noble 
and reactive metals and with com- 
plex formation. 
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action steps involved belonging to two re- 
action paths, the Volmer-Tafel and the 
Volmer-Heyrovsky mechanism 

Volmer reaction: 
H++e- + Had 
Tafel reaction: 
Had+Had + H2,ad 

( 1-50) 

(1-51) 

Heyrovsky reaction: 
H++e-+Had + H2+d (1 -52) 

Desorption: 
H2,ad + H2 (1-53) 

If the Volmer reaction is the rate-determin- 
ing step, the Butler-Volmer equation holds 
for this charge transfer step (see Sec. 1.3.1) 

i~ =- Fk-, H (1 - 0,) [H'] -t Fk+ OH 

( 1-54) 
Neglecting the anodic partial reaction for 

large cathodic overpotentials gives 

RT 2.303 RT 2.303 
= [ (1 - a )  F ] 1% iH, 0 - [ (1 - a) F ] 

'log I iH I = a +b log I iH I 

For a=0.5, a slope of b=-0.120 V results 
for the Tafel plot. This slope is found ex- 
perimentally for most electrode materials in 
acidic electrolytes (Fig. 1-33) (Vetter, 1967). 
With the assumption that the Heyrovsky 
or the Tafel reaction is rate-determining, a 
similar treatment yields b = - 0.040 V or 
-0.029 V per decade of log i, respectively. 
It can therefore be concluded that the 
Volmer reaction is the rate-determining 
step. When the concentration of H+ gets 
small, the hydrogen evolution is diffusion- 
controlled and approaches a potential inde- 
pendent cathodic current density iD for large 
cathodic overvoltages (Fig. 1-34) (Kaesche, 

1979; Stern, 1955). iD gets very small for 
pH > 5 .  When the potential gets sufficiently 
negative, all polarization curves for the var- 
ious pH values merge to the same line. This 
cathodic current corresponds to hydrogen 
evolution by the direct decomposition of 
water, which only becomes possible €or 
large overpotentials. This is pH-indepen- 
dent, because water is now the reacting spe- 
cies and not the H+ ions. Adsorbed H atoms 
formed by the Volmer reaction may also dif- 
fuse into the bulk metal. This reaction pro- 
duces hydrides or the accumulation of hy- 
drogen at defects and in voids eventually 
under high pressure, which may damage the 
metal mechanically by blistering. The incor- 
poration of hydrogen in acidic electrolytes 
might lead to embrittlement and thus to a re- 
duced mechanical strength of metallic con- 
struction materials. These reactions will be 
discussed briefly in Secs. 1.6.3 and 1.6.4. 

1.5.2 The Oxygen Electrode 

Oxygen reduction is a very important re- 
action for corrosion processes. Its kinetics 
have a relatively large overpotential, which 
causes a negative rest potential for most re- 
active metals. In a saturated aqueous solu- 
tion of ca. 2 x lo4 M, oxygen reduction of- 
ten occurs under diffusion control. The max- 
imum diffusion limited current density is 
calculated according to Eq. (1-33) with the 
diffusion coefficient Do= cm2 s-l, a 
Nernst diffusion layer thickness 6= 2 x 
cm, and n = 4 for complete oxygen reduction 
to H20 or OH- 

FDo '02 ] =- 0.15rnA~rn-~ (1 -55) 
lO,D=- 6 
For small overvoltages, the oxygen reduc- 
tion will follow the Butler-Volmer equation 

(1-56) 
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Figure 1-33. Tafel plot for cathodic hydrogen evolution at various metals (Vetter, 1967). 

Usually the charge transfer valency z = 1 for 
an electron transfer step, as described in Sec. 
1.3.1. The detailed kinetics of oxygen re- 
duction are relatively complicated. For H202 + 2 e- + 2 OH- (alkaline) (1  -57) 
some electrode materials H202 could be de- 
tected as an intermediate product, which 
suggests the following mechanisms in alka- 

line or acidic electrolytes, respectively, 

02+2H20+2e-  + H202+20H- 

02+2H++2e-+ H202 
H202+ 2H++ 2e- + 2H20 (acidic) (1-58) 
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Electrode potential E o/) 
Figure 1-34. Cathodic hydrogen evolution on iron in 
HC1/4% NaCl solution at various pH values (Kaesche, 
1979; Stern, 1955). 

1.5.3 The Metal Electrode 

Metal dissolution involves various reac- 
tion steps at the metal surface, with a final 
transfer of metal cations MeZ+. The mechan- 
istic steps correspond to the model of Kos- 
sel and Stranski (Kossel, 1927; Stranski, 
1928). These ideas gain strong support in 
modern research by in situ studies with the 
scanning tunneling (STM) and scanning 
force (SFM) microscopes. The possibility of 
imaging atoms in situ at the metal surface 
and observing the movement of steps of ter- 
races during metal dissolution and deposi- 
tion permits a detailed insight into the var- 
ious steps of these reactions and the influ- 
ence of the electrode potential and of com- 
plexing anions to their mechanism. STM 
and SFM open up a wide field of research, 
and we are still only beginning to examine 
the various corrosion phenomena. 

In the last decade, surface and adsorption 
studies on noble metal electrodes have been 
performed. Seminoble and reactive metals 
have attained more interest recently. Metal 
dissolution often starts with the transfer of 
atoms from the kink to the step and adsorp- 

tion sites with final transfer into the electro- 
lyte (Fig. 1-35a). This sequence requires 
smaller activation energies and is conse- 
quently faster than direct transfer from a 
kink site (Fig. 1-35b) (Vetter, 1967). This 
atomistic interpretation is supported by ex- 
periment. However, these studies are still 
only beginning and require much more ex- 
perience in order to confirm these rules and 
their possible exceptions. A large positive 
overvoltage might overcome this energeti- 
cally favored dissolution path due to the in- 
creasing driving force for the corrosion pro- 
cess. This finally leads to direct transfer 
from kink or even terrace sites. 

In situ X-ray absorption spectroscopy and 
X-ray diffraction, as well as the already 
mentioned STM studies, have shown the ad- 
sorption of anions at metal surfaces and their 
influence on metal dissolution. Adsorption 
and complexation by anions may be fol- 
lowed even by XPS if appropriate prepara- 
tion of the metal surface and its transfer into 
the UHV is successful. Therefore, detailed 
studies with modern microscopic and spec- 
troscopic methods are required to obtain de- 
tailed insight into the reaction steps of cor- 
rosion processes. However, even electro- 
chemical corrosion studies give insight into 
their mechanism. As an example, the catal- 
ysis of iron dissolution according to Heus- 
ler is presented (Bonhoeffer and Heusler, 
1956). 

Metal dissolution usually follows the 
Butler-Volmer equation (Eqs. (1-26) and 
(1-28)) independent from which surface po- 
sition the transfer of the metal cation may 
occur. The relation for the exchange current 
density may contain the concentration of a 
catalyzing or complexing anion. The catal- 
ysis of iron dissolution by OH- ions is a typ- 
ical example which has been studied in de- 
tail (Bonhoeffer and Heusler, 1956). Its 
mechanism includes a sequence of partial 
reactions of an electrode process and its in- 
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Figure 1-35. Metal dissolution according to the 
model of Kossel and Stranski (Kossel, 1927; Stran- 
ski, 1928), from (a) kink, (b) step, or (c) adsorption 
sites to the electrolyte (d). b) Metal dissolution ener- 
gy diagram with superimposed potential drop Arp at 
the electrode/electrolyte interface. Cation transfer 
from terrace (surface vacancy), kink, step, and ad- 
sorption sites [after Vetter (1967)l. 
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L 

fluence on the rate equation of the overall 
electrode reaction. Fe2+ (aq) + H,O fast (1-59d) 

FeOH+(aq)+H+(aq) t) 

According to Heusler OH- ions are ad- 
sorbed at the metal surface and form an 
FeOH surface complex (Reaction (1-59a, 
b)). This complex is oxidized in a rate de- 
termining charge transfer reaction (Reac- 
tion (1-59c)) to FeOH+ (aq), which is then 
decomposed within the electrolyte in step 
(1 -59 d) to solvated Fe2+ (aq). 

H,O t) OHid+H+(aq) fast (1-59a) 
Fe + OH,, t) FeOH,d+ e- fast (1-59 b) 
FeOH,, + OHid + Fe + FeOH+ (aq) 
+ FeOH,, + 2 e- Slow (1-59~) 

Application of the Butler-Volmer equation 
to the rate-determining step (1-59c) yields 
for the anodic dissolution 

6, Fe = FkfFe @Fe @FeOH @OH 

2aFEo 
*exp( RT 

(1 -60 a) 

(1 -60 b) 

This rate equation suggests a reaction order 
1 for OH- ions, assuming the established 
equilibrium for Reaction (1-59 a) and intro- 
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ducing [OH-] for BoH. The surface cover- 
age of OH- should be proportional to its con- 
centration within the electrolyte. 

RT 2.303 
2 a F  

RT 2.303 
2 a F  

q = -  log 6, Fe 

+ log iFe (1 -60~)  

Equation (1-55 c) yields dq/d log iFe = 
0.059 V for a=0.5 for the slope of the Tafel 
line. 

This discussion assumes a constant sur- 
face concentration of FeOH,,. However, ac- 
cording to Reaction (1-59 b), the equilibri- 
um of this charge transfer process should be 
potential-dependent and will follow the 
Nernst equation. 

E = Eo + - RT In [ OFeoH 1 (1-61a) 
F @F~[OH-]  

Equation ( 1-6 1 a) in turn gives an expression 
for @eOH which is inserted in Eq. (1 -60 b). 

i~~ = 2 F kFe @;e [OH- l2 

(1-61 b) (1 + 2 a)  FE 
RT 

+ exp 

which yields d log iFe/d log [OH-]=2 for 
the reaction order of OH- 

( 1 + 2 a )  Fq 
RT 

iFe = iO, Fe exp 

RT 2.303 o=[ (1 + 2 a)  F ] log ‘0,W 

-t [ 1% iFe (1-61 C) 

yielding a slope of dq/dlog io,Fe = 0.030 V 
for a= 0.5 for the Tafel line. 

For stationary conditions, a slope of 0.30 V 
is found in experiments and a reaction order 
of 1.5-2 for OH-, which support the pro- 

posed mechanism. However, galvanostatic 
transients have shown that the initial poten- 
tial values immediately after the current 
change yield a slope of 0.060 V (Bonhoeffer 
and Heusler, 1956). Apparently, the change 
of the surface concentration of FeOH with 
the potential E requires some time. Thus at 
the beginning of a transient it is still un- 
changed and will assume its new stationary 
value only after several seconds. This ex- 
ample shows that electrode reactions in- 
volving a sequence of steps can be treated 
like reactions within the bulk of a phase. The 
only difference is the control of charge 
transfer steps and thus the rate of the whole 
reaction by the electrode potential. 

1.5.4 High Dissolution Rates 

With increasing electrode potential, the 
charge transfer controlled metal dissolution 
will change to a diffusion-controlled pro- 
cess due to the accumulation of corrosion 
products. Transient measurements make it 
possible to follow the accumulation of these 
products and the final precipitation of a salt 
film. However, these studies require condi- 
tions that suppress the formation of a passi- 
vating oxide film. The presence of large 
amounts of chloride (2 1 M) prevents passi- 
vation of small iron and nickel surfaces. 
Large dissolution current densities of tens 
up to more than 100 A cm-2 are observed at 
sufficiently positive potentials. In experi- 
ments with extremely large dissolution cur- 
rent densities, small specimens of less than 
1 mm2 surface are needed to ensure the same 
electrochemical conditions all over the elec- 
trode surface. This situation is similar to the 
conditions of the electrochemical machin- 
ing of metals. Appropriate solutions may 
contain large concentrations of chloride to 
avoid the undesirable formation of passive 
layers. Depending on the applied current 
density, a steep potential increase may be 
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observed for galvanostatic transients after a 
transition time z (Fig. 1-36) (Strehblow and 
Wenners, 1977). This time is needed to ac- 
cumulate the corrosion products until final- 
ly a salt film precipitates. According to the 
relation of Sand (Vetter, 1967) for galvan- 
ostatic transients, Eq. (1-62) holds with the 
charge zM=2 for nickel and iron cations, 
with c ~ , ~  and cM,B their concentrations at 
the metal surface and within the bulkrespec- 
tively, and the effective diffusion constant 
including a contribution for migration in the 
absence of an excess of supporting electro- 
lyte (Strehblow and Wenners, 1977). If cM,S 

reaches its saturation value c ~ , ~ ~ ~  for t =  z 
precipitation will occur. 

i *=0.5 zM F w )  (cM,S-CM,B) (1-62) 

Under these conditions, Eq. (1-62) qual- 
itatively and quantitatively describes the re- 
sults of Fig. 1-36. i * is a constant for a 
given bulk concentration of the cation cM,B , 
which has been verified for iron and nickel 
solutions of high chloride content with 
cM,Sat= 4.0 and 4.2, respectively. The results 
calculated using Eq. (1-62) with known con- 
stants for iron and nickel ions agree suffi- 
ciently well with the experimental data. It 

should be mentioned that galvanostatic tran- 
sients as depicted in Fig. 1-36 are only ob- 
tained in the presence of a sufficiently large 
concentration of so-called aggressive an- 
ions (2 1 M), i.e., anions like C1-, which 
prevent the formation of a passive layer. In 
pure nitric, sulfuric, or perchloric acid, pas- 
sivation is observed without a well devel- 
oped potential plateau. Only small shoul- 
ders with much smaller values for i fi are 
observed. The formation of a passive layer 
apparently leads to completely different 
transient behavior (Strehblow, 1995). 

Small galvanostatic transients superim- 
posed to the longer pulse permit determina- 
tion of the ohmic drop AUa in front of the 
electrode in close connection to the chang- 
es of its surface environment with time 
(Strehblow and Wenners, 1977). AUQ is 
small in the plateau region and increases 
when the potential step is observed at t= z 
(Fig. 1-37). It has been interpreted as the 
ohmic drop within the salt layer. The major 
part of the potential step AE is interpreted 
as the potential drop across a poreless part 
of the salt film at the electrode surface. A 
discussion based on the evaluation of these 
galvanostatic transients leads to a bilayer 

t ime t [sl 

I 
0.01 a02 0.03 OD4 

t ime t [sl 

Figure 1-36. Galvano- 
static transients of nickel 
in 4 M HCI at i=23 and 
46 A crn-’. Voltage re- 
fers to the rest potential 
(Strehblow and Wenners, 
1977). 
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Figure 1-37. Galvanostatic transient of nickel in a saturated NiCl, solution and the ohmic drop U, in the pores 
of a salt layer; E is the electrode potential including the potential drop at an inner barrier type salt film (Streh- 
blow and Wenners, 1977). 

structure of the precipitated salt film with 
an inner poreless barrier and an outer porous 
part. The fluctuation of these pores serves 
as an explanation of the electropolishing of 
the metal surface which occurs when the 
film is formed. The linear increase of the po- 
tential for t >  z (Fig. 1-37) is explained by 
growth of the salt layer requiring a larger 
potential drop for the same galvanostatical- 
ly fixed corrosion current density. 

These investigations are of special inter- 
est for the understanding of the processes in 
corrosion pits during localized corrosion, 
which will be discussed in Sec. 1.6.2. At po- 
tentials within the passive range of iron and 
nickel, the local corrosion current density in 
pits reaches several tens of amps per square 
centimeter, and the same effects are ob- 
served on small metal electrodes when pas- 
sivation has been completely prevented by 
the presence of a high chloride concentra- 
tion. 

1.5.5 Combination of Metal Corrosion 
and Cathodic Reactions 

Figure 1-29 has shown the superposition 
of metal dissolution and a cathodic process 
which leads to zero total current density i 
and a corrosion rate i, at the rest potential 
ER.  If the Nernst potential of the metal/met- 
al-ion electrode and the involved redox 
system are sufficiently separated and the re- 
lated I -  E characteristic is sufficiently 
steep, the polarization curve only contains 
the anodic metal dissolution and the cathod- 
ic reduction of the redox system. The relat- 
ed opposite reactions are neglected. 

Assuming the Butler-Volmer equation 
for most electrode processes yields a simi- 
lar discussion as in Sec. 1.3.1 Eqs. (1-20) 
to (1-3 1). Simplifying the Butler-Volmer 
equation with the constants A and B, and as- 
suming hydrogen evolution as a possible 
counter reaction, gives Eq. (1 -63). For the 
rest potential, E = ER follows an expression 
for the corrosion current density i,. For 
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large anodic polarizations z, only metal dis- 
solution will occur. (1-63) 

i=iM +iH =AM exp [ 5) -AH exp [ z) 
[::I [:I ic=AMexp - =AHexp - (1-64) 

with n = E - E R  ( 1-65) 

For large cathodic polarizations, the reduc- 
tion of the redox system equals the total cur- 
rent density. Figure 1-30 presents the loga- 
rithm of the partial current densities for 
large anodic or cathodic n as an example. 

J L  
log i = log ic + - (large anodic n) 

h 
h = 2.303 aM (1 -66) 

n 
log I i I = log ic - -(large cathodic n) 

(1 -67) 
bH 

h = 2.303 a H  

For negligibly small n, the linear approxima- 
tion of the exponential terms of Eq. (1-65) 
lead to Eq. (1-68) which describes the lin- 
ear i-n dependence in the direct vicinity of 
ER. The slope of the i-n dependence for 
E=E, yields the polarization resistance R,. 

n n  
aM aH 
-+- (fern+ (1-68) 

Equation (1-70) permits determination of 
the corrosion current density i, without a 

detailed examination of the polarization 
curves. Only the polarization resistance R,  
is needed. The kinetic parameters aM and aH 
should be known or may be estimated. In 
this way, a sufficiently good estimate of i, 
is obtained. Corrosion with diffusion limit- 
ed oxygen reduction is a special case due to 
the potential independent cathodic current 
density I i, I = ic . This situation leads to the 
simple Eq. (1-7 1) for the linear approxima- 
tion of n + 0. 

r 1 

i = i c  LexpG-lj n 

n 
i = ic - (for n -+ 0) 

aM 

(1-71) a M  lc = 

Under many conditions, metal dissolution is 
reduced by the formation of surface layers. 
These layers usually complicate the kinet- 
ics of free metal dissolution as well as the 
reduction of a redox system. Besides pre- 
cipitated layers of oxides, hydroxides, and 
salts of the metal of interest, passive layers 
and films of organic materials are a common 
and very important means of corrosion pro- 
tection. 

( d ~ W , + o  

1.5.6 Preferential Dissolution 
and Dealloying 

Most materials contain several metal 
components. Some of their dissolution char- 
acteristics may be understood by the prop- 
erties of these alloy components, which fol- 
low their very specific dissolution kinetics. 
However, the formation of single-phase al- 
loys often involves a serious change of the 
chemical properties similar to the formation 
of compounds. These alloys cannot be treat- 
ed as a simple mixture of the metal compo- 
nents due to their possible chemical inter- 
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action and as a consequence of their distri- 
bution at the atomic level. Many systems 
form passivating oxide layers. Their disso- 
lution characteristics of a free metal surface 
cannot be studied over a wide potential 
range. Examples include various passivat- 
ing alloys: Fe/Cr, Fe/Ni, Cr/Ni, Fe/Si, Fe/Al, 
Fe/Cr/Ni, etc. These alloys have been inves- 
tigated with respect to their passivating 
characteristics, including study of the com- 
position of the oxide layers and the metal 
surface underneath. In these cases, all the 
alloy components are sufficiently reactive. 
Therefore, they are all involved in the cor- 
rosion or oxide formation process. The me- 
chanistic details of the kinetics of these 
systems require their careful investigation 
using surface analytical tools. A description 
of the composition and structure of some 
passivating alloys is included in Chap. 3 of 
this Volume on passivity. 

A less but still complicated situation is 
found for actively corroding alloys which 
are not covered by passive layers, particu- 
larly in acidic electrolytes. In many cases, 
the very different corrosion characteristics 
of the alloying elements lead to preferential 
dissolution of one metal component. The 
preferential oxidation or dissolution of the 
zinc of brasses and the related accumulation 
of copper at the surface is a technological- 
ly important example of dealloying of a met- 
al surface. In this case zinc is much more 

reactive than copper. Similar systems are 
Al/Cu or Cu/Sn alloys. For fundamental 
studies, Au/Cu alloys of different composi- 
tions have been examined (Pickering and 
Burne, 1971). This system has the advan- 
tage of getting single phase alloys of any 
composition. Copper-rich Cu/Au specimens 
show a very low, potential-independent pla- 
teau of copper dissolution, which increases 
slightly with the copper content (Fig. 1-38). 
Above a critical potential Ecrit, the copper 
dissolution increases by several orders of 
magnitude (Kaesche, 1979; Pickering and 
Burne, 197 1). This critical potential shifts 
with increasing gold concentration to more 
positive values. For large gold contents the 
anodic polarization curve finally joins that 
of pure gold with negligible metal dissolu- 
tion and only oxygen evolution at E> 1.6 V. 
At more positive potentials, a further cur- 
rent increase due to oxygen evolution is ob- 
served for all Cu/Au alloys for E > 1.6 V. A 
possible interpretation involves the differ- 
ent reaction steps of metal dissolution, as 
discussed in Sec. 1.5.3 and Fig. 1-35. Cop- 
per is the reactive component that is dis- 
solved. At the potentials of the current pla- 
teau, it is removed from kink sites via step 
and adsorption sites. The repeated dissolu- 
tion of copper atoms from kink-sites is 
finally blocked by remaining gold atoms, 
which have to be removed by surface diffu- 
sion to allow further copper dissolution. Ap- 

1 400 500 600 700 800 E 
electrode potential E / mV 

Figure 1-38. Copper dissolution of 
Cu/Au alloys in 0.5 M Na2S04+ 
0.005 M H2S04 with 13 and 18 at.% 
Au, with steep current increases at the 
critical potentials of 0.60 and 0.80 V 
(SHE); dashed line+0.05 M CuSO,, 
open symbols chemical analysis of so- 
lution, closed symbols current density 
(Pickering and Burne, 1971; Kaesche, 
1979). 

) 
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parently, the surface diffusion of gold is 
rate-determining and sufficiently slow to 
get dissolution rates in the range of micro- 
amps per square centimeter. The gold atoms 
accumulate as clusters and small crystallites 
by surface diffusion. A dissolution/precipi- 
tation mechanism could be excluded by in- 
vestigations with a rotating-ring -disc elec- 
trode for which no gold ions have been de- 
tected as soluble corrosion products at the 
analytical ring electrode (Pickering and 
Wagner, 1967). For E>ECrit, copper atoms 
are dissolved from terrace sites, increasing 
the dissolution rates by several orders of 
magnitude. The remaining gold forms thick 
spongy layers. The strong copper dissolu- 
tion requires the continuous transport of 
copper to the surface and gold in the oppo- 
site direction by a fast diffusion mechanism 
at room temperature. This interdiffusion 
process has been explained with the help of 
divacancies (Pickering and Wagner, 1967). 
It results in roughening of the alloy surface 
by the formation of dendrites of the remain- 
ing metal. X-ray diffraction suggests the for- 
mation of small gold-rich crystallites at the 
alloy surface with diffractions in the range 
between the Cu/Au alloy and pure gold. 

Cu/Zn alloys show similar results (Pick- 
ering and Burne, 1969). Cu65Zn has a sim- 
ilarily small dissolution plateau of several 
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microamps per square centimeter, with a 
current increase at a critical potential of 0 V 
to ca. 100 mA cm-2 (Fig. 1-39). For Cu86Zn 
the plateau merges directly in the common 
dissolution of both metal components. Al- 
so, copper dissolves at potentials E >  0.3 V. 
For Cu30Zn the critical potential is too neg- 
ative to get a low current plateau. X-ray dif- 
fraction shows the development of brasses 
with higher copper contents, which suggests 
a diffusion mechanism like that for Cu/Au 
alloys and dealloying in the zone of inter- 
diffusion of both metals via divacancies 
(Pickering and Burne, 1969). 

The explanations based on the crystal 
structure model of Kossel and Stranski of 
Fig. 1-35 still require detailed investiga- 
tions. The development of scanning tunnel- 
ing microscopy provides a valuable in situ 
tool to follow the structural details of elec- 
trochemical alloy corrosion. Although me- 
chanistic studies of this kind require com- 
plicated investigations and a careful prepar- 
ation technique for single crystal surfaces 
the application of these methods promises 
progress in the near future. 

1.5.7 Local Elements 

Most materials are composed of several 
phases of different composition, or at least 

-1000 -800 -600 -400 -200 0 200 400 600 

electrode potential E I mV 

Figure 1-39. Metal dissolution of 
Cu/Zn alloys in NaSO, solution of 
pH 5 as a function of the electrode 
potential (Pickering and Burne, 
1969; Kaesche, 1979). 
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contain impurities and deposits at their sur- 
face. This situation causes nonhomoge- 
neous reactions at chemically different sites 
of the metal surface. A typical example is 
copper deposits at corroding metal surfac- 
es, as from Cu2+-containing solutions. cop- 
per may also segregate at the surface of alu- 
minum, iron, or steels due to its low solu- 
bility in these metals. In particular, copper 
accumulates within materials due to recy- 
cling and reuse of the metals. Other exam- 
ples include the segregation of sulfides of 
manganese or other compounds, the segre- 
gation of chromium carbides at grain bound- 
aries, and the related local decrease of the 
chromium content of stainless steel close to 
these sites, which has serious consequenc- 
es for intercrystalline corrosion. Apart from 
the change of the chemical compositions, 
the fact that even a chemically pure materi- 
al is never homogeneous due to the presence 
of defects, grain boundaries, and different 
crystal orientations of a polycrystalline ma- 
terial has to be considered. All these factors 
lead to a variation of the rate of redox reac- 
tions and metal dissolution with the surface 
site. 

A well-known example is the electro- 
chemical deposition of copper on zinc from 
Cu2+-containing acids. In this case the cop- 
per deposits are the site of intense hydrogen 
evolution (Fig. 1-40). Hydrogen evolution 
also occurs at the zinc surface, but at a much 
slower rate. As a consequence, the copper 
deposits are the preferential site of hydro- 
gen evolution and the zinc surface is dis- 
solved faster compared to the situation with- 
out copper deposits. Usually, the rest poten- 
tial is negative enough, so copper deposits 
are not dissolved. The increased zinc disso- 
lution and the intense hydrogen evolution at 
copper are compensated for by an electron 
flow from the cathodic copper sites to the 
anodic zinc surface within the metal phase. 
An equivalent current has to flow in the op- 

Figure 1-40. Copper deposits on zinc; zinc dissolu- 
tion I,, with hydrogen evolution at the copper IH(Cu) 
and zinc surface IH(Zn). 

posite direction within the electrolyte for 
electroneutrality. For good conductivity of 
the electrolyte, the electrode potential does 
not change from the local copper cathodes 
to the zinc anodes. For low conductivity a 
potential difference is observed between 
these surface sites, which may be measured 
with two reference electrodes. A surface 
scan of their Haber-Luggin capillaries par- 
allel and perpendicular to the metal surface 
permits the measurement of a three-dimen- 
sional potential profile. Such profiles per- 
mit the detection and quantitative measure- 
ment of the presence, size, and distribution 
of chemical and physical inhomogeneities. 
Local elements are also effective in the case 
of crevices and in the presence of organic 
coatings on metals with defects therein. Al- 
so, in these cases the cathodic and anodic 
reactions may be at least partially laterally 
well separated, which consequently may 
lead to localized corrosion phenomena. A 
detailed description of the corrosion phe- 
nomena of metal surfaces covered by organ- 
ic layers with defects is described in detail 
in Chap. 7 of this Volume. 
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1.6 Corrosion Phenomena 
on Passivated Metal Surfaces 

Many corrosion phenomena are related to 
the formation of a barrier-type film on met- 
al surfaces. In most cases this is an oxide or 
a hydroxide layer. Phosphate layers are im- 
portant as well, especially as a primer for 
organic coatings. Under certain conditions, 
these passivating layers may be destroyed 
locally, which leads to special corrosion 
phenomena like pitting corrosion, crevice 
corrosion, and stress corrosion cracking. Al- 
though passivity is discussed in detail in 
Chap. 3 of this Volume, an introduction is 
given in order to understand these localized 
corrosion phenomena. 

1.6.1 A Short Introduction to Passivity 

The discussion of potential-pH diagrams 
in Sec. 1.2.2 showed that metals may be pro- 
tected by an oxide or a hydroxide film, pref- 
erentially in neutral and weakly alkaline so- 
lutions when they are in dissolution equilib- 
rium with the electrolyte. As a consequence, 
the metal is protected against corrosion by 
a surface layer due to its thermodynamic 
characteristics. Typical examples are cop- 
per and aluminum, which are passive in 

weakly acidic and alkaline solutions bur are 
not protected in strongly acidic electrolytes. 
In contrast to this situation, many other met- 
als are also protected by passive layers due 
to their extremely slow dissolution kinetics. 
Iron, chromium, and nickel and their alloys 
are technologically important examples. 
Figure 1-41 shows the classical example of 
a polarization curve of metals in acidic elec- 
trolytes with the range of active dissolution, 
passivity, and transpassive behavior. The 
active dissolution current density of a met- 
al like iron starts at the rest potential ER with 
a steep increase to a diffusion-limited pla- 
teau of several hundred milliamps per 
square centimeter and a final precipitation 
of a salt layer (FeSO,). It drops at the pas- 
sivation potential E p  to several microamps 
per square centimeter, or less depending on 
the composition of the electrolyte and the 
kind of metal under study. At sufficiently 
positive potentials the current will increase 
again, which is mainly a consequence of the 
evolution of oxygen but also of an increased 
dissolution of cations. In the case of chro- 
mium and nickel, a pronounced current in- 
crease is observed below the potential of 
oxygen evolution due to the formation of 
faster, soluble, higher valency species such 
as dichromate anions Cr20:- and Ni3+, re- 
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spectively. Metals like aluminum, tantalum, 
titanium, zirconium, and hafnium with elec- 
tronically isolating anodic oxide films may 
be polarized up to more than 100 V without 
oxygen evolution. Their oxide films grow 
considerably thicker and may achieve 100 
nm and more. 

Figure 1-42 depicts a simple phase mod- 
el of a passive layer with the related reac- 
tions. The formation of a barrier type pas- 
sive layer requires the transport of cations 
and anions through this film to the electro- 
lyte or metal interface, respectively, during 
further film growth or corrosion in the pas- 
sive state. These processes (1) and (2) of Fig. 
1-42 need the migration of the cations and 
anions in a high electric field of some lo6 
V/cm, corresponding to a voltage drop of ca. 
1 V at an oxide layer of several nanometers 
thickness. Many passive layers have semi- 
conducting properties which permit elec- 
tron transfer across the film. As a conse- 
quence, the reduction of an oxidant may 
consume the electrons by reaction (3) which 
are formed during metal oxidation. The re- 
dox process at the oxide/electrolyte inter- 

face also takes over the electrons which are 
formed during the ongoing passive corro- 
sion of reaction (1). Thus, in a currentless 
situation maintenance of the oxide thickness 
as well as the oxide growth requires elec- 
tronic conduction according to reaction (3). 

If a potentiostat is used in electrochemi- 
cal corrosion studies, it will consume these 
electrons and there will be no need for a re- 
dox system and electric conductivity of the 
passive layer. But if cations of lower valen- 
cy are formed within the film first and will 
be oxidized later, electronic conduction of 
the layer is necessary to transport electrons 
to the metal surface. Time-resolved XPS 
studies have shown an initial formation of 
lower valency cations which are oxidized at 
a later stage of the development of the pas- 
sive layer. Similarily, Fe(I1) will be oxidized 
to Fe(II1) when the potential is increased. 
These details have been examined, e.g., on 
iron in alkaline solutions, as already dis- 
cussed in Sec. 1.4.2.1. These layers are on- 
ly several nanometers thick, and the migra- 
tion of cations follows an exponential cur- 
renvpotential relationship due to the pres- 

Metal, 1 Electrolyte, 3 

Mg+aq (corrosion) (1) 

(film formation) (2) 

Ox (redox reaction) (3) 

2 H'aq 

e- - e- 

(complex transfer) I (4b) 

Figure 1-42. Diagram of a passive 
metal surface with the related reac- 

I 1 tions. 
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ence of the high electrical field strength. 
This situation leads to the high field mech- 
anism of oxide growth with an inverse log- 
arithmic growth of the film thickness with 
time and a linear increase in potential for 
stationary conditions (Vetter, 1967). The 
presence of complexing anions within the 
electrolyte may cause an acceleration of the 
transfer of metal ions from the layer surface 
to the bulk electrolyte. This reaction (4) 
(Fig. 1-42) leads to a surface complex with 
lower charge as an intermediate which needs 
less activation energy to leave the 02- ma- 
trix, consequently with an accelerated trans- 
fer into the electrolyte. The complexing 
properties of several anions and their rela- 
tion to the breakdown of passivity and lo- 
calized corrosion will be discussed in Sec. 
1.6.2. 

Generally, passive layers are not simple 
homogeneous oxide or hydroxide films. 
Usually, they have at least a bilayer or a mul- 
tilayer structure, even for pure metal sub- 
strates. As already mentioned in Sec. 1.4.2 
on surface analytical methods, oxides are lo- 
cated at the metal surface followed by an 
overlayer of hydroxide. Lower valency spe- 
cies are located inside, whereas higher va- 
lency cations are found in the outer parts of 
the films. In the case of alloys, very specif- 
ic depth profiles are found which are relat- 
ed to the specific passive properties of these 
metals (Strehblow, 1997). The accumula- 
tion of one component relative to the other 
is a consequence of the thermodynamics of 
its anodic oxidation or its dissolution char- 
acteristics. As a consequence, one metal 
component may be accumulated at the met- 
al surface, e.g., copper for AlKu (Strehblow 
et al., 1978) (Fig. 1-28) and copper for 
Cu/Ni alloys (Druska et al., 1996; Druska 
and Strehblow, 1996). The preferential dis- 
solution of iron and the accumulation of 
Cr(II1) within the film is another example 
(Fig. 1-27). 

1.6.2 Localized Corrosion 

Many reviews have been published on lo- 
calized corrosion (Szklarska-Smialowska, 
1986; Bohni, 1987; Strehblow, 1995). The 
presence of so-called aggressive anions 
within the electrolyte causes localized at- 
tack of most passivated metals and alloys, 
leading to the formation and growth of cor- 
rosion pits. In this sense, all halides are ef- 
fective and also some other anions like thi- 
ocyanide or perchlorate at very positive po- 
tentials. Chloride pitting has been investi- 
gated due to its importance and its presence 
in many environments. Polarization curves 
for halide-containing electrolytes show a 
sudden increase of the current density in the 
passive range if the electrode potential ex- 
ceeds a critical value: the so-called pitting 
potential Epi. This usually follows a semi- 
logarithmic dependence on the concentra- 
tion of the aggressive anions A (Eq. (1 -72)) 
(Strehblow, 1995; Vetter and Strehblow, 
1970b; Strehblow and Titze, 1977). Above 
the pitting potential, the current density in- 
creases due to the formation of corrosion 
pits with a very intense local metal dissolu- 
tion. In the presence of inhibitors I, a shift 
of the pitting potential to more positive Val- 
ues is observed according to Eq. (1-73). In- 
hibitors like nitrate and perchlorate also 
cause an upper potential limit: the inhibition 
potential EI (Schwenck, 1964). This in- 
creases with the concentration ratio of the 
aggressive and inhibiting anions, again with 
a semilogarithmic relation (Eq. (1 -74)) 
(Strehblow and Titze, 1977; Schwenck, 
1964). 

Epi = u - b log [A] (1-72) 

Epi = u + b log [I] (1 -73) 

(1 -74) 
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The average corrosion current increases 
with a parabolic time law of second or third 
order (Engell and Stolica, 1959) due to a lin- 
ear growth of the radius of hemispherical 
pits and thus a second order of their surface 
area, and due to a nucleation rate constant 
with time. If the nucleation rate becomes ze- 
ro, after an initial period it follows the sec- 
ond order time law. Pits often start with a 
small polygonal form which is finally 
changed to a hemisphere when the precipi- 
tation of corrosion products occurs (Fig. 1-43) 
(Strehblow andIves, 1979; Vetter and Streh- 
blow, 1970b). Polygonal pits are formed 
with the most densely packed crystal planes 
(Fig. 1-44) (Vetter and Strehblow, 1970b). 
They grow across grain boundaries, chang- 
ing the orientation of their surface accord- 
ing to the orientation of the crystallites 
(Fig. 1-45). Hemispherical pits grow with- 
out any orientation to the grains and grain 
boundaries due to the effective electropol- 
ishing mechanism of the precipitated salt 
film at their surface (Fig. 1-46). The surface 
of hemispherical pits may be electropol- 
ished or rough depending on whether well- 
soluble salts or deposits of low solubility are 
formed during their growth. 

The local corrosion current density de- 
pends on the applied electrode potential and 
may be extremely high. Current densities up 
to 120 A cm-2 and some 10 A cm-2 have 
been measured in the case of nickel and iron, 
respectively (Strehblow and Wenners, 
1975). These are the same values as for 
small electrodes when the formation of a 
passive layer has been prevented due to a 
high chloride content within the electrolyte 
(2 1 M), as described in Sec. 1.5.4. These 
current densities correspond to the very high 
potentials in the passive range of the pola- 
rization curve, however, with an electrode 
surface not protected by a passive layer. 
These extremely high current densities are 
only observed for short times in the millsec- 

onds range. The precipitation of corrosion 
products, i.e., salt films, after a short induc- 
tion time diminishes their values to less than 
1 A cmV2. 

Pitting is usually subdivided into a se- 
quence of stages: breakdown of the passiv- 
ity and nucleation of corrosion pits, early 

Figure 1-43. Polygonal pits on nickel changing to a 
hemispherical form during growth after potentiostat- 
ic pulses to E =  1.00 V in phthalate buffer pH 5.0 with 
0.1 M KCI for a) 0.1 s, b) 0.3 s, and c) 1.0 s (Streh- 
blow and Ives, 1979). 
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Figure 1-44. Polygonal pits on iron after 3 s at 1.18 V 
in phthalate buffer pH 5.0 and 0.01 M C1- showing 
densely packed crystal planes (Vetter and Strehblow, 
1970b). 

Figure 1-45. Polygonal pits on iron formed at 1.18 V 
after 3 s in phthalate buffer pH 5.0 and 0.01 M C1- 
crossing grain boundaries (Vetter and Strehblow, 
1970b). 

Figure 1-46. Hemispherical pits on iron formed with- 
in 30 s at E =  1.18 V in phthalate buffer pH 5.0 with 
0.01 M C1- and 0.1 M SO:- (Vetter and Strehblow, 
1970b). 

and late stages of growth. An early stage of 
pit growth corresponds to free metal disso- 
lution. At later stages, the precipitation of a 
salt film and potential drops within the pits 
due to their growing dimensions determine 
and stabilize pit growth. 

1.6.2.1 Pit Nucleation 

Three main mechanisms are discussed for 
the breakdown of passivity in the literature 
(Fig. 1-47) (Strehblow, 1976, 1995). The 
penetration mechanism requires the transfer 
of aggressive anions through the oxide film 
to the metal surface, with their special ac- 
tion enhancing a local break within the 
film and subsequent metal dissolution (Fig. 
1-47 a). The adsorption mechanism assumes 
the formation of complexes of metal cations 
at the surface of the oxide layer with those 
anions that enhance their transfer into the 
electrolyte. This increased dissolution rate 
of the still-passivated surface leads to a 
thinning of the passive layer and finally to 
complete breakdown and local free metal 
dissolution (Fig. 1-47 c). The film-breaking 
mechanism assumes the formation of breaks 
within the layer due to stresses induced by 
potential changes and related chemical 
changes (Fig. 1-47b). A pronounced in- 
crease of pit nucleation was observed when 
the electrode potential of a prepassivated 
specimen was changed immediately prior to 
chloride injection into the electrolyte (Vet- 
ter and Strehblow 1970). 

There are good arguments against the 
penetration mechanism. The transfer of ag- 
gressive ions to the metal surface under the 
influence of the high electrical field strength 
within the oxide layer should occur with a 
similar velocity to that of metal cations in 
the opposite direction. A 3-nm Fe203 film 
corresponds to a charge of ca. 6 mC cm-2. 
With an average current density of 6 p A  
cm-2, this layer is replaced within 1000 s by 
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the formation of new cations and their trans- 
fer through the layer. The mobility of large 
anions like C1- is presumably lower than that 
of small cations. Their transfer into the layer 
to the metal surface should therefore be 
slower. However, the nucleation of corro- 

sion pits requires less than 1 s under appro- 
priate conditions, which makes this initia- 
tion process rather unlikely (Strehblow, 
1976). Furthermore, the penetration of ag- 
gressive anions into a passive layer, which 
has been preformed in halide-free solutions 

metal 1 oxide 2 electrolyte 3 

:orrosion) (1) 

(film 1 formation) (2) 

(3) 

Penetration (4) 

Q (Volts) 

I I 
I distance 

(a) 0 6 

metal 

Figure 1-47. Diagram show- 
ing the mechanisms leading to 
pit nucleation: a) penetration 
mechanism, b) film-breaking 
mechanism. 
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has not been detected with surface analyti- 
cal methods like XPS and AES (Strehblow, 
1995). For situations where the passive 
layer is submitted to changes, the nucleation 
rate is strongly increased. Even a potential 
decrease for a prepassivated iron and nick- 
el specimen increases the number of pits and 
reduces the time of their nucleation, al- 
though a smaller potential drop across the 
preformed passive layer should slow down 
the penetration of anions which require a 
high electrical field strength as the driving 
force for their migration within a solid film 
(Vetter and Strehblow, 1970b). 

Film breaking is a very likely process for 
the start of pits due to stresses within the 
film as a consequence of potential changes. 
These breaks occur on prepassivated iron 
even in halide-free media. This has been 
found by the release of Fe2+ ions using the 
rotating-ring-disk technique immediately 
after the potential has been pulsed to a less 
positive value (Lochel and Strehblow, 
1980). Breaks within passive layers cause 

the exposure of small patches of bare iron 
surface to the electrolyte with the related 
free metal dissolution. Active iron dissolves 
as Fe2+, whereas Fe3+ is formed at the sur- 
face of a passive layer. The repassivation of 
these defects leads to intermediate Fe2+ re- 
lease and thus to the formation of an Fe2+ 
dissolution peak in the current-time curve. 
If chloride is present, repassivations pre- 
vented and corrosion pits grow. 

For stationary conditions of a passive 
layer, the addition of halides leads to an 
intermediately increased dissolution in the 
passive state. The related thinning of the 
passive layer by halides (Cl-, Br-, I-) has 
been found for iron and nickel with XPS 
(Khalil et al., 1985). This intermediate state 
of breakdown of the passivity has been ex- 
amined in detail for iron in fluoride- and 
chloride-containing acidic solutions (Heus- 
ler and Fischer, 1976; Lochel and Streh- 
blow, 1983). During a second stage, com- 
plete breakdown of the passive layer is ob- 
served with a further steep increase of the 
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dissolution current. In acidic fluoride solu- 
tions, general attack of the iron is observed 
whereas localized corrosion occurs in weak- 
ly acidic and alkaline solitions (Lochel and 
Strehblow, 1983). The increased dissolution 
of the passive layer is caused by complexa- 
tion of the cations at the surface of the pas- 
sive layer. Fe3+ forms stable complexes with 
halides [see Fig. 1-42, reaction (4)] The 
stability constants of these complexes are 
relatively large, as may be seen in Table 1-6 
(Sillen, 1964). These constants K ,  to K3 re- 
fer to the following equilibria 

MeZf + X- w MeX"-')+ 

K1= [MeX(Z-l)f 1 

K2 = 2 1  

[Me"] [X-I 

MeX(Z-') + X- MeX(,Z-2)+ 
[ MeX(Z-2)f 

[MeX(Z-1)+ 1 [x-I 

MeXg-2)+ + X- - MeXY-3)f 

[ MeX ?-""I 
[MeXf-2)'] [X-] 

K3 = 

The constants K* refer to the equilibrium 
with the almost nondissociated acid HF. 
These complexes have a less positive 
charge. They may therefore leave the pas- 
sive layer with less activation energy. More 
positively charged cations require a larger 
activation energy to leave the potential well 
of 02- ions within the oxide surface for their 
transfer into the electrolyte. As a conse- 
quence, an increase of the dissolution cur- 
rent by several orders of magnitude is ob- 
served due to the complexing properties of 
the aggressive anions. It is obvious that the 
final breakdown of the passive layer occurs 
at structural defects and weak points, result- 
ing in localized corrosion. 

Table 1-6. Stability constants for complexes of iron, chromium, and nickel ions with halidesa9b. 

Aniodcation T("C) Ionic strength Log of stability constants 

F-/Fe3+ 25 

20 
25 

20 
26.7 

25 
25 

25 
25 
25 
25 

0.5 (HClO,) 

variable 
1.0 (NaC10,) 
0.5 (NaClO,) 

2 (NaClO,) 
1 (H, NaC10,) 

2 (NaC10,) 
5 (HC104) 

2 (NaC10,) 
2 (NaClO,) 
2 (NaClO,) 

0.09 (KNO,) 

KT=2.28 

K< 1.5 
K, = 0.66 
KT=2.28 

K, = 0.36 
K, =0.62 

Ki = -0.21 
K,=-0.12 
K,= - 2.65 
K,=1.3O 

K3=1.02 
K5=-0,24 K,=5.17 
K2= 3.92 K3=2.91 

K3 = 0.40 
K3=-0.46 K, =4.3 
K2=3.34 K3 = 2.48 

K2= 0.04 
(30) 
K2=0.11 ( 5 )  
K3=-1.4O (0.l)b 
K2=0.20 
K2=- 1.54 
Ki out=-0.55 

K2z-O.49 

a Sillen (1964); Cotton and Wilkinson (1980). 
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1.6.2.2 Pit Growth 

Once a corrosion pit is formed, its stable 
growth has to be explained. During the lat- 
er stages, potential drops within large pits 
will cause a negative shift of the local elec- 
trode potential, which thus produces more 
negative potentials like the passivation po- 
tential Ep (Fig. 1-48). Acidification by the 
hydrolysis of corrosion products prevents 
the precipitation of hydroxides and oxides, 
and may lead to further stabilization. Large 
dissolution currents cause the precipitation 
of salt layers and thus lead to further poten- 
tial drops across these films, which prevents 
repassivation. However, these arguments 
may only support the stability of corrosion 
pits at a later stage. The ohmic drop in pits 
of micrometer dimensions is too small to 
cause a shift of the local potential below the 
critical passivation value E p ,  especially 
within well-conducting electrolytes. The 
value for an ohmic drop for a convex hemi- 
spherical electrode calculated by Eq. (1-39) 
should be corrected by a factor of three to 
apply for the concave geometry of a corro- 
sion pit (Vetter and Strehblow, 1970b), 
which has been confirmed by computer cal- 
culations (Newman et al., 1974). 

Figure 1-48. Potential drop A E  within large corro- 
sion pits shifting the local potential from the applied 
value E to E, negative to the passivation potential E p .  

For a local dissolution current of 1 A cm-2 
in 0.5 M H,S04 with a conductivity of K= 
0.22 LR-’ cm-’ and a pit radius of a = 1 ym, 
a potential drop of AUa= 1.4 mV is ob- 
tained, whereas AUn= 0.40 V is obtained 
for a = 0.3 mm. As a result, the ohmic drop 
may shift the local potential from the poten- 
tiostatically fixed value to below the criti- 
cal passivation value for large pits, but def- 
initely not for those of micrometer dimen- 
sions. Furthermore, for iron, nickel, chro- 
mium, and their alloys passivity is observed 
even in strongly acidic electrolytes, and any 
defect within the passive layer will repassi- 
vate immediately in the absence of aggres- 
sive anions. Therefore, acidification cannot 
be the main requirement for localized cor- 
rosion. At a later stage, the precipitation of 
a salt layer of corrosion products may sta- 
bilize a corrosion pit and prevent its repas- 
sivation. This may even occur for small pits 
with micrometer dimensions if the dissolu- 
tion current density is extremely large. 
However, pits start to grow in any case with 
a free corroding metal surface. Salt films are 
only formed after a transition time z when 
the concentration of corrosion products at 
the pit surface exceeds the saturation value. 
Due to the concave spherical geometry of 
these corrosion pits, the accumulation of 
corrosion products is increased by a factor 
of three with respect to the convex transport 
problem for a hemispherical electrode sur- 
face, similar to the discussion of ohmic 
drops. This process has been followed 
by microscopic investigations (Fig. 1-43) 
(Strehblow and Ives, 1979). 

All these discussed factors for stable pit 
growth are effective for a later stage of pit 
growth. The influence of the chemistry of 
the so-called aggressive anions is missing in 
most models for the mechanism of pitting. 
In discussions, the question “What makes 
the halides so aggressive?’ is sometimes en- 
countered. It is apparently the chemistry of 
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these systems that is usually neglected. Iron 
and nickel cations form stable complexes 
with halides. Table 1-6 summarizes their 
stability constants. According to the adsorp- 
tion mechanism discussed in Fig. 1-47c, 
complex formation by the cations of the ox- 
ide surface and their enhanced transfer into 
the electrolyte leads to thinning of the pas- 
sive layer and its final breakdown. Once a 
pit is formed, local metal dissolution occurs 
with extremely large current densities at the 
relatively high potential, with a local accu- 
mulation of cations but also of halides as a 
consequence. The high local concentration 
of halides prevents repassivation of the pit 
surface, as has already been shown for the 
behavior of small electrodes in solutions of 
high chloride content. Apparently, the accu- 
mulation of halides is the main factor for the 
prevented repassivation and thus a stable pit 
growth. The precipitation of a salt layer or 
high ohmic drops are additional stabilizing 
factors for larger pits at a later stage of their 
growth. 

Chromium is not subject to the break- 
down of passivity, even in the presence of 
large concentrations of chloride and fluo- 
ride, which cannot be explained simply us- 
ing the stability constants of its halide com- 
plexes. However, Cr3+ is known as a slow- 
ly reacting species. Both Cr,03 and CrCl, 
are very slowly dissolving compounds in 
water, and their fast dissolution requires 
heating. This is a consequence of a large li- 
gand field stabilization energy for these cat- 
ions in an octahedral coordination of anion- 
ic ligands. In these complexes, Cr3+ has 
three electrons in the lower t?g - and none 
in the higher eg - level. This situation caus- 
es an extremely slow exchange of ligands of 
the inner coordination sphere with those 
from the outer sphere. Therefore, its trans- 
fer from the oxide matrix to the electrolyte 
is a very slow process, and an enhanced dis- 
solution rate of a Cr(II1) passive layer under 

the influence of halides cannot be expected. 
For similar reasons, Cr(II1) is accumulated 
within the passive layer of Fe/Cr alloys due 
to its much smaller dissolution rate with re- 
spect to Fe(II1). As a consequence, this 
Cr(II1)-rich passive layer is much more re- 
sistant to complexation of its cation by ha- 
lides, the related breakdown of passivity, 
and stable pit growth. 

For pit nucleation, defects within the met- 
al surface also have to be considered. Inclu- 
sions like MnS may prevent the formation 
of a continuous, protecting passive film lo- 
cally. They are preferential sites for a break- 
down of passivity. Even in this situation, the 
special chemical properties of aggressive 
anions to start corrosion pits and to cause 
their continuous growth have to be includ- 
ed in the proposed mechanisms. These prop- 
erties should be explained along with the 
ability of halides to form stable and fast-dis- 
solving complexes of the cations of the met- 
als under study with the related breakdown 
of their passive layers. 

1.6.3 Hydrogen Permeation 
and Embrittlement 

Many metals absorb hydrogen, which 
causes a serious degradation of their 
strength. The absorption of hydrogen by 
metals and its effective transfer through thin 
metal foils is a well-known process. In this 
regard, palladium is very effective, but also 
technically more important metals like iron 
and steels. Strong absorption of hydrogen 
often yields serious degradation of the me- 
chanical properties and may induce embrit- 
tlement and stress corrosion cracking. Hy- 
drogen evolution is a frequent counter reac- 
tion of electrochemical corrosion. As dis- 
cussed in Sec. 1.5.1, this consists of a se- 
quence of several reaction steps. The forma- 
tion of adsorbed hydrogen atoms by the 
Volmer reaction may be followed by two 
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different surface reactions: the Tafel reac- 
tion, i.e., the recombination of hydrogen at- 
oms, or the Heyrovski reaction, i.e., a charge 
transfer involving additional H+ ions. An al- 
ternative process is the transfer of hydrogen 
atoms into the metal phase (Fig. 1-49). This 
competing absorption process is favored if 
the two surface reactions are blocked in par- 
ticular by inhibitors that act indirectly as 
promoters for the diffusion of hydrogen into 
the metal phase. Effective inhibitors are hy- 
drogen sulfide, cyanide, thiocyanide, or ar- 
senous compounds. 

The solubility c and the diffusion con- 
stant D of hydrogen in metals are relatively 
high. At T =  298 K, D is in the range of val- 
ues for ions in electrolytes. For polycrystal- 
line zone-refined and single-crystal iron 
D=6.1x10P5 and 8 . 3 ~ 1 0 - ~ c m ~  sP1 and 
c = 1 3 . 9 ~ 1 0 - ~  and 1 2 . 0 ~ 1 0 - ~ m o l  cm3 are 
found respectively (Bockris and Reddy, 
1977). These values for single crystals and 
polycrystalline iron suggest diffusion along 
grain boundaries as well as through crystals 
with similar efficiency. The transcrystalline 
diffusion involves dissolution in interstitials 
of the iron lattice. Mechanical tensile stress 

Figure 1-49. Hydrogen permeation into the bulk 
metal and to grain boundaries and voids. 

may increase the solubility of hydrogen and 
thus its permeation through the metal. Hy- 
drogen is accumulated at larger interstices 
which are produced by stretching the spec- 
imen. It largely accumulates at dislocations 
and other defects of the metal lattice. In this 
sense, hydrogen may also accumulate in the 
surface near voids, leading to large gas 
pressure which eventually causes blistering 
(Fig. 1-49). The pressure within these voids 
may be calculated easily with the thermo- 
dynamical data of the following reaction 

2H++2e- H H2(in) (1 -75) 

The calculation assumes a quasi electro- 
chemical equilibrium for the Volmer reac- 
tion with the blocked, subsequent Tafel and 
Heyrovski reaction. With an equilibrium for 
the permeation of hydrogen, its accumula- 
tion leads to the following equilibrium pres- 
sure p (H2,in) in a void with the application 
of the Nernst equation 

E = E  +-In 
RT [H+I2 

2 F  P (H2,in 1 
= E - Eo = - 0.029 log p (H2,in) 

(1-76) 

An overvoltage of q=-0.29 V yields an 
equilibrium pressure of ca. 10" bar, which 
easily explains the occurrence of blistering. 
However, there are still other effects of hy- 
drogen that cause damage to metals and 
which are not necessarily related to high 
pressures. The penetration of hydrogen into 
the metal lattice causes its accumulation at 
defects and grain boundaries. This generally 
reduces the strength of the bonds between 
metal atoms, and consequently leads to em- 
brittlement. Local embrittlement at the tip 
of a crevice is a cause for stress corrosion 
cracking. A tensile stress may lead to in- 
creased penetration of hydrogen at a crack 
tip with embrittlement and the formation of 
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cracks. These stresses may be applied exter- 
nally, or will occur internally as a conse- 
quence of the material’s pretreatment. 

The presence of H2S catalyzes the ca- 
thodic formation of hydrogen. In weakly 
acidic solutions, the decomposition of H2S 
instead of water is kinetically favored. This 
follows a sequence of reaction steps similar 
to the Volmer-Heyrovski (Reactions (1-77) 
and (1-78)) or Volmer-Tafel (Reactions 
(1-77) and (1-79)) mechanism. As discussed 
earlier, the promoting property of HS- fa- 
vors the penetration of adsorbed hydrogen 
atoms into the metal according to Reaction 
(1-80). 

H2S + e- + Ha,+HS- ( 1-77) 
H,S+Had+e- + H2,ad+HS- (1-78) 
Had + Had H2,ad (1 -79) 
Had Hab (1 -80) 

The penetration of hydrogen into metal 
can be measured electrochemically in an as- 
sembly of two coupled electrochemical 
cells with two potentiostatic circuits, ac- 
cording to the method of Bockris and De- 

Figure 1-50. Measurements of hydrogen permeation 
through metal (iron) with two coupled electrochemi- 
cal cells and a common metal membrane according to 
Bockris and Devanathan (Bockris and Reddy, 1977; 
Bockris and Devanathan, 1957). CE: counter elec- 
trode, RE: reference electrode; the iron membrane is 
the working electrode for both cells with cathodic H+ 
reduction on the left and hydrogen oxidation on the 
right. 

vanathan (Bockris and Reddy, 1977; Bock- 
ris and Devanathan, 1957). The two cells are 
separated by a metal membrane under study 
with a thickness d (Fig. 1-50). This serves 
as a cathode at the side of hydrogen uptake 
to a concentration [HIo and as an anode on 
the opposite side for the oxidation of hydro- 
gen at a concentration [HId. The metal mem- 
brane is usually protected by a thin layer of 
palladium at its anodic side to prevent its 
dissolution or the formation of a passivat- 
ing oxide which would seriously alter the 
permeation of hydrogen. Due to its high per- 
meation rate for hydrogen, palladium is an 
ideal metal to protect the metal surface. It 
gives no additional resistance to hydrogen 
diffusion across the metal membrane. Ac- 
cording to the earlier-discussed mechanism, 
adsorbed hydrogen penetrates the bulk of 
the metal and diffuses to the opposite side 
where it is consumed by its oxidation and 
dissolution as H+ cations. With the penetra- 
tion and diffusion of hydrogen within the 
metal matrix as a rate-determining step and 
its oxidation at the anodic side, a concentra- 
tion gradient is established within the met- 
al membrane. A maximum gradient builds 
up for a high oxidation rate of hydrogen at 
the anodic side for a sufficiently large, pos- 
itive overpotential with a negligible concen- 
tration [HId. Under stationary conditions, 
the anodic current at the anode is propor- 
tional to the transfer rate of hydrogen 
through the membrane. 

- i - - Q-I ([HI0 -[Hid 1 - - DH [HI0 
F d d 
for [HId = 0 (1-81) 

Equation (1-81) allows calculation of the 
concentration [HIo or the diffusion constant 
D,. The application of tensile stress to the 
metal leads to higher solubility of the hy- 
drogen and thus to higher rates of its per- 
meation. 
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1.6.4 Stress Corrosion Cracking 
and Corrosion Fatigue 

Stress corrosion cracking (SCC) is a cor- 
rosion process which involves electrochem- 
ical, mechanical, and structural parameters 
of metals. Cracks may occur transgranular 
or intergranular. Different methods are ap- 
plied to study this type of technically very 
important corrosion, like the examination of 
prestressed specimens by bending or the ap- 
plication of stress by large mechanical de- 
vices, providing a constant load or a con- 
stant strain rate. Usually, the site of the 
crack is predetermined by an artificial cre- 
vice. It may also start as a corrosion pit or a 
defect at the metal surface. SCC is deter- 
mined by electrochemical parameters. It re- 
quires the presence of an electrolyte and is 
potential-dependent. Crack propagation of- 
ten occurs discontinuously, with fast me- 
chanical fractures and intermediate, slow 
propagation determined, e.g., by a slow dis- 
solution process. SCC is a very complicat- 
ed process and has been explained by sev- 
eral mechanisms. Usually, the side walls of 
a crack are covered by a protecting film. It 
may be a passive layer, a thicker film formed 
by precipitation from the electrolyte, or 
even a deposit of one component of a binary 
alloy caused by preferential dissolution of 
the other component, i.e., by dealloying. 
The latter case is found for the SCC of al- 
loys with a noble and a reactive metal com- 
ponent, such as brasses or Cu/Au alloys 
which have been examined for mechanistic 
studies.As a result, corrosion propagates at 
the crack tip and almost no reaction occurs 
at the side walls. If a passive film is formed 
at the crack tip, the high local concentration 
of tensile stress may cause cracks in this pas- 
sive layer. If dissolution at the tip is faster 
than the repassivation kinetics, the crack 
will propagate. This mechanism is support- 
ed if hydrogen evolution occurs due to acid- 

ification of the electrolyte or a negative po- 
tential at the crack tip due to an ohmic po- 
tential drop within the developing crevice. 
This situation causes hydrogen penetration 
at the tip, which is supported by the local 
tensile stress and leads to local embrittle- 
ment of the metal. As a result, mechanical 
cracking is supported. 

SCC often occurs in the presence of ha- 
lides, which suggests a close connection to 
pitting corrosion and a prevented repassiva- 
tion at the crack tip. As a result, SCC is 
closely related to local metal dissolution and 
hydrogen penetration, with protection of the 
side walls by a passivating layer. Another 
mechanism assumes the formation of a brit- 
tle film at the grain boundaries of a crack 
tip, which is cracked preferentially due to 
the applied tensile stress. The crack stops 
due to plastic deformation at the metal sur- 
face and will be widened by mechanical 
force. After a continuing film formation at 
the grain boundary, this intergranular stress 
corrosion cracking proceeds with a repeti- 
tion of this sequence of mechanistic steps. 
A further mechanism assumes the weaken- 
ing of metal bonds at a crack tip due to the 
adsorption of anions and subsequent crack- 
ing. These explanations should be seen as a 
short and initial introduction to this techni- 
cally very important kind of corrosion. This 
will be discussed in detail in Chap. 5 of this 
Volume. 

Corrosion fatigue involves the periodic 
change of an applied stress. Usually the 
number of cycles a metal will tolerate until 
it finally cracks are studied. Mechanically 
oscillating forces on metals are very com- 
mon in various constructions, e.g., propel- 
lors, turbines, ships, airplaines, and vehi- 
cles, which can result in serious danger as a 
result of this type of corrosion. These cycles 
will cause emerging slip steps where the 
metal surface is unprotected and will dis- 
solve or permit the access of hydrogen. The 
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number of cycles to failure depends on the 
amplitude of the alternating stress and the 
corrosiveness, i.e., the pH, potential, and 
presence of aggressive anions in the envi- 
ronment. The number of cycles to failure in- 
creases with decreasing stress amplitude 
and merges finally to a large plateau value 
corresponding t o a permanent lifetime. This 
dependence is characteristic for materials 
and the specific environmental conditions. 
Here again, corrosion occurs with a mecha- 
nism involving a common influence of me- 
chanical and electrochemical parameters. 
Therefore, similar mechanisms are effective 
for SCC and corrosion fatigue. 

1.7 Acknowledgements 

Help with the figures from C. Schmidt, P. 
Keller, and H. Prinz, and with correction and 
layout by my wife Claudia is gratefully ac- 
kno wledged. 

1.8 References 

Albery, W. J., Bruckenstein, S., (1966), Trans. Fara- 
day SOC. 62, 1920. 

Albery, W. J., Hitchman, M. L. (197 I ) ,  Ring Disc Elec- 
trodes. Oxford: Clarendon. 

Atkins, P. W. (1990), Physical Chemistry. Oxford: Ox- 
ford University Press. 

Barin, I., Knacke, O., Kubaschewski 0. (1973), Ther- 
mochemical Properties of Inorganic Substances. 
Berlin: Springer. 

Bockris, J. O’M., Devanathan M. A. V. (1957), ONR 
Tech. Rep. 551, 221. 

Bockris, J. O’M., Reddy, A. K. N. (1977), Modern 
Electrochemistry 2. New York: Plenum, p. 1328. 

Bohni, H. (1987), in: Corrosion Mechanisms: Mans- 
feld, F. (Ed.). New York: Marcel Dekker, p. 285. 

Bonhoeffer, K. F., Heusler, K. E. (1956), Z. Phys. 
Chem. NF 8, 390. 

Bruckenstein, S . ,  Miller, B. ( I  970), J. Electrochem. 
SOC. 117, 1032. 

Budevski, E., Staikov, G., Lorenz, W. J. (1996), Elec- 
trochemical Phase Formation and Growth. Wein- 
heim: VCH. 

Calinski, C., Strehblow, H.-H. (1989), J.  Electrochem. 
Soc. 136, 1328. 

Christen, H. R., Baars, G. (1997) Chemie. Aarau: 

Cotton, F. A., Wilkinson, G. (1980), Anorganische 

Druska, P., Strehblow, H.-H. (1996), Corr. Sci. 38, 

Druska, P., Strehblow, H.-H., Golledge, S. (1996), 

Engelhardt, G., Schaepers, D., Strehblow, H.-H. 

Engelhardt, G., Jabs, T., Strehblow, H.-H. (1992b),J. 

Engell, H. J., Stolica, N. D. (1959), 2. Physik. Chem. 

Flade, F. (191 I), Z. Physik. Chem. 76, 513. 
Franck, U. F. (1949), Z. Naturforsch. 4a, 378. 
Frankenthal, R. P., Malm, D. L. (1976), J.  Electro- 

Garenstroom, S .  W., Winograd, N. (1977), J. Chem. 

Gerischer, H., Vielstich, W. (19.53, Z. Physik. Chem. 

Gohr, H., Lange, E. (1956), Naturwissenschafren 43, 

Handbook of Chemistry and Physics. Robert and 

Hansen, W. N., Kolb, D. M. (1979), J. Electroanal. 

Haupt, S . ,  Strehblow, H.-H. (1986), Surf. lnterf. Anal. 

Haupt, S . ,  Strehblow, H.-H. (1987a), Langmuir 3, 

Haupt, S . ,  Strehblow, H.-H. (1987 b), J. Electroanal. 

Haupt, S . ,  Strehblow, H.-H. (1989), Corr. Sci. 29, 163. 
Haupt, S., Calinski, C., Collisi, U., Hoppe, H. W., 

Speckmann, H. D., Strehblow, H.-H. (1986), Surf. 
lnterf. Anal. 9, 357. 

Herbsleb, G., Engell, H. J. (1961), Z. Elektrochem. 65, 
881. 

Heusler, K. E., Fischer, L. (1976), Werkst. Korr. 27, 
551. 

Isaacs, H. S. (1988), J. Electrochem. SOC. 135, 2180. 
Kaesche, H. (1979), Die Korrosion der Metalle. Ber- 

lin: Springer, pp. 89, 122-128. 
Keddam, M. (1995), in: Corrosion Mechanisms in 

Theory and Praxis: Marcus, P., Oudar, J., (Eds.). 
New York: Marcel Dekker, pp. 55-100. 

Khalil, W., Haupt, S., Strehblow, H.-H. (1985), 
Werkst. Korr. 36, 16. 

Kossel, W. (1927), Nachr. Ges. Wiss. Gottingen math- 
physik. Kl., 135. 

Levich, W. G. (1962), Physicochemical Hydrodynam- 
ics. New York: Practice Hall. 

Lochel, B. P., Strehblow, H.-H. (1980), Werst. Korr. 
31, 353. 

Lochel, B. P., Strehblow, H.-H. (1983), Electrochim. 
Acta 28, 565. 

Maurice, V., Talah, H., Marcus, P. (1994). Surf. Sci. 
304, 98. 

Sauerlander Verlag, p. 778. 

Chemie. Basel: Verlag Chemie, p. 920. 

1369. 

Corr. Sci. 38, 835. 

(1992a), J.  Electrochem. SOC. 139, 2170. 

Electrochem. SOC. 139, 2176. 

NF20, 113. 

chem. SOC. 123, 186. 

Phys. 67, 3500. 

N .  E 3, 16. 

12. 

Weast, 1977, Cleveland: CRC. 

Chem. 100, 493. 

9, 357. 

873. 

Chem. 216, 229. 



66 1 Phenomenological and Electrochemical Fundamentals of Corrosion 

Maurice, V., Yang, W., Marcus, P. (1996), J. Electro- 
chem. SOC. 143, 1182. 

Newman, J., Hansen, D. N., Vetter, K. J. (1974), Elec- 
trochim. Acta 22, 829. 

Pickering, H. W. (1968), J. Electrochem. SOC. 115, 
143. 

Pickering, H. W., Burne, P. J. (1969), J. Electrochem. 
SOC. 116, 1492. 

Pickering, H. W., Burne, P. J. (1971), J. Electrochem. 
SOC. 118, 209. 

Pickering, H. W., Wagner, C. J. (1967), J. Electro- 
chem. SOC. 1 17, 698. 

Pourbaix, M. (1963),Atlas d’Equilibres Electrochem- 
iques. Paris: Gauthiers Villars & Cie; (1966), Atlas 
of Electrochemical Equilibria in Aqueous Solu- 
tions. Oxford: Pergamon. 

Ryan, M. P., Newman, R. C., Thomson, G. E., (1995), 
J. Electrochem. SOC. 142, L 177. 

Schwenck, W. (1964), Corrosion 20, 129 t. 
Sillen, L. G. (1964), Stability Constants ofMetal-Ion 

Complexes, Section I: Inorganic Ligands. Burling- 
ton House: Chemical Society. 

Stern, M. (1959, J. Electrochem. SOC. 102, 609. 
Stranski, I .  N. (1928), Z. Physik. Chem. 136, 259. 
Strehblow, H.-H. (1976), Werkst. Korr. 27, 792. 
Strehblow, H.-H. (1988), Surf: Intei$ Anal. 12, 363. 
Strehblow, H.-H. (1995), in: Corrosion Mechanisms 

in Theory and Praxis: Marcus, P., Oudar, J. (Ed.). 
New York: Marcel Dekker, pp. 201, 204-205,223. 

Strehblow, H.-H. (1997), Proc. Corrosion and Pre- 
vention 97, Brisbane, Australia: Australasian Cor- 
rosion Association paper 005. 

Strehblow, H.-H., Doherty, C. J., (1978), J. Electro- 
chem. SOC. 125, 30. 

Strehblow, H.-H., Ives, M. B. (1979), Corc Sci. 16, 
317. 

Strehblow, H.-H., Speckmann, H. D. (1984), Werkst. 
Korr. 35, 512. 

Strehblow, H.-H., Titze, B. (1977), Corc Sci. 17,461. 
Strehblow, H.-H., Titze, B. (1980), Electrochim. 

Acta 25, 839. 
Strehblow, H.-H., Wenners, J. (1975), Z. Physik. 

Chem. NF 98, 199. 
Strehblow, H.-H., Wenners, J. (1977). Electrochim. 

Acta 22, 42 1. 
Strehblow, H.-H., Melliar Smith, C. M., Augustyni- 

ak, W. (1978), J. Electrochem. SOC. 125, 917. 
Strehblow, H.-H., Calinski, C., Simson, S., Druska, P., 

Hoppe, H. W., Rossi, A. (1994), in: Modifcation of 

Passive Films: Marcus, P., Baroux, B., Keddam, M. 
(Ed). Paris: European Federation of Corrosion, The 
Institute of Minerals, p. 48. 

Subramayan, P. K., Bockris J. O’M. (1981), in: Com- 
prehensive Treatise of Electrochemistry, Vol. 4: 
New York: Plenum. 

Szklarska-Smialowska, S. (1986), Pitting Corrosion 
of Metals. TX: Houston, NACE, p. 103. 

Trasatti, S. (1974), J. Electroanal. Chem. 52, 313. 
Wagner, C. D., Riggs, W. M., Davis, L. E., Moulder, 

J. F., Muilenberg, G. E. (Ed), (1978), Handbook of 
X-Ray Photoelectron Spectroscopy. MN: Perkin El- 
mer Corporation. 

Wedler, G. (1997), Lehrbuch der Physikalischen 
Chemie. Weinheim: Wiley-VCH. 

Vetter, K. J. (1958a), Z. Elektrochem. 62, 64. 
Vetter, K. J. (1958b), Z. Elektrochem. 62, 642. 
Vetter, K. J. (1967), Electrochemical Kinetics. New 

York Academic, pp. 207,309,365,539,767-769. 
Vetter, K. J., Strehblow, H.-H. (1970a), Ber. Bunsen- 

ges. Physik. Chem. 74, 1024. 
Vetter, K. J., Strehblow, H.-H. (1970b), Ber. Bunsen- 

ges. Physik. Chem. 74, 449. 

General Reading 

Atkins, P. W. (1999), Physical Chemistry. Oxford: Ox- 
ford University Press. 

Briggs, D., Seah, M. P. (1990), Practical Su#ace 
Analysis. Chichester, U.K.: Wiley. 

Corrosion Mechanisms in Theory and Praxis: Mar- 
cus, P., Oudar, J. (Eds.). New York: Marcel Dekker 
( 1995). 

Hamann, C. H., Vielstich, W. (1998) Electrochemis- 
try, Weinheim, Germany Wiley-VCH. 

Kaesche, H. (1979), Die Korrosion der Metalle. Ber- 
lin: Springer. 

Koryta, J., Dvorak, J., Kavan, L. (1993), Principles of 
Electrochemistry Chichester, U.K.: Wiley. 

Pourbaix, M. (1963), Atlas d’Equilibres Electrochem- 
iques. Paris: Gauthiers Villars & Cie; (1966), Atlas 
of Electrochemical Equilibria in Aqueous Solu- 
tions. Oxford: Pergamon. 

Vetter, K. J. (1967), Electrochemical Kinetics. New 
York: Academic. 

Wedler, G. (1997), Lehrbuch der Physikalischen 
Chemie. Weinheim: Wiley-VCH. 



2 Fundamentals of High Temperature Corrosion 

Michael Schiitze 

Karl-Winnacker-Institut der DECHEMA e.V., Frankfurt. Germany 

List of Symbols and Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . .  68 
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70 
2.2 HighTemperature CorrosioninTechnical Applications . . . . . . . . .  70 
2.3 High Temperature Corrosion Resistance . . . . . . . . . . . . . . . . .  73 
2.4 Fundamentals of Oxidation . . . . . . . . . . . . . . . . . . . . . . . .  74 
2.4.1 Stability of the Corrosion Product . . . . . . . . . . . . . . . . . . . . . .  74 
2.4.2 Formation and Growth of Oxide Scales . . . . . . . . . . . . . . . . . . .  78 
2.4.2.1 Initial Stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78 
2.4.2.2 Defect Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 
2.4.2.3 Scale Growth by Solid State Diffusion . . . . . . . . . . . . . . . . . . .  81 

85 
2.4.2.5 Specific Aspects of Oxide Scale Growth on Alloys . . . . . . . . . . . . .  86 
2.4.3 Internal Oxidation/Corrosion . . . . . . . . . . . . . . . . . . . . . . . . .  90 
2.5 The Influence of Mechanical Stress on Oxidation . . . . . . . . . . . .  92 
2.5.1 Stresses in Oxide Scales . . . . . . . . . . . . . . . . . . . . . . . . . . .  92 
2.5.2 Mechanical Scale Failure . . . . . . . . . . . . . . . . . . . . . . . . . .  97 
2.5.3 Healing of Oxide Scale Cracks . . . . . . . . . . . . . . . . . . . . . . .  99 
2.5.4 The Role of Internal Corrosion . . . . . . . . . . . . . . . . . . . . . . .  102 
2.6 Chemical Scale Failure . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 
2.6.1 Sulfate Induced Hot Corrosion . . . . . . . . . . . . . . . . . . . . . . . .  103 
2.6.2 Vanadate Induced Hot Corrosion . . . . . . . . . . . . . . . . . . . . . .  106 

Corrosion Without the Formation of a Solid Scale . . . . . . . . . . . .  106 
2.7.1 Molten Phases as Corrosion Products . . . . . . . . . . . . . . . . . . . .  106 
2.7.2 Volatile Corrosion Products . . . . . . . . . . . . . . . . . . . . . . . . .  108 
2.8 Gas Corrosion by Species Other than Oxygen . . . . . . . . . . . . . .  109 
2.8.1 Carburization and Metal Dusting . . . . . . . . . . . . . . . . . . . . . .  109 
2.8.1.1 Internal Carburization . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 
2.8.1.2 Metal Dusting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 
2.8.2 Sulfidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 
2.8.3 Chlorination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  119 
2.8.4 Water Vapor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  122 
2.8.5 Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 
2.9 Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . . .  125 
2.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  128 

2.4.2.4 Scale Growth Controlled by Mechanisms Other than Solid State Diffusion 

2.7 

Materials Science and Technology 
R. W. Cahn. P. Haasen. E. J. Kramer 

Copyright 0 WILEY-VCH Verlag GmbH, 2000 



68 2 Fundamentals of High Temperature Corrosion 

List of Symbols and Abbreviations 

c, c g  
D 

area 
fraction of oxide in a scale formed on the scale surface; basicity; activity 
carbon activity 
activity of the metal 
activity of the oxide 
concentration 
size of a physical defect (pore, microcrack, etc.) 
diffusion coefficient, interdiffusion coefficient in the alloy of the protective 
scale forming element 
diffusion coefficient of carbon in the metal matrix 
diffusion coefficient for metal ions in the oxide 
thickness of the metal substrate 
diffusion coefficient for oxygen ions in oxide 
diffusivity of the oxidant in metal A 
oxide scale thickness 
Young's modulus of the metal 
Young's modulus of the oxide 
geometrical factor 
calculation factor for the conversion of mass gain into scale thickness 
standard free energy of formation 
thickness of the metal layer removed by oxidation 
flux in diffusion 
equilibrium constant of a chemical reaction 
oxidation rate constants for complex rate laws 
rate constant for the cubic oxidation rate law 
metal recession rate constant of oxidation 
rate constant for the linear oxidation rate law 
general parabolic rate constant of oxidation 
parabolic rate constant of oxidation based on scale thickness 
parabolic rate constant of oxidation based on mass gain 
fracture toughness 
displacement vector 
factor in the defect concentration calculations; elastic parameter 
molecular weight of the metal 
molecular weight of oxygen 
mass change by oxidation 
weight of metal consumed by oxidation 
mass gain by oxygen up-take during oxidation 
factor in the defect concentration calculations 
alloy content of the protective scale forming element 
initial solute concentration 
minimum alloy content to form a protective oxide scale 
concentration of the metals involved in carbide formation 
solubility of carbon in the metal matrix 
solubility of oxidant in a metal 
pressure 
oxygen partial pressure in the oxidation reaction 



List of Symbols and Abbreviations 69 

t0 
V 

aM 
aox 
Yo 

CTE 
EDC 

PBR 
SEM 

H-P 

general gas constant; initial radius of the zone of decohesion 
interfacial amplitude of a wavy interface between oxide and metal 
radius of surface curvature 
Pilling-Bedworth ratio 
temperature 
time 
remaining, unaffected cross section 
time constant; original metal cross section 
volume fraction of metal due to vacancy injection 
molar volume of an alloy 
penetration depth of internal corrosion 
scale thickness; stoichiometric factor 
stoichiometric factor 
stoichiometric factor 
valency of anion 
valency of cation 

coefficient of thermal expansion (CTE) of the metal 
coefficient of thermal expansion (CTE) of the oxide 
fracture energy 

critical strain to tensile failure 
critical strain to the beginning of failure at the oxide/metal interface 
critical strain to scale buckling 
critical strain to crack deflection at scale buckles 
critical strain to spalling 
radial strain in the oxide 
tangential strain in the oxide 
labyrinth factor 
wave length of wavy interface 
ratio of oxygen anions to metal cations in the oxide 
Poisson’s ratio of the metal 
Poisson’s ratio of the oxide 
density of the metal 
critical stress to scale failure 
radial stress in the oxide 
tangential stress in the oxide 
scale stresses resulting from operation 
growth stresses in oxide scales 
thermally induced stresses in oxide scales 
total scale stress 

coefficient of thermal expansion 
ethylen dichloride 
high pressure 
Pilling-Bedworth ratio 
scanning electron microscope 



70 2 Fundamentals of High Temperature Corrosion 

2.1 Introduction 

While aqueous corrosion is obvious in 
everyday life, high temperature corrosion is 
something that most people are not familiar 
with. Aqueous corrosion is present in the 
form of rust on car bodies and ships, and as 
rusty traces on concrete buildings. That is 
why most people are well aware that aque- 
ous corrosion can be a technical and eco- 
nomic problem. High temperature environ- 
ments are usually hidden behind walls (fur- 
nace walls, gas turbine casings, reactor ves- 
sels and tubes, etc.), so that usually the ex- 
tent of high temperature corrosion attack 
can only be assessed during shut down pe- 
riods and inspection. Although high temper- 
ature corrosion is not obvious in daily life, 
it is a high economic and technical chal- 
lenge. The reason for this is that the degree 
of efficiency of thermal processes and en- 
gines depends on the operating temperature. 
From an energetic and environmental point 
of view, it is desirable to have high operat- 
ing temperatures, thus saving fuel and de- 
creasing the amount of CO, output. Most of 
the development efforts in present high tem- 
perature technology are therefore directed 
towards an increase of the operation tem- 
perature. As well as an improvement of the 
high temperature strength of these materi- 
als, the major issue is the improvement of 
corrosion resistance at such temperatures at 
which corrosion rates increase exponential- 
ly with rising temperature. While for aque- 
ous corrosion many of the urgent problems 
seem to have been solved nowadays ( e g ,  
car body corrosion), there is still a strong 
need for intensive research in the field of 
high temperature corrosion. Many of the 
fundamental processes are now understood 
and can be modeled quantitatively. How- 
ever, for complex technical atmospheres 
and sophisticated technical materials, these 
models can only be used to describe the ten- 

dencies observed. The description of the ac- 
tual behavior of the materials very much 
needs empirical approaches based on ex- 
perimental investigations. The present 
chapter focuses on the fundamental under- 
standing of high temperature corrosion pro- 
cesses, while further chapters in Part I1 of 
this Volume are devoted to technical mate- 
rials and also to some of the most recent 
advanced materials, like intermetallics and 
high performance ceramics. The present 
chapter is recommended as a basis for read- 
ing these other chapters. 

2.2 High Temperature Corrosion 
in Technical Applications 

Historically, high temperature corrosion 
has always been primarily a problem of 
combustion processes. In particular, if im- 
pure fuel was used for combustion, ashes 
and deposits on the surface of metallic struc- 
tures would lead to intensive attack of the 
metallic materials. With advances in tech- 
nology, gasification and other chemical re- 
action environments also entered the list of 
conditions where high temperature corro- 
sion occurs. A summary of the applications 
and processes, the temperatures and the 
types of corrosion observed is given in Ta- 
ble 2- 1. This list may not be fully complete 
but it is obvious that it is mainly in the chem- 
ical and petrochemical industries and all 
types of energy conversion processes where 
it is necessary to rely on solutions concern- 
ing high temperature corrosion resistance. 
To a lesser extent it is also ceramics fabri- 
cation and all types of heating elements. 
Furthermore, high temperature oxidation 
can be an issue for catalytic converters (e.g., 
automotive catalysts) and parts of automo- 
tive engines (e.g., turbo charger rotors and 
exhaust gas channels). 
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Table 2-1. Summary of the applications, processes, temperatures, and types of high temperature corrosion ob- 
served in industry". 

Typical temp. range High temp. corrosion type 

Petrochemical processes 

Ethylene: steam cracker furnace tubes 

Synthesis gas production for ammonia, 
methanol, 0x0-alcohol, and hydrogen 
production: reformer catalyst tubes 

Vinyl chloride monomer production: 
EDC cracker tubes 

Nitric acid production: ammonia oxidation 
reactor and catalyst support grid 

Ammonia synthesis: converter internals, 
hot ammonia piping, H-P steam generator 

Carbon disulfide production: furnace tubes 

Styrene production: steam superheater tubes 

Production of ketene and acetic anhydride: 
reactor and internals 

Melamine production from urea: 
reactor and internals 

High temperature chlorination 

up to 1100°C 

up to looooc  

up to 650 "C 

up to 950 "C 

up to 550 "C 

up to 850 "C 

up to 900 "C 

up to 850 "C 

450-500 "C 

up to 550 "C 

carburization/oxidation 

oxidation/carburization 

Halide gas corrosion 

Nitriding/oxidation 

nitriding, hydrogen attack 

H,S-sulfidation, carburization 

steam oxidation 

oxidatiotdcarburization 

nitriding 

chlorination 

General chemical processes 

Titanium oxide production/chlorine route: 
oxygen heater tubes TiCI, circuit 

Fiberglass manufacturing 

Various mineral, calcium sintering and 
pelletizing processes 

900 "C + oxidation/chlorination 

1090 "C 

various oxidation/sulfidation 

oxidation, sulfidation, molten salts 

Oil refining processes 

Hydrocracking: heater tubes, reactor internals up to 550 "C H2S/H2-corrosion 

Hydrodesulfurization: heater tubes, reactor up to 550 "C H,S/H,-corrosion 
linings and internals 

Hydrodealkylation: heater tubes up to 750 "C H,S/H,-corrosion 

Hydrogen production: reformer catalyst tubes up to l0OO0C oxidation/combustion induced 
corrosion 

Cat cracking - regenerator 

General heater tube supports 

Flare stack tips 

up to 750/800 "C oxidation 

up to 950 "C 

up to 950 "C sulfidation/oxidation 

fuel ash attack 

Oil fired refinery boilers: superheater supports up to 950 "C ashes oxidation/fuel ash corrosion 



72 2 Fundamentals of High Temperature Corrosion 

Table 2-1. Continued. 

Typical temp. range High temp. corrosion type 

Nuclear industries 

Uranium refining: hydrofluorinator and 
fluorinator reactors 

600 "C HF, F2-corrosion 

Reprocessing of zirconium clad fuel elements: 650 "C molten fluoride/HF-corrosion 
hydrofluorinator 

Metallurgical industries 

Mineral chlorination, precious metals, various 300-900 "C C12-corrosion 
titanium and zirconium production 
(Kroll process): chlorinator 

Magnesium production (Pidgeon process): 1100 "C oxidation 
retorts 

Energy conversion 

Gas turbine applications 

Oil-fired boiler superheaters 

Waste incineratiodsuperheaters 

up to 950 "C sulfate/chloride corrosion, 
ash corrosion, oxidation 

oxidation/fuel ash corrosion 

chlorination, sulfidation, 
oxidation, molten salts 

up to 900 "C 

up to 480 "C 

a Swales (1980). 

The list in Table 2-1 can also be used to 
summarize the general types of high tem- 
perature corrosion which may occur. First is 
oxidation, which is found in all environ- 
ments of sufficiently high oxygen partial 
pressure, which of course means air. As 
most of the industrial atmospheres have rel- 
atively high oxygen potentials, oxidation 
can be regarded as somewhat omnipresent. 
Many combustion processes occur with ex- 
cess oxygen; other oxygen-containing spe- 
cies like C 0 2  and H 2 0  may play an impor- 
tant role in oxidation. As well as oxidation, 
however, many other types of high temper- 
ature corrosion may occur, depending on the 
composition of the environment. Again, in 
relation to air, nitrogen may come into play, 

leading to internal nitridation. If no oxide 
scales can be formed at high nitrogen pres- 
sures, it may also be possible for continu- 
ous nitride layers to be formed by nitrida- 
tion. Carburization (e.g., the formation of 
internal and external carbides) may take 
place in atmospheres of low oxygen poten- 
tial and high carbon activity. Such atmo- 
spheres are encountered in some petrochem- 
ical processes, e.g., ethylene and syngas 
production. 

Sulfidation is an issue in some refining, 
gasification, and distillation processes 
where extremely low oxygen partial pres- 
sures are present while the sulfur activities 
are very high. Such a situation may result 
from H2S corrosion or, if the oxygen partial 
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pressure is sufficiently high to form oxide 
scales, internal sulfidation may occur be- 
neath the scales if the protection gets lost. 
While in the first case continuous sulfide 
layers are formed on top of the metal with 
high growth rates and thus high metal con- 
sumption rates, in the second case the grain 
boundaries are weakened by internal sul- 
fides. 

An extreme type of high temperature cor- 
rosion is observed in the presence of halo- 
gen compounds which lead to either liquid 
or (even worse) volatile corrosion products 
on the metal surface. This type of high tem- 
perature corrosion usually limits the oper- 
ating temperature to relatively low values. 
In addition to gaseous corrosion, deposits 
and ashes or molten products may often be 
found in high temperature environments on 
the surface of the components. The reaction 
of these with the metal surface may result 
in some very severe localized attack, limit- 
ing the lifetime especially of components in 
combustion environments. Such ashes or 
deposits may form from incombustible 
components of the fuel or may be the result 
of reactions between components of the fuel 
and impurities from ingested air. The most 
well-known example is the intake of NaCl 
from the operation of gas turbines in marine 
environments and the reaction with sulfur 
from the fuel leading to deposits of Na,SO,. 
Some low grade fuel oils may also contain 
organic vanadium compounds which are 
converted to V,O, during combustion, 
which when deposited on metal surfaces 
may lead to an extreme type of corrosion at- 
tack. 

The types of high temperature corrosion 
mentioned so far will be discussed in more 
detail in later sections. Before doing so, 
however, the next section will deal with the 
aspect of high temperature corrosion protec- 
tion and the fundamentals of oxide scale 
growth. The reason for this is that the key 

to the technical performance of high tem- 
perature materials in corrosive atmospheres 
lies in the formation of protective scales on 
the surface of the materials. 

2.3 High Temperature Corrosion 
Resistance 

High temperature corrosion resistance is 
obtained if the following conditions are ful- 
filled (Grunling et al., 1982): 

1. General materials attack occurs at the 
lowest possible rate. 

2. Local attack especially along grain boun- 
daries is excluded. 

3. No volatile, liquid, or mechanically un- 
stable corrosion products are formed. 

One of the key issues of high temperature 
corrosion is that as a rule all metallic mate- 
rials are unstable in their service environ- 
ment. This means that in all cases corrosion 
products are formed and that corrosion it- 
self cannot be avoided at all. In order to 
achieve corrosion resistance, therefore, the 
corrosion reaction has to be guided in such 
a way that the corrosion product itself of- 
fers protection against the environment. 
This is the case if the corrosion product 
forms a protective surface scale. Such a 
scale can be compared with passive layers 
in aqueous corrosion, which prevent in- 
creased attack of the underlying metal. 

There are several requirements that must 
be fulfilled for the scale formed by the cor- 
rosion products to offer protection. These 
are (Grunling et al., 1982): 

1. High thermodynamic stability of the 
scale in the service environment. 

2. Good resistance of the scale against im- 
purities, deposits, ashes, etc., on the sur- 
face. 
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3. Impermeability against aggressive com- 
ponents of the environment, e.g., C, N, 
S, etc. 

4. Slow growth rates of the scale, i.e., slow 
consumption of the underlying metal by 
the corrosion process. 

5 .  Good healing capacity of potential 
cracks or spallations in the scale. 

6. Similar value of the coefficient of ther- 
mal expansion as the underlying sub- 
strate. 

7. Comparatively high strain tolerance of 
the scale. 

8. Good adhesion strength to the metal. 
9. Good erosion resistance. 

10. Low vapor pressure of the compound 
formed by corrosion so that the scale 
does not evaporate. 

1 1. High melting temperature so that no liq- 
uid phases are formed on the surface of 
the metal. 

Among the corrosion reactions mentioned 
in Sec. 2.2, only oxidation can provide suf- 
ficiently resistant scales as the corrosion 
product to lead to a diffusion barrier be- 
tween the metal and the environment. Three 
oxides have achieved technical importance 
in this respect because they fulfill most of 
the earlier-mentioned requirements. These 
are Cr,O,, A1,0,, and SiO,. As will be 
shown later, in order for this to occur the 
substrate needs to contain a sufficient 
amount of the respective alloying element 
and the oxygen partial pressure in the envi- 
ronment must be sufficiently high. As well 
as these pure oxides some of the spinels may 
also help with protection, in particular if 
they contain high amounts of chromium 
and/or aluminum. In the following sections 
the fundamentals of oxidation will be pre- 
sented with respect to the requirements for 
protective scales as listed so far. 

2.4 Fundamentals of Oxidation 

2.4.1 Stability of the Corrosion Product 

The stability of a corrosion product can 
be derived from thermodynamic considera- 
tions. For simple oxidation the following 
general reaction can be written 

2x 2 
- M + 0 2  * - M,Oy 

Y Y 

where M represents the metal component 
which reacts with oxygen, and x and y are 
the stoichiometric factors. This reaction 
ends up with the metal oxide MxOy if the 
free energy of formation AGO is negative 
for this reaction. Values of the standard free 
energies of many corrosion reactions are 
given in tables and also in graphical repre- 
sentations (Stull and Prophet, 1971; Barin 
and Knacke, 1973; Kubaschewski and Al- 
cock, 1979). An example of such a graphi- 
cal representation for several oxidation re- 
actions is given in Fig. 2- 1. In this figure the 
AGO values are represented as a function of 
the temperature. Using the law of mass ac- 
tion, the following equation can be estab- 
lished for Reaction (2-1) 

21Y 

K =  2xly  aMxoy  = exp(-AGo/RT) (2-2) 
aM PO2 

where K is the equilibrium constant of the 
reaction, a the activity of the different part- 
ners in the reaction, R the general gas con- 
stant, and T the temperature. 

The activity for gas phases can be approx- 
imated by the partial pressure so that for the 
oxygen activity the oxygen partial pressure 
poz can be inserted. This allows the equa- 
tion to be resolved in the direction of po2 

21Y 

Po2 = 2X1y aMKoy  = exp(AGo/RT) (2-3) 
a M  
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H 

C 

Figure 2-1. Richardson-Ellingham diagram for several oxidation reactions of technical importance. In the di- 
agram the standard free energies of formation of oxides per mole oxygen is plotted against temperature. The aux- 
iliary scales serve for the determination of the oxygen partial pressure in Hz/HzO and CO/C02 gas mixtures, re- 
spectively. The outermost auxiliary scale stands for the oxygen partial pressure. Lines of constant oxygen par- 
tial pressurepO2 are constructed by connecting the 0-point in the upper left corner with the appropriate mark on 
thep,, scale (Kofstad, 1988). (1 atm = 1.013 x lo5 N m-’.) 

where poz represents the equilibrium oxy- 
gen partial pressure at which both phases, 
metal and oxide, are stable. Below this val- 
ue no oxide is formed and the metal is still 
stable. Above this value the oxide is stable 
and can form a protective scale. This equa- 
tion can be further simplified if a pure met- 
al is present which forms a pure oxide. In 
this case, both activities are equal to one. 
This situation is represented by Fig. 2-2. In 
this figure the equilibrium oxygen partial 

pressures are plotted for various oxidation 
reactions versus the temperature. The most 
stable oxides are those where the equilibri- 
um partial pressures take the lowest values. 
This is true, in particular, for alumina, sili- 
ca, and also for chromia. Less stable oxides 
are the iron oxides and nickel oxide on this 
graph. If alloys are oxidized, then the activ- 
ities of the respective metallic elements are 
less than unity, which means that a value 
lower than one has to be inserted for uM in 
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Figure 2-2. Equilibrium oxygen partial pressures for 
several oxidation reactions (Grunling et al., 1982). 
(1 bar = 1 .OOO x lo5 N m-2.) 

the equation. The same is valid if a mixture 
of oxides is formed, which means that for 
uMxoy the respective activity of the oxide has 
to be inserted. Lower metal activities usu- 
ally result in a shift of the lines in this fig- 
ure to higher po2 values, which means that 
the respective metallic element is stable at 
higher oxygen partial pressure values than 
in the case of just pure metal. It should be 
noted that the equilibrium oxygen partial 
pressures given in this figure are extremely 
low for the more stable oxides. In other 
words, very low amounts of oxygen are suf- 
ficient to form a stable, protective oxide 
scale. 

The equilibrium oxygen partial pressure 
can also be obtained from Fig. 2- 1. For this 
a line has to be drawn from the 0-point in 
the upper left corner to the intersection 
between a line drawn perpendicularly to the 
temperature abscissa and the line of the 
respective reaction. This line between the 

zero point and the intersection cuts the po2 
scale on the outer part of the graph, at the 
respective equilibrium partial pressure 
value. For the example in this graph, the 
equilibrium partial pressure at a temperature 
of around 1100°C for chromia formation 
amounts to about Pa. 

Summarizing the results of these thermo- 
dynamical considerations, the most stable 
oxides, i.e., those which are still stable at 
extremely low oxygen partial pressures in 
the service atmosphere, are mainly alumi- 
na, silica, and chromia. Similar considera- 
tions can of course be performed for other 
types of reaction than oxidation, e.g., sulfi- 
dation, carburization, etc. In particular, if 
more complex service environments are 
present consisting of several different gas- 
eous compounds, such thermodynamical 
stability considerations have to be per- 
formed for each of the relevant elements 
leading to the formation of a corrosion prod- 
uct. The schematic diagram in Fig. 2-3 can 
serve as a simple example of this. In this fig- 
ure, pure metal A is exposed to an environ- 
ment consisting of two gas components X 
and Y, which may potentially lead to a cor- 
rosion reaction. For the construction of this 

I A  I 
partial pressure of Y, 

Figure 2-3. Schematic isothermal stability diagram 
for a gas consisting of two compounds X, and Y,; A 
is the metal, AX and AY are the respective reaction 
products. 
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figure, isothermal sections have to be estab- 
lished with the elements X and Y on the or- 
dinate and the abscissa, respectively. In this 
simple schematic diagram three different 
fields can be distinguished depending on the 
activities or partial pressures of X and Y. 
Field A denotes the partial pressure where 
the metal is still stable, as the partial pres- 
sure is too low for the formation of a corro- 
sion product. Field AX denotes the partial 
pressures where the corrosion product AX 
is stable, and AY the partial pressures for 
the stability of AY. 

When thinking of the stability of oxides 
that may be potentially formed on an alloy 
consisting of quite a number of different al- 
loying elements, such diagrams as shown in 
the schematic diagram have to be calculat- 
ed for the different alloy components and 
superimposed as shown in Fig. 2-4. Here the 

I I I I I I I I I 

situation of materials in a coal gasification 
atmosphere is considered as an example. 
The composition of this atmosphere is indi- 
cated by the shaded area in the upper right 
part of the graph. This atmosphere is char- 
acterized by a high carbon activity and a rel- 
atively low oxygen partial pressure. For the 
present example it had to be clarified wheth- 
er protective oxide scales can be formed in 
such an environment or whether carburiza- 
tion would predominate, and thus deteri- 
orate the material structure. It should be 
pointed out that for these considerations the 
activities of the different alloying elements 
were taken as unity. As mentioned before, 
the stability fields of the pure metals would 
increase if the activity of these metallic ele- 
ments were lower than unity, as is the case 
for alloys. This graph shows that the com- 
position of the gasification atmosphere 
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Figure 2-4. Stability diagram for different 
metals, oxides and carbides at 950 "C. The 
hatched area characterizes the composition of 
a coal gasification atmosphere; a, is the car- 

LOG ac bon activity (Schendler, 1983). 
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would allow the formation of chromia, tita- 
nia, silica, and alumina, as well as zirconia 
and manganese oxide if the pure metals were 
present. Carbides of these elements would 
not be stable in this atmosphere. Strong car- 
bide formers like niobium and tungsten, 
however, would be able to form stable car- 
bides in this atmosphere unless the carbon 
activity was reduced by the formation of a 
protective oxide scale. In the latter case the 
presence of the oxide scale as a diffusion 
barrier between the environment and the 
metal would protect the metallic material 
from high carbon activities and thus prevent 
internal carbide formation. It should, how- 
ever, be pointed out that if cracks in protec- 
tive oxide scales exist then the environment 
may have direct access to the metal and thus 
carbon uptake may occur leading to internal 
carburization. The stability line for chromia 
formation is relatively close to the compo- 
sition of the gasification atmosphere. In 
other words, in order to be on the safe side 
it is recommended to use materials that form 
protective oxide scales which are more 
stable than chromia, e.g., silica or alumina. 

Generally, diagrams of this type are very 
useful to assess the type of material that may 
show protective behavior in a particular ser- 
vice atmosphere. In this example, the atmos- 
phere consisted of oxygen- and carbon-con- 
taining species. Of course, the same type of 
diagram can be calculated for other species 
in the gas, e.g., sulfur, nitrogen, or others. 
For more complex atmospheres, several of 
these diagrams have to be considered. One 
drawback of these relatively simple dia- 
grams and calculations may be that interac- 
tions between three or more of the gaseous 
species are not taken into account as the di- 
agrams are only two-dimensional. Today, 
however, very efficient computer calcula- 
tion programs exist which allow calcula- 
tion of the stabilities of the different corro- 
sion products even for very complex atmo- 

spheres and take into account the real activ- 
ities of the metals in the alloys (ChemSage, 
1994; HSC, 1994). 

2.4.2 Formation and Growth 
of Oxide Scales 

2.4.2.1 Initial Stages 

The formation of an oxide scale starts 
with the adsorption of oxygen gas on the 
metal surface. During adsorption, oxygen 
molecules or molecules of other gaseous 
species in the environment dissociate and 
are adsorbed as atoms. These atoms initial- 
ly adsorb at sites where the atom is in con- 
tact with the maximum number of surface 
atoms in the metal substrate. Therefore, in 
polycrystalline materials, grains of prefe- 
rential orientation exist where the number 
of adsorbed atoms from the gaseous atmo- 
sphere is highest (Oudar, 1983). The result 
of this process is a two-dimensional adsorp- 
tion layer. The presence of adsorbed layers 
may increase the rates of surface diffusion 
by orders of magnitude compared with those 
for surfaces with none or small amounts of 
adsorbate (Benard, 1971). 

When the metal surface which is saturat- 
ed with adsorbed oxygen atoms or atoms 
from other gaseous species is further ex- 
posed to the gas, the gaseous species may 
dissolve in the metal and nuclei of the cor- 
rosion product are formed on the surface. 
These nuclei grow laterally and form a con- 
tinuous film on the surface, as shown in the 
schematic representation of Fig. 2-5. Gen- 
erally nucleation and the growth of the nu- 
clei are dependent on the composition of the 
substrate, the grain orientation, the temper- 
ature, and the gas partial pressure. The nu- 
clei grow in thickness and lateral direction 
and the reaction rate increases with time. As 
soon as the nuclei impinge on each other, 
the growth rate decreases. Therefore, the 
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Figure 2-5. Schematic representation of the process- 
es occurring during the nucleation of corrosion prod- 
ucts on metal surfaces. Lateral growth of the nuclei 
leads to the formation of a thin, continuous film (Kof- 
stad, 1988). 

general reaction kinetics can be described 
by an S-shaped curve (Kofstad, 1988). 

It should be pointed out that nuclei of all 
potential corrosion products can be formed 
on alloys initially, i.e. those that are possible 
from thermodynamic stability considera- 
tions. In the following stages, the faster 
growing corrosion products will overgrow 
the slower growing ones. This is shown 
schematically in Fig. 2-6 for a nickel-cop- 
per alloy. Cu20 is a faster growing oxide 
compared to NiO. Due to the different 
stabilities of the two oxides, the NiO nuclei 
are stable at the low oxygen partial pressure 
beneath the outer, faster growing Cu20 
layer, and thus can develop a continuous 
NiO layer by lateral growth. The slower 
growing NiO partial layer can, from this 
stage on, act as a barrier for copper diffu- 
sion and thus slow down the oxidation rate. 

Generally, this protective behavior of al- 
loys is desirable. In other words, as the for- 
mation of nuclei of all potential oxides (non- 
protective and protective) cannot be avoid- 
ed at the beginning of oxidation, it is most 
important that the slowest growing oxide is 
also the most stable oxide in the system, and 
thus grows at the interface between the fast- 
er growing part of the oxide scale and the 

Ni-45% Cu Ni-90% C u  
NiO C u p O  

Alloy Alloy 

Alloy Alloy 

NiO CuoO 

Alloy Alloy 

D o o o o ~ a o  
Al toy + Ni 0 subscale 

Ni 0 Cu2O Ni 0 

Alloy + Ni 0 subscale 

Figure 2-6. Left side: a) and b) Early stages of simul- 
taneous growth of the immiscible oxides Cu,O and 
NiO. c) NiO is more stable than Cu,O but Cu,O grows 
faster. As a result NiO is overgrown by Cu,O. The lat- 
eral spread of the NiO nuclei and their connection pro- 
duces a continuous NiO layer which suppresses fur- 
ther Cu,O growth. Right side: The amount of nickel 
in the alloy is insufficient to form a continuous (“pro- 
tective”) NiO partial layer. Further Cu,O growth is not 
suppressed (Wood, 1971). 

underlying metal. Fortunately, for most of 
the technical alloys such a situation occurs, 
e.g., for iron-chromium alloys chromia is 
the slowest growing and most stable oxide 
compared to the iron oxides, and for mate- 
rials forming alumina and chromia at the 
same time, it is the alumina that is more 
stable and slower-growing than the chro- 
mia. 
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2.4.2.2 Defect Chemistry 

After the initial stage of oxidation, which 
is determined by the behavior of the nuclei, 
growth of the continuous scale occurs in the 
thickness direction. In dense oxide scales, 
this growth is determined by solid state dif- 
fusion through the scale. Corrosion prod- 
ucts, which include the oxide scales, are ion- 
ic structures and diffusion in such structures 
requires lattice disorder, i.e., the corrosion 
products need to be nonstoichiometric com- 
pounds. The nomenclature of disorder in 
metal oxides is given in Table 2-2 for a di- 
valent oxide. The defects may exist as inter- 
stitials or vacancies in either of the two sub- 
lattices, and in order to maintain electronic 
neutrality electronic defects also have to be 
introduced which are negatively charged 
electrons or positively charged electron 
holes. Thus corrosion products are electron- 
ic semiconductors. Generally, two types of 
oxides exist. The first type shows an oxy- 
gen deficiency or excess metal. ZnO can be 
mentioned as an example, where zinc is 
present as interstitial Zni. The reaction of 
interstitial formation in the ZnO lattice can 
be described as follows 

ZnO + Zny + 2e' + 1/2 0, (2-4) 

Table 2-2. Nomenclature of lattice disorder in a di- 
valent oxidea*b. 

Nomenclature Meaning 

Me2+ ion on a cation position 
Me+ ion on a cation position 

Me2+ ion on an interstital position 
Me vacancy on a cation position 

0'- ion on an anion position 
0 vacancy on an anion position 

e- electron 
h+ electron hole 

+ (positive charge) 
- (negative charge) 

a The charges in the left column refer to a defect-free 
ionic lattice; Kroger (1964). 

In other words, the transition of zinc from 
the ZnO crystal into an interstitial position 
Zni releases half a molecule of oxygen. Ap- 
plying the law of mass action to this equa- 
tion results in 

(2-5) 
[ZnOI 

This equation can be further simplified if 
it is assumed that pure ZnO is present, which 
means that its activity is equal to unity. Elec- 
tronic neutrality is given if [Zny] = 1/2 [e'], 
which means that for each interstitial posi- 
tion in the lattice two electrons are needed. 
Thus the Eq. (2-5) results in 

This can be converted into a form where the 
number of zinc interstitials is a function of 
the oxygen partial pressure of the environ- 
ment 

(2-7) 

The equation derived for ZnO has a gen- 
eral validity for oxides with oxygen defi- 
ciency or excess metal in the form of 

[v$'] = const x p b y  (2-8) 

[M,"'] = const x p;:'" 

for oxides with oxygen deficiency and 

(2-9) 

for excess metal. In other words, the num- 
ber of defects in the oxide increases with de- 
creasing oxygen partial pressure. 

The other group of oxides is that with a 
metal deficit or excess oxygen. NiO can be 
quoted as an example which shows a metal 
deficit due to nickel vacancies being present 
in the cation sublattice. Such nickel vacan- 
cies are introduced when oxygen is taken 
into the nickel oxide lattice at the outer part 
of the scale as a result of the oxidation pro- 
cess 

1/202 + Vf;i + 2h' + 00 (2-10) 
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This reaction can be treated in the same way 
as that for ZnO, resulting in the equation 

[V&] = 1/2[h’] = const xp&Y6 (2-1 1) 

Again this example can serve for the forma- 
tion of the general equations 

[VE’I = const xp;? (2-12) 

for a metal deficit and 

[or’]  = const xp;? (2-13) 

for excess oxygen. 
From the reactions for ZnO and NiO, it 

follows that ZnO is an electron conductor 
(n-type semiconductor) while NiO is an 
electron hole conductor (p-type semicon- 
ductor). Generally, as in all semiconductors, 
the defect concentration can be influenced 
by the presence of doping elements. The 
general rules for the influence of doping ele- 
ments on the defect concentration are given 
in Table 2-3. It should, however, be men- 
tioned that in oxidation doping elements 
only seem to play a secondary role. 

2.4.2.3 Scale Growth 
by Solid State Diffusion 

The equations given so far can be used to 
explain why oxide scales grow at high tem- 
peratures, and which is the driving force for 
this oxide growth. It should be pointed out 

that usually the growth of such oxide scales 
never stops as long as the material is ex- 
posed to an oxidizing environment. It is not 
true that oxidation comes to a stand still as 
soon as a diffusion barrier is formed by the 
oxide. The reason for this is quite clear if 
the situation of the oxide scale that is deter- 
mined by the ambient oxygen partial pres- 
sure at the outside surface and the equilib- 
rium partial pressure between metal and ox- 
ide at the metal/oxide interface is consid- 
ered. This equilibrium partial pressure is 
usually extremely low and can be taken from 
the Richardson-Ellingham diagram (Figs. 
2- 1 or 2-2). These two partial pressures rep- 
resent fixed values as the equilibrium be- 
tween oxide and metal is always maintained 
at the interface; thus the oxygen partial pres- 
sure always remains the same at this site, 
and at the outside of the oxide scale (i.e., as 
long as the oxygen partial pressure in the en- 
vironment does not change) the pol usually 
remains constant. The result of this situation 
is that there is a very strong oxygen partial 
pressure gradient across the scale which is 
determined by the two fixed points at the 
boundaries of the oxide scale and by the 
thickness of the scale. This po2 gradient 
results in a defect concentration gradient 
across the scale, as becomes clear from the 
defect concentration equations given in Sec. 
2.4.2.2. Thus a concentration gradient ex- 

Table 2-3. Influence of doping on the defect concentration in corrosion productsa. 

Semiconductor Valency state of Valency state of Result 
type the doping cation the doping anion 

n-type lower than base cation higher than base anion increase in ionic defect concentration, 

P-tYPe higher than base cation lower than base anion decrease in electron concentration 

n-type higher than base cation lower than base anion decrease in ionic defect concentration, 

P-tYPe lower than base cation higher than base anion increase in electron concentration 

a Hauffe (1966). 
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ists across the scale, and behind such gra- 
dients there is always a driving force which 
tries to decrease the gradients by diffusion. 
As temperatures are sufficiently high under 
high temperature oxidation conditions, dif- 
fusion can take place via the lattice defects. 

Diffusion can be quite easily described by 
first Fick’s law 

j = -D gradc (2-14) 

where j is the flux or mass diffusing per sec- 
ond through a unit cross section in the con- 
centration gradient grad c, and D is the dif- 
fusion coefficient or diffusivity in square 
centimeters per second, which is mainly a 
function of the diffusing ions, the struc- 
ture in which these ions diffuse, and the 
temperature. In a somewhat simplified ap- 
proach, the flux can be approximated by the 
growth rate of the scale because all the 
ions transported through the scale contrib- 
ute to an increase of thickness of the scale. 
Therefore j can be replaced by dxldt. If the 
gradient of the defect concentration is line- 
arized in the form AcIx, where x is the thick- 
ness of the oxide, then the diffusion equa- 
tion can be written as 

dx -DAc 
- 

dt x 
(2-15) 

As Ac is a constant because it is deter- 
mined by the two fixed points of the oxygen 
partial pressures at the two boundaries of the 
oxide scale (i.e., metal/oxide equilibrium 
pressure andpo2 of the environment, respec- 
tively) and D is a constant as well, both can 
be taken together and replaced by a constant 
kk. The result is the general equation for par- 
abolic oxidation 

(2-16) 

This equation in the differential form can be 
integrated yielding the well-known parabol- 

ic type of equation 

x2 = 2kkt (2-17) 

Originally, this equation was derived by 
Wagner in a theoretical, detailed analysis of 
the electrochemical potential situation and 
the transport conditions in the scale. This 
analysis led to the final equation of the par- 
abolic rate constant which is (Wagner, 1933, 
1951, 1975; Kofstad, 1988) 

(2- 18) 

where kb, DM, and Do are given in square 
centimeters per second, with DM and Do 
the self-diffusion coefficients for random 
diffusion of the respective ions (metal and 
oxygen), and z the valence of the respective 
ion (anion and cation). As pb2 (oxygen par- 
tial pressure at the outside of the scale) is 
usually always higher than pb2 (interface 
between oxide and metal), the concentration 
gradient in the scale never equals zero. 
Therefore, scale growth never stops. 

The parabolic rate law which was derived 
for thickness growth can also be modified 
for weight gain by oxidation. In this case k;l 
has to be replaced by k; according to the 
equation 

kp” = 2 f: k i  (2-19) 

Values off ,  are given in Table 2-4 for 
several oxides. These values are, however, 
based on the assumption that the scale is 
free of pores and cavities and consists of 
only one phase. Under practical conditions 
this is not usually the case, and therefore 
these values should only be used for orien- 
tation. 

The oxidation rate constant kp is the most 
important parameter for describing oxida- 
tion resistance. If kp is low, the overall oxi- 
dation rate is low and metal consumption 
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Table 2-4. Calculation factor f ,  for the conversion 
of mass gain data into scale thickness data using Eq. 
(2-19) for several oxides and sulfidesa. 

Corrosion product fz (g/cm3) 

Fe304 1.43 

FeCr20, 1.45 

FeO 1.28 

Fe203 1.57 
Cr203 1.64 

FeS 1.76 
FeS2 2.60 

a Rahmel and Schwenk (1977). 

occurs at a very low rate. This is typical for 
protective oxidation. If k, is high, metal con- 
sumption occurs at a high rate and the case 
of nonprotective oxidation exists. From k, 
the metal consumption rate can also be cal- 
culated (Heitz et al., 1992). This requires 
knowledge of the stoichiometry of the 
oxide and the specific weight values, as well 
as the molar weights of the reactants. Then 
the metal consumption can be calculated ac- 
cording to the following procedure. 

The amount of oxygen uptake per unit 
area is equal to the mass gain AmlA and is 
given by the parabolic rate law 

(2-20) 

The weight of metal AmM consumed by ox- 
ide formation is calculated according to 

X M M  

Y M O  
AmM = Amo - (2-21) 

where MM is the molecular weight of the 
metal and Mo that of oxygen. Combining 
Eqs. (2-20) and (2-21) leads to (*I=(%) 2 

(2-22) 

The thickness of the metal layer xM con- 
sumed by oxidation is given by 

@ (2-23) 
AmM 1 x M M  

XM=---- - 
A @ M  @M Y M O  

with eM being the density of the metal, x and 
y as in Reaction (2-1). 

In graphical form, the parabolic oxidation 
is represented by a horizontal parabola as 
shown in Fig. 2-7a. The smaller k, is, the 
lower is the course of this parabola and the 
more protective is the situation for oxida- 
tion. For the experimental determination of 
k,, i.e., for the oxidation rate constant, the 
data measured as oxide scale thickness or 
mass gain as a function of time are plotted 
in a parabolic way. That is, the square of the 
scale thickness or the mass gain measured 
is plotted on the ordinate while time is plot- 
ted in a linear form on the abscissa, Fig. 
2-7 b. In such a plot the oxidation kinetics 

b 

- 
Tim, t 

T i m ,  t 

Figure 2-7. a) Schematic diagram of the course of 
parabolic oxidation. b) Schematic diagram of the pro- 
cedure to determine kb and k;, respectively, from ex- 
perimental data. 
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Metal Metal Metal 

(4 (b) (4 
Figure 2-8. Position of inert markers after oxidation when the scale growth is diffusion-controlled. a) Growth 
by metal cation diffusion. b) Growth by oxygen inward diffusion. c) Growth by simultaneous metal and oxygen 
diffusion (Kofstad, 1988). 

could be represented by a straight line; the 
slope of this straight line is the oxidation rate 
constant kb or kp”, respectively, which shows 
that this value can easily be determined from 
experiments. 

In the following, the discussion will fo- 
cus on the situation of oxide scale growth 
by solid state diffusion as represented by the 
parabolic rate law. Generally, two directions 
of oxide scale growth are conceivable, as 
shown in Fig. 2-8. One is that the scale 
grows by the outward diffusion of metal cat- 
ions and reaction with the oxidant on the 
outer side of the scale. The other is oxygen 
inward movement and oxide formation at 
the scale/metal interface. If an inert marker 
is placed on top of the metal surface before 
oxidation ( e g ,  platinum particles), then 
this marker would be found at the ox- 
ide/metal interface after oxidation in the 
first case, and on top of the oxide scale in 
the second case. Experiments sometimes 
show that this marker is even found within 
the oxide scale, indicating that it was not on- 
ly cation movement or oxygen diffusion that 
determined the oxide scale growth, but that 
both species diffusing in counter-directions 
contributed to the scale growth. This is often 
observed for many of the technical alloys. 

As the major parameter determining the 
oxidation rate constant is diffusion through 
the oxide scale, it should be possible to dis- 
tinguish between slowly growing scales 

with low diffusion rates and faster growing 
scales with higher diffusion rates. Indeed, 
when comparing diffusion data in oxides 
with the growth rates of oxide scales it turns 

10~11 

Figure 2-9. Self-diffusion coefficients in oxides 
(Birchenall, 1967). 
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out that such oxides where the two species 
(metal and oxygen) diffuse slowly also show 
the slowest growth rates for the oxide scales. 
This is illustrated by a comparison of Figs. 
2-9 and 2- 10. It turns out that generally dif- 
fusion in alumina is slowest among the ox- 
ides regarded in Fig. 2-9. Oxygen is slower 
than aluminum, which means that such a 
scale should grow predominantly by cation 
metal diffusion, as the fastest step in diffu- 
sion determines the oxidation rate. Diffu- 
sion rates are higher in chromia, and again 
it is metal cation diffusion that is faster than 
oxygen diffusion. Comparing these findings 
with the oxidation rates compiled in Fig. 
2-10 for alloys that form alumina or chro- 
mia scales clearly shows that alumina scales 
are the slower growing type. Thus alumina 
scales are not only the more stable but also 
the slower growing type. Both alumina and 
chromia show lower growth rates than iron 

TEMPERATURE, "C 

104/T, K 

Figure 2-10. Scatter bands of the values of the para- 
bolic rate constants k;  given in the literature for rna- 
terials forming chrornia and alumina scales, respec- 
tively [Kofstad (1988) after Hindarn and Whittle, 
(1982)l. 

Temperature (K) 
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Figure 2-11. Order of magnitude of the parabolic rate 
constant kF for several oxides as a function of ternper- 
ature (Birks and Meier, 1983). 

and most other oxides except SO,  (see Fig. 
2-1 1). 

2.4.2.4 Scale Growth Controlled 
by Mechanisms Other than Solid State 
Diffusion 

As well as parabolic oxidation, other 
types of oxidation may sometimes also 
occur; in these cases, solid state diffusion 
through the oxide scale is not the rate-deter- 
mining step for oxidation. In certain cases a 
linear rate law is observed 

- = k ,  or x = k l t  
dx 
dt 

(2-24) 

Such a law can be found if the reaction at 
the phase boundary metal/oxide or at the 
phase boundary oxide/environment is rate- 
determining. Furthermore, such a law de- 
scribes oxidation if transport of the oxidant 
to the metal surface from the environment 
determines the oxidation. In the latter case, 
a gas boundary layer is formed on top of the 
oxide scale and the reaction rate constant k, 
depends on the thickness of this boundary 
layer, i.e., on the velocity of the gas stream 
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along the surface. A negative linear rate law 
can be observed in the case of evapora- 
tion of the oxide. In addition to linear and 
parabolic oxidation, in some cases more 
complex rate laws are observed, among 
which the more important are the cubic, the 
logarithmic, and the inverse logarithmic 
laws 

x3 = k, t (cubic) (2-25) 

x = k ,  + k2 log(t+to) (logarithmic) (2-26) 

l/x = k, - k4 log t (inverse logarith.) (2-27) 

Complex rate laws are usually observed 
for alloys where different oxides are simul- 
taneously formed on the surface leading to 
changes in the oxidation rate. For example, 
if at the beginning a more or less nonprotec- 
tive oxide scale is formed which is under- 
grown by a protective partial layer then the 
oxidation rate will initially be higher than 
later in the oxidation period; in other words, 
“sub-parabolic” behavior will be measured. 
Complex rate laws will also follow when gas 
phase transport through pores or cracks in 
the scales is involved. This case, however, 
is not a protective situation and actually rep- 
resents at least partial failure of a protective 
scale. 

2.4.2.5 Specific Aspects of Oxide Scale 
Growth on Alloys 

Technical alloys are usually of compli- 
cated composition. The aspects discussed so 
far show that the addition of aluminum, 
chromium, and/or silicon to the alloy com- 
position can in particular be helpful for es- 
tablishing protective oxide layers based on 
these elements. In order to form a continu- 
ous protective oxide scale of these elements 
in alloys that are based on other metals, first 
of all aminimum alloying concentration must 
be present. This situation has been dealt with 
in theory by Wagner (1952) and further de- 

veloped by Whittle (1972). As a result of 
these considerations, the minimum concen- 
tration of the protective scale forming ele- 
ment needed can be calculated according to 

/ \1/2 

with 

(2-28) 

(2-29) 

where V ,  is the molar volume of the alloy, 
p i s  the ratio of oxygen anions to metal cat- 
ions in the oxide, Mo is the molecular weight 
of oxygen in grams, and D is the interdiffu- 
sion coefficient of the element in the alloy 
that forms the protective scale. These equa- 
tions are used e.g. for Alloy 800 at 800°C 
for the assessment of the critical amount N,  
of protective chromia scale formation by 
Schutze (1997). In this case N ,  was calcu- 
lated as 0.182, which corresponds to a 
chromium concentration in the alloy of 
16.9 wt.% Cr. 

The ratio k i / D  is characteristic for an al- 
loy for determining its ability to form a pro- 
tective scale. In this case ki is the metal re- 
cession rate constant due to oxidation. This 
dependence of the critical concentration in 
the alloy on the k i / D  ratio is illustrated by 
the graph in Fig. 2-12. Field 1 in this figure 
shows the area in which no protective oxide 
scale can be formed, since the amount of 
chromium is insufficient for a continuous 
scale and instead internal oxidation of 
chromium in the base material may occur. 
As under practical conditions cracking and 
spalling of protective oxide scales may of- 
ten occur, there must be a reservoir of the 
protective scale forming element in order to 
reestablish the scale after failure, which is 
dealt with by fields 2 to 4. The meaning of 
these fields is as follows: 
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Figure 2-12. Critical values for the atom fraction N ,  
of the protective scale forming element (in this exam- 
ple chromium) as a function of the kilD ratio. Also 
shown are the band widths of the kilD ratio for Fe-Cr 
and Ni-Cr alloys (Whittle, 1972). 

2) The protective scale can be formed in- 
itially but not reformed after spalling as 
the chromium concentration is too low. 

3) The scale can be reformed at least once 
after spalling. 

4) The scale can be reformed several times 
after spalling as the concentration of 
chromium in the alloy is sufficiently high. 

Again taking the example of Alloy 800 
which forms a chromia scale, the respective 
values for the alloy content NB (with B = Cr) 
at 800°C for the four situations would be 
(Schutze, 1997): 

2) 0.182 < NB < 0.331. 
1) N B  < 0.182. 

3) 0.331 < N B  < 0.453. 
4) N B  > 0.453. 

The necessity of a reservoir for protec- 
tive scale formation is also illustrated by 
Fig. 2-13. This figure shows the surface of 
an iron-base material on which a very thin 
alumina scale had formed. The scale is so 
thin that even the grain boundaries of the 

Figure 2-13. “Oxide Roses” on an Fe-5Al alloy after 
oxidation in 0, at 800°C for 22 h (Boggs, 1971). 

underlying metal are still visible in the sur- 
face structure. This very thin protective alu- 
mina scale, however, shows a few cracks, 
possibly due to oxide growth stresses at 
which fast-growing, iron-rich “oxide roses” 
have grown out of the scale. The reason for 
this is that formation of the alumina scale 
has depleted the metal subsurface zone to 
such an extent that it lies below the critical 
value that is necessary for the formation of 
the protective alumina scale. As a result, 
these cracks could not be closed again by 
alumina formation and the protective situa- 
tion came to an end. The process of subsur- 
face zone depletion is further illustrated by 
Fig. 2-14, which shows for an oxidizing 
9Cr-steel that the chromium content in the 
metal subsurface zone is a function of the 
oxidation time. Again, N ,  was calculated 
and plotted as a horizontal line at 6.7 mass% 
Cr. After about 1000 h, the chromium con- 
tent drops below N, and at failed parts of the 
scale pure protective chromia can no long- 
er be reformed. As a consequence, the oxi- 
dation rate of this material increased above 
1000 h (Vossen et al., 1997). 
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Figure 2-14. Silicon and chromium concentration in 
the metal subsurface zone of the 9Cr-steel P91 after 
oxidation at 650°C as a function of oxidation time 
(Vossen et al., 1997). 

The influence of the subsurface zone 
composition on oxidation can be character- 
ized from the viewpoint of mass change 
measurements, as shown in the schematic 
diagram in Fig. 2-15. The course of protec- 
tive parabolic oxidation is described by the 
points OAB. Nonprotective (still-parabolic, 
diffusion-controlled oxidation at a high ox- 
idation rate) occurs along the points OF. The 
first type could, e.g., be due to the forma- 
tion of protective alumina or chromia scales 
on iron base materials; the second type 
could be present if nonprotective iron-rich 
scales are formed. The course of the line 
characterized by points OAE would repre- 
sent such a situation as observed in Fig. 

time 
Figure 2-15. Schematic diagram of the different 
types of mass gain curve which can be measured for 
alloys forming protective oxide scales (Rahmel and 
Schwenk, 1977). 

2-13 where “oxide roses” had formed, and 
which is commonly called “breakaway 
oxidation”. From 0 to A a protective oxide 
scale existed, but at point A this oxide scale 
started to fail, usually due to crack forma- 
tion often resulting from scale growth 
stresses. At point A, depletion in the metal 
subsurface zone has reached the point where 
protective oxide can no longer be reestab- 
lished at failed parts of the scale. Thus the 
protective effect of the scale is lost. 

In some cases, rediffusion of protective 
scale forming alloying elements from the 
metal interior can fill up the level in the met- 
al subsurface zone so that, although break- 
away had occurred, after a certain time a 
protective scale can again be reestablished. 
This is described by the points OACD. For 
chromium containing iron base alloys a gen- 
eral rule has been established (Rahmel and 
Schwenk, 1977) whereby behavior similar 
to OF is observed for materials containing 
less than 2% Cr, behavior OACE corre- 
sponds to alloys with less than 10% Cr, the 
course OACD is found for alloys containing 
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10-20% Cr, while alloys with chromium 
contents higher than 20% should show a 
curve like OAB. 

This is also reflected in Fig. 2-16, which 
shows the influence of the chromium con- 
tent in iron-based alloys, indicating the dif- 
ferent oxides formed at the different alloy 
contents. This diagram shows that the high 
parabolic rate constants that are observed 
for unalloyed steel or pure iron can be de- 
creased by about five orders of magnitude 
when a sufficient amount of chromium is 
added. It furthermore shows that with in- 
creasing chromium content the number of 
different iron oxides that can be formed is 
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reduced; in the end the formation is fully 
suppressed if the chromium content is high- 
er than about 18%. As at temperatures of 
about 570 “C (wustite temperature) and 
higher, in addition to the slower-growing 
Fe,O, (magnetite) and Fe,03 (haematite), 
fast-growing FeO (wustite) is formed, it is 
important that this formation can be shifted 
to higher temperatures or even suppressed 
by adding sufficient amounts of chromium. 
As Fig. 2-16 shows, 9% chromium would 
be high enough to suppress FeO formation, 
resulting in a reduction of the oxidation rate 
of more than three orders of magnitude. 

0 10 20 30 40 50 60 70 80 90 100 
Alloy chromium content, wtK 

Figure 2-16. Influence of the chromium-content on the oxidation rates of iron-based alloys from isothermal in- 
vestigations at 1000°C in oxygen (Wright, 1987). 
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2.4.3 Internal OxidatiodCorrosion 

If no protective oxide scale can be formed 
on the surface, or if the scale shows cracks 
or other types of channels for rapid gaseous 
transport through the scale, internal corro- 
sion or oxidation can become possible. 
Besides oxidation, it is mostly internal sul- 
fidation, nitridation, and carburization that 
are observed under technical conditions. 
Naturally, internal corrosion is not desired 
as it changes the optimized mechanical 
properties of a material. Furthermore, it may 
lead to grain-boundary weakening, which in 
time may result in the initiation of surface 
cracks in the case of stresses in a compo- 
nent. This is usually equal to the end of life 
of a component. Internal corrosion depends 
on several prerequisites (Rapp, 1965), as 
follows: 

1. The base metal A and the alloy consist- 
ing of A and B must be able to dissolve 
the oxidant X. 

2. The free energies of formation must be 
lower for the corrosion product BX than 
for the corrosion product AX, i.e., AGBX 
<AG,,, which means that B must have 
a higher affinity to X than A. 

3. Oxidant X must diffuse faster into the al- 
loy than metal B from the inside of the al- 
loy to the surface. 

4. B must not exceed the minimum concen- 
tration given in the last section, otherwise 
a continuous scale of BX would form. 

5. No initial surface layer to prevent the dis- 
solution of X. 

where N; is the solubility of the oxidant 
in the metal. The kinetics of internal oxida- 
tion can be described by (Birks and Meier, 
1983) 

(2-31) 

X in this equation is the penetration depth of 
the internal corrosion zone, which is a func- 
tion of the square route of time. N: is the 
initial solute concentration and y is a stoi- 
chiometric factor. 0; is the diffusivity of 
the oxidant in metal A. N; 0; is also called 
the oxygen permeability in metal A. The 
considerations covered so far show that, 
even under a dense oxide scale BX, internal 
oxide CX can be formed if the latter has a 
higher stability than the surface scale oxide 
BX. The reason for this is that the equilib- 
rium oxygen partial pressure of the outer 
scale oxide BX is higher than the po, need- 
ed for the formation of the more stable inter- 
nal oxide CX, i.e., according to Eq. (2-30) 
sufficient oxygen is dissolved in A for CX 
formation. 

Examples of the complex situation that 
might arise from internal corrosion are giv- 
en in Figs. 2-17 to 2-19. The first one shows 
a cast 25Cr-20Ni-Fe alloy after oxidation at 
1000°C. As a protective barrier, chromia 
has formed on top of the metal with a 
further partial layer of a spinel containing 
manganese and iron. As silica is more stable 
than chromia, internal oxidation of silicon 
occurs forming discrete particles of Si02 as 
the oxygen becomes dissolved beneath the 

The extent of the zone of internal COTTO- 

sion depends first of all on the partial pres- 
sure px, of the oxidant at the metal surface 
leading to internal corrosion. This depen- 
dence is described by Sievert’s law (Rahmel 
and Schwenk, 1977) 

N; a &: 

chromia scale. The equilibrium partial pres- 
sure for the system CrzOdCr in the alloy is 
significantly higher than that for sioz (see 
Fig. 2-2). Therefore the m~ount  of oxygen 
dissolved in the metal subsurface zone be- 
neath the oxide scale is sufficient to form 
internal silicon oxide. Another observation 
which is worth mentioning is the carbide- (2-30) 
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I Figure 2-17. Structure and composi- 1 “2’3 I(Mn’Fe’cr20hl Gas tion of the oxide scale and the internal 
oxidation zone of a cast 25Cr-20Ni-Fe 
alloy after oxidation at 1000 “C in air 
for 1000 h (Griinling et al., 1982). 

Material  
Cr-depleted 

carbide-free zone 

L 

free zone, which is due to chromium con- 
sumption by the oxidation process as the 
M,& carbides are mainly chromium car- 
bides. This example illustrates the situation 
of internal oxidation beneath a closed, dense 
oxide scale. 

In practice, situations are often encoun- 
tered where the protective oxide scales con- 
tain cracks or open porosity which acts as 
channels for gaseous inward transport to the 
metal. Two examples of internal sulfidation 
are given in Fig. 2-18. In this case, the sul- 
fur-containing species can penetrate the 
scale via the gas phase and react with the 
underlying metal forming internal sulfides. 
An important issue in this respect is the com- 
position of the gas phase of the environment. 
If oxygen is involved in the equilibrium 
between the different components of the en- 
vironment, then the activity of one of the 

other species may increase towards the met- 
al/oxide interface, as shown in Fig. 2-18b. 
The reason for this is that along the narrow 
transport channels through the oxide scale 
the oxygen partial pressure decreases. Thus, 
in this case, the equilibrium is shifted to- 
wards the sulfur-containing component, i.e., 
the sulfur partial pressure increases in the 
same direction as the oxygen partial pres- 
sure decreases. This, of course, can lead to 
a particularly critical situation, where high 
sulfur activities are present under a protec- 
tive oxide scale, leading to severe internal 
sulfidation. The situation is different if oxy- 
gen is not involved in the equilibrium of the 
gas phase, as shown by the example in 
Fig. 2- 18 a. Thus the sulfur activity remains 
constant throughout the scale and the inter- 
nal corrosion is less severe than in the 
other case. 

o x i d e  s u l f i d e  m e t a l  

a) b) 
Figure 2-18. Internal sulfidation by the transport of sulfur-bearing molecules through cracks or open pores in 
an originally protective oxide scale. a) H,S-containing gas, b) SO,-containing gas (Grabke et al., 1986). 
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These findings can also serve as an ex- 
planation of high temperature crevice cor- 
rosion. An example of this type of internal 
corrosion is given in Fig. 2-19. This figure 
shows a surface crack in Alloy 800 around 
which strong internal carburization has oc- 
curred in a coal gasification atmosphere, 
while at the outer surface a protective chro- 
mia scale is found beneath which no inter- 
nal carburization is observed. Usually, the 
composition of this coal gasification atmos- 
phere shows a sufficiently high oxygen par- 
tial pressure for the formation of a protec- 
tive chromia scale (see Fig. 2-4), and indeed 
chromia scales are observed on the outer 
surface beside the crevice. However, as oxy- 
gen and carbon are involved in the gas phase 
equilibrium of the H20, H,, CH,, C02,  and 
CO mixture of this gasification atmosphere, 
the oxygen partial pressure decreases down 

Figure 2-19. Internal carburization around a crevice 
in Alloy 800H after 167 h at 800 "C in a coal gasifi- 
cation atmosphere (Schutze and Rahmel, 1983). 

the very narrow, oxidized crevice so that the 
carbon activity of the gas within the crevice 
increases on travelling inwards. If the oxide 
scale in the crevice is porous (which can be 
the case if fast growing, nonprotective ox- 
ides are formed on the crevice surfaces af- 
ter strong chromium depletion in the sur- 
rounding metal zone and exhibit high 
growth stresses due to their high growth 
rates, thus resulting in permanent cracking) 
or if the oxygen partial pressure in the cre- 
vice drops below the equilibrium value for 
oxide formation, then an unimpeded uptake 
of carbon into the metal can occur. If the sol- 
ubility limit of carbon is exceeded, carbide 
precipitation will start. For this reason, even 
at high temperatures it should be kept in 
mind that crevices in corrosive environ- 
ments usually represent a critical situation. 
This situation may become even worse if 
tensile stresses act on such a crevice lead- 
ing to an interaction of corrosion and growth 
of the crevice, ending up as complete me- 
chanical failure of the component. 

2.5 The Influence of Mechanical 
Stress on Oxidation 

2.5.1 Stresses in Oxide Scales 

Stresses in oxide scales may play a key 
role in the oxidation resistance of materials. 
This is sometimes neglected in laboratory 
investigations but, as analyzes of practical 
damage cases show, the failure of compo- 
nents is often initiated by stresses either re- 
sulting from the oxidation process itself or 
from operation of the component. There are 
generally three types of stress which have 
to be considered. These are the external 
stresses aext resulting from operation, the 
thermally induced stresses q h e r m  due to 
temperature changes of the system, and the 
growth stresses a,,, which result from the 
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oxidatiodcorrosion process itself. The sum 
of all these stresses determines whether me- 
chanical scale failure will occur or not. In 
other words, if the sum reaches or exceeds 
a critical value 0, (which will be discussed 
later), cracking or spalling of the protective 
oxide will occur (Schutze, 1997) 

Otot = Oext -k Otherm -k Oc (2-32) 

All these stresses can be quantified by dif- 
ferent experimental techniques and model 
calculations, so that it is possible to assess 
whether scale failure is to be expected or 
not. 

For the external stresses, the stress level 
in the scale can be calculated from the op- 
erating conditions. Depending on the strain 
distribution in the component and its geom- 
etry, in most cases the stresses in the scale 
can be derived from the strain that the sur- 
face of the component on which the scale 
has formed experiences. This requires direct 
contact between scale and underlying met- 
al, which is usually the case for a protective 
scale. 

The thermally induced stresses can be 
calculated from the coefficients of thermal 
expansion according to the following equa- 
tion (Tien and Davidson, 1975) 

(2-33) 
-EOx AT(aM - a O x )  

- Y M  ) -k ( l -  Y O x )  
Eox do, Otherm = 

~~ 

EM dM 

where a is the coefficient of thermal expan- 
sion (CTE) for the metal and the oxide, re- 
spectively, and Y is the Poisson's ratio. AT 
stands for the temperature change. The 
CTEs for technical materials can be found 
in many of the materials producers' bro- 
chures, and those for corrosion products are 
given in the literature (e.g., Schutze, 1997). 
A compilation of maximum CTEs for the 
temperature range of 0- 1000 "C for sever- 
al metallic substrate materials and surface 

oxides, as well as for ceramics and intermet- 
allics, is given in Fig. 2-20. In most cases, 
the CTEs can be approximated by linear be- 
havior in the temperature range concerned, 
but in some cases, where phase changes oc- 
cur in the scale during the temperature 
change, a nonlinear course is found for the 
CTE. This is, e.g., the case for several sul- 
fide layers (Schulte and Schutze, 1999) and, 
which is particularly important, for magne- 
tite and some iron-based spinels (Armitt et 
al., 1978). This naturally decisively affects 
the stress situation in the oxide scales on low 
alloy steels (Christ1 et al., 1989). In the tem- 
perature range between around 600 and 
450 "C, the magnetite partial layer is under 
tensile stress when cooling from 600 "C. At 
lower temperatures this oxide partial layer 
may come under compressive stresses, de- 
pending on the metallic substrate and its 
CTE. In the hematite layer the stresses are 
always compressive, as the CTE always lies 
below that of the low alloy steels (the ex- 
ception is 9% chromium steel at tempera- 
tures below 150 "C). 

Two different types of growth stresses 
can be distinguished. The first type is the 
geometrically induced growth stresses 
which are due to the surface curvature of 
components, and the second type is the in- 
trinsic growth stresses. As can often be seen 
in oxidation experiments, the oxide scales 
crack at the edges of the specimens, initial- 
ly leading to a locally increased attack at 
these sites. Such a cracking is usually due 
to geometrically induced growth stresses 
which arise at edges and corners due to the 
small surface curvature radius. This situa- 
tion has been dealt with quantitatively by 
Manning (1981). 

With the help of models, the tangential 
and radial stresses can be calculated for the 
ideal case of curved surfaces with a constant 
radius of curvature. Introduction of the ox- 
ide displacement vector M is helpful here; 
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Figure 2-20. Maximum values of the coefficients of 
thermal expansion for the temperature range 0- 
1000°C for various oxides (shaded columns) and 
substrates (Schiitze, 1992). 

M lies perpendicular to the oxide/metal 
interface and describes the displacement of 
a reference point in the film resulting from 
the oxidation. The magnitude and sign of M 
are incorporated in M, which is calculated 
as follows 

M =  RpB(l-a)-(l-V) (2-34) 

where a is the fraction of oxide formed on 
the scale surface, (1 -a)  is the fraction of ox- 
ide formed at the metal/oxide interface, Vis 
the volume fraction of metal consumed in 
the oxidation by injecting vacancies into the 
metal, (1 - V) is the volume fraction of met- 
al consumed in the oxidation which origi- 
nates directly from the metal surface, and 
RpB is the Pilling-Bedworth ratio (see later 
in this section). 

The oxidation leads to an increase in the 
strain in the circumferential direction (tan- 
gential strain &,) with a rate of 

where R, is the radius of curvature of the 
surface (concave R,c 0, convex R, > 0), and 
h is the metal recession (increase in oxide 
film thickness dx = R,, dh). Equation 
(2-35) allows the tangential stresses 06, 
to be calculated assuming linear elastic be- 
havior. The magnitude of the maximum ra- 
dial stresses CT& is given by 

(2-36) 

The relationships between the signs of the 
tangential and radial strains and stresses in 
the scale and at the metal/oxide interface, 
respectively, are 

sign EL, = sign (-E&, R,) 

sign a&, = sign (-a&, R,) 

(2-37) 

(2-38) 

A plus sign indicates tensile, a minus sign 
means compressive. The relationships de- 
scribed are illustrated in Fig. 2-21. 

As a consequence, the sign and level of 
the stresses in the scale depend on its growth 
direction, and on the radius of service cur- 
vature, as well as on the Pilling-Bedworth 
ratio (PBR). The latter was introduced in 
1925 in order to explain the formation of 
growth stresses during oxidation, and de- 
scribes the volume change that is involved 
in the transition from the metal lattice to the 
cation lattice of the oxide when only the 
oxygen anions are diffusing. In other words, 
the PBR corresponds to the ratio of the vol- 
ume per metal ion in the oxide to the vol- 
ume per metal atom in the metal. Values for 
the Pilling-Bedworth ratio are tabulated in 
Table 2-5, but extensive work in past years 
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Figure 2-21. Schematic diagram of the situation concerning the development of geometrically induced growth 
stresses (arrows) in oxide scales on curved surfaces for scale growth by anion and by cation diffusion, respec- 
tively (Christ1 et al., 1989). 

Table 2-5. Pilling-Bedworth ratios for some techni- 
cally important oxides and metal substratesa. 

System PBR 

Al,O,/AI 
NiO/Ni 
FeOla-Fe 
CoO/Co 
Cr,O,/Cr 
Fe,O,/a-Fe 
Fe,O,/a-Fe 
Fe(FeCr),O, spinel/Fe-Cr 
FeCr,O,/Fe- 18Cr-8Ni 
Cr20,/Fe-25Cr-20Ni 
Fe,O,/FeO 
Fe,O,/Fe,O, 
TiO,/Ti 
Si02/Si 

1.28 
1.65 
1.68 
1.86 
2.07 
2.1 

2.14 
2.1 
2.1 
2.1 
1.2 

1.02 
1.73 
2.15 

a Kofstad (1988), Stringer (1970), Hancock and Hurst 
(1974). 

showed that, at least for the explanation of 
the overall stress situation in oxide scales, 
the Pilling-Bedworth approach cannot be 
used successfully. It may, however, be of 

great help for the assessment of the geomet- 
rically induced growth stresses, as shown 
earlier. 

Intrinsic growth stresses are presently not 
reliably accessible by model calculations. 
There have, however, been several inves- 
tigations by different experimental tech- 
niques whose results are summarized in Ta- 
ble 2-6, and at present a relatively good 
understanding of the mechanisms leading to 
intrinsic growth stresses has been achieved. 
Intrinsic growth stresses may arise from 
phase changes in the oxide and most of all 
from the oxide growth process itself. The 
reason for such growth stresses is usually 
that the oxide scale does not grow only in 
one direction, but in most cases it grows by 
counterdiffusion of the oxide-forming spe- 
cies. In this case part of the oxidation, i.e., 
oxide formation, takes place in the interior 
of the oxide scale, thus creating new oxide 
volume resulting in the build up of compres- 
sive stresses. This situation is explained by 
the schematic diagram in Fig. 2-22. In par- 
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Table 2-6. Oxide growth stresses on different sub- 
strates as determined from experimentsa. 

FeCrAl A1203 850 
900 
1000 
1050 
1300 

FeCrAlY A1203 1000 

Cr Cr203 875 
940 

NiCr alloy Cr203 1000 

Stainless steel Cr203 1000 

Ni NiO 627 
900 
940 

1027 

-20 
0 

285 
- 

- 

- 

- 
> O  

- 

- 

35 

> O  
-41 

- 

- 
- 

-400 

0 to -337 

- 80 

200 
-353 

negligible 

> O  

-90 

- 

ca. 20 
1365 

12- 110 

a Different sources compiled in Huntz and Schutze 
( 1994). 
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(b) 
Figure 2-22. Schematic diagram showing the forma- 
tion of intrinsic growth stresses for a chromia scale, 
and b) the effect of the addition of active elements to 
an alloy (Kofstad, 1988). 

ticular, for the oxidation of pure chromium 
it has been found that at temperatures above 
1000 "C the scale cracks periodically when 
the intrinsic growth stresses exceed a criti- 
cal value (Lillerud and Kofstad, 1980). Sev- 
eral parabolic partial steps exist in the ki- 
netics curve, which are due to cracking af- 
ter each of these steps and exposure of the 
bare metal surface under a detached and 
cracked surface oxide scale to the surround- 
ing atmosphere. Thus the fast, initial oxida- 
tion period starts again, leading to a new par- 
abolic partial oxidation curve. If the temper- 
ature is increased to 1200"C, the intervals 
for cracking become so short that they can 
no longer be resolved in the curve. Instead, 
a fast, linear curve results, which shows that 
due to permanent cracking of the scale by 
intrinsic growth stresses no protection can 
be maintained and that the initial surface 
steps in oxidation are always rate-determin- 
ing. 

The second part of Fig. 2-22 illustrates 
that buckling and cracking of oxide scales 
due to intrinsic growth stresses can be sup- 
pressed by the addition of active elements 
to the alloy. There are several possible ex- 
planations for the active element effect, 
which helps to improve adhesion of the scale 
and which has been proven for a number of 
different materials. The major mechanisms 
are (Rahmel and Schutze, 1992): 

1. Change of the transport properties in the 
scale, i.e., metal cation diffusion in the 
outward direction can be suppressed by 
the presence of certain active elements 
so that only oxygen-inward transport oc- 
curs, leading to scale formation solely at 
the metal interface. Thus the amount of 
growth stresses and the scale thickness 
are reduced. 

2. Increase of the number of oxide nuclea- 
tion sites at the beginning of oxidation, 
resulting in a more fine grained oxide and 
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a reduced number of nonprotective oxide 
nuclei, both leading to a scale that is more 
tolerable to mechanical stresses. 

3. Tie-up of sulfur impurities in the metal 
substrate, thus impeding the segregation 
of sulfur to the metal substrate interface 
which would usually reduce the adhesion 
strength of the scale. 

4. The formation of oxide pegs at the metal 
grain boundaries leading to a keying ef- 
fect of the oxide on the metal. 

5. Reducing the number of physical defects 
like pores in the oxide, thus reducing the 
susceptibility of the scale to cracking or 
detachment (see later). 

Today most of the advanced materials 
used at temperatures around 1000 "C rely on 
the effect of active element additions to the 
alloy. In particular, for protective coatings 
on gas turbine materials which were opti- 
mized for oxidation resistance, the active 
element effect plays the key role for long- 
term oxidation protection of the structures. 
The most common active elements in this 
respect are yttrium and cerium and to some 
extent also rhenium, hafnium, and zirconi- 
um. 

2.5.2 Mechanical Scale Failure 

As already mentioned, mechanical scale 
failure takes place when a critical stress lev- 
el 0, is reached. This critical stress level can 
be converted into a critical strain E, by sim- 
ply dividing the stress by the Young's mod- 
ulus Eo, if it is assumed that elastic behav- 
ior dominates in scale failure. Strain values 
are better suited for discussion than stress 
values, as they can easily be determined by 
experiments. Therefore the following dis- 
cussion, which is covered in more detail in 
the literature (Schutze, 1995), will be based 
on critical strain values for failure of the ox- 
ide scales. Generally, two failure cases are 
conceivable depending on the stress situa- 

tion in the scale. The first is failure due to 
tensile stresses and the second is due to 
compressive stresses. For tensile failure a 
generally agreed fracture mechanical mod- 
el has been developed describing the criti- 
cal strain E, 

&, = (2-39) Klc 

f Eox f i  
In this equation K,, denotes the fracture 
toughness of the scale, f denotes a geomet- 
rical factor which is equal to one if the phys- 
ical defect leading to failure is embedded in 
the scale, E,, is the Young's modulus of the 
scale, and c denotes the size of the physical 
defect (pore, flaw, microcrack, etc.) and is 
equal to the radius of the defect if it is an 
embedded defect or equal to the length if it 
is a surface defect. Applying this equation 
to data from the literature leads to the criti- 
cal strains plotted in Fig. 2-23 as a function 
of the physical defect size for different com- 
mon oxides. 

For compressive failure the situation is 
slightly more complicated as it may consist 
of several consecutive steps. The most con- 
servative approach regards the beginning of 
the growth of the physical defect at the scale 
metal interface 

(2-40) 

where, in addition to the parameters already 
known, r denotes the interfacial amplitude 
of a wavy interface between oxide and met- 
al and m is an elastic parameter which is 
equal to 2EoXl(1 + yo,). For an alumina 
scale, this equation would lead to the results 
shown in Fig. 2-24. This Figure illustrates 
the basic principles of the equation and 
shows that with increasing scale thickness 
d the strain that can be tolerated by the ox- 
ide scale decreases. The same is true if the 
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Figure 2-23. Scale failure diagram of 
tensile deformation according to Eq. 
(2-39) for several oxides (Schutze, 
1995). The critical strain eC is given in 
absolute values. For percentage values 
a factor of 100 has to be applied. 
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interfacial amplitude Y decreases. As can be 
seen from the equation, the physical defect 
size cg also decreases the strain to failure if 
it increases. 

After this first failure step other steps fol- 
low which are illustrated in Fig. 2-25 and 
given by the following model equations 

- Buckling of detached parts 

(2-41) 

with R being the initial radius of the zone 
of decohesion. 

- Crack deflection towards the surface at 
the perimeter of the buckled configura- 
tion 
-&;f = 3.6 (%) 2 

(2-42) 

- Spalling of parts of the scale 

Figure 2-24. Dependence of the critical strain to Ijdo,(1--Y) 
compressive scale failure due to Eq. (2-40) on the dif- 
ferent parameters (for discussion, see text); fixed de- 
fect size cg = 1 pm (Schutze, 1995). Dashed lines = 
shear failure. 

with yo being the fracture energy of the 
oxide/metal interface or the plane in the 
oxide in which the failure occurs. 
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Figure 2-25. a-f) Schematic diagram of the differ- 
ent failure situations in oxide scales under tensile or 
compressive stresses (Schutze, 1998). 

Models also exist for shear failure initiat- 
ed at physical defects (see Fig. 2-25), but 
they are not, however, discussed here. 

Some data on scale failure have been de- 
termined experimentally and are illustrated 
in Fig. 2-26 for tensile stresses, which is re- 
garded as the more critical situation. Figure 
2-26a shows the situations for an alumina 
scale on a high alloy steel and for a chromia 
former. Figure 2-26b shows the results for 
nickel oxide on nickel. The data are plotted 
versus the applied strain rate at a variety 

of temperatures. The figures show that the 
strains to scale cracking which were meas- 
ured in the experiments are extremely low 
and close to those predicted by the model 
calculations. The critical strains are lowest 
for the alumina scale followed by the chro- 
mia scale, being highest for the nickel ox- 
ide scale. Furthermore, the scales showing 
higher strains depend significantly on the 
strain rate. This strain rate dependence may 
be due to some localized stress relaxation 
in the oxide scale by temperature assisted 
deformation processes. Nevertheless, it 
should be kept in mind that even at the ser- 
vice temperature of metallic alloys, which 
is usually not higher than 1000 "C, the pro- 
tective oxide scales behave in a brittle man- 
ner. In other words, the protective effect 
would be lost after very low strains if the 
scale is unable to restore its protective ef- 
fect by healing processes at the cracked or 
spalled sides. Infact, metallic alloys would 
not be able to survive in service due to cor- 
rosion at high temperatures if crack healing 
did not occur. The reason for this is that in- 
service-strains in the range of 1% and high- 
er may often be encountered, which would 
cause the protective oxide scales to crack 
several times. Fortunately, for most techni- 
cal alloys protective oxide scales can reheal 
cracks in their surface. 

2.5.3 Healing of Oxide Scale Cracks 

Examples of the healing process are 
shown in Fig. 2-27. From the theory it seems 
to be most desirable that scales grow by out- 
ward cation diffusion in order to have good 
healing capabilities. In this case, the crack 
would be filled up by oxide growth on all 
surfaces of the scale, which includes the 
crack faces of the scale crack. Since the 
oxidation rate is a function of the length of 
the diffusion path through the scale, the 
oxidation rates are highest at the tip of the 
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Figure 2-26. Critical tensile strain 
to scale cracking as a function of 
strain rate for several oxide scales 
on different substrates (Schutze, 
1998). 
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scale crack and lowest at the outside of 
the scale. Therefore, with time the crack 
would be closed by the fast oxidation with- 
in the crack and in the end only scars may 
be found in the oxide scale surface (see 
Fig. 2-27 c). However, as practical investi- 
gations showed, even scales growing par- 

tially in the inward direction are capable of 
completely healing surface cracks so that 
practically all technical alloys, independent 
of whether the scale only grows in the out- 
ward direction or whether there is also some 
significant contribution by inward scale 
growth, are able to completely close cracks 
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in the oxide by healing (Schmitz-Niederau 
and Schutze, 1999). As shown in the litera- 
ture (Schutze, 1997), this healing process 
can occur very rapidly and close a crack 
within seconds or minutes. This is even true 
if superimposed tensile stresses lead to 
creep of the underlying substrate, and in 
model calculations (which were verified ex- 
perimentally) critical strain rates could be 
determined for immediate closure of oxide 
scale cracks. 

The model calculations yield a diagram 
that shows the critical strain rate for crack 
healing as a function of the oxidation rate 
constant of parabolic oxidation and the av- 
erage distance between the cracks formed in 
the protective oxide scale (Schutze, 1987). 
The oxidation rate constants of most of the 
protective scales are in the range of lo-'' to 

m2 s-' which means that the critical 
strain rates for crack healing are found at 
around s-'. This is a comparatively 
high strain rate compared to strain rates en- 
countered under practical conditions, which 
are usually lower than or lo-'' s-'. 
Temporarily, it may be possible that higher 
strain rates are encountered locally, and in 
this case it is therefore more important to 
know the actual values of the critical strain 
rate for crack healing that can maintain the 
protective effect of the scale after cracking. 
An important aspect with regard to this is 
the composition of the metal subsurface 
zone. As mentioned earlier, depletion of the 
protective scale forming element by the on- 
going oxidation process may lead to levels 
that are below those necessary for the for- 
mation of a protective scale. Therefore it is 
of particular importance that from the view- 
point of mechanical stresses in the scale sub- 
Strate system, a sufficiently high reservoir 
of the scale-forming element is present. 
Otherwise, the initial cracking of the oxide 
scale would be equal to the final loss of 
the protective effect (see Sec. 2.4.2.5). The 

Figure 2-27. Examples of healed scale cracks on Al- 
loy 800H oxidized at 800 "c: a) metallographic cross 
section of a creep specimen, b) SEM picture of the 
surface after creep at a strain rate of 8, and c) 
SEM picture of the surface after creep at a strain rate 
of ~ O - ' S - ~  (Schutze, 1997). 
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level of protective scale forming element 
in the alloy that is necessary to maintain 
the protective action after spallation and 
cracking can be calculated by a quantitative 
model which is based on the considerations 
in Sec. 2.4.2.5 and described in detail by 
Whittle (1972). 

2.5.4 The Role of Internal Corrosion 

It should be mentioned that, in particular, 
internal corrosion along grain boundaries 
may lead to severe problems in terms of 
component life time. Even a simple process 
such as the internal oxidation of alumi- 
num along grain boundaries in technical 
alloys like Alloy 800 may lead to severe 
difficulties, as shown in the literature 
(Barbehon et al., 1987). Alloy 800 contains 
small amounts of aluminum (up to 0.4%), 
which may be oxidized internally even 
under adense chromia scale (see Sec. 2.4.3), 
leading to precipitates at the grain boundar- 
ies. This internal oxidation is further stim- 
ulated by repeated cracking or spalling of 
the scales, as in this case the oxygen partial 
pressure or the amount of oxygen dissolved 
in the metal subsurface zone increases. The 
result is that the depth of internal oxidation 
increases. As experimental investigations 
show, brittle aluminum oxides at grain 
boundaries promote crack initiation from 
the surface if tensile stresses are present in 
the substrate (Bruch et al., 1984). Such types 
of crack initiation can soon lead to mechan- 
ically assisted crack growth, which ends in 
failure of the component by creep crack 
growth or fatigue crack growth. 

A similar situation can be encountered for 
internal sulfidation, which is often focused 
at grain boundaries (Stroosnijder et al., 
1991). In this case, crack initiation and even 
crack growth are stimulated again due to the 
presence of weak sulfide particles, or in 
nickel-based alloys due to the formation of 

a low melting nickel-nickel sulfide eutectic 
at the grain boundaries. As the external 
loads in a component usually remain the 
same during the loading time the cross sec- 
tion decreases due to this corrosion process, 
which means that the stress in the material 
increases. As with decreasing cross section 
the stress level increases further, the crack 
growth rate accelerates and at a certain point 
rapid and often surprising failure of compo- 
nents by cracking is observed. This obser- 
vation emphasizes that it is important in 
stressed components to carefully follow the 
course of internal corrosion from the out- 
side, and take all measures to avoid extreme 
internal attack of grain boundaries. In this 
respect the already mentioned high temper- 
ature crevice corrosion (Sec. 2.4.3) may al- 
so play a role, as surface cracks once initiat- 
ed may lead to an enrichment of the aggres- 
sive component of the environment in the 
crack interior, thus further increasing inter- 
nal corrosion at the front of the crack tips 
and enhancing corrosion assisted crack 
growth. 

2.6 Chemical Scale Failure 

In several industrial environments, the 
deposition of ashes and salts on the surface 
of the components may occur at high tem- 
peratures. In this case, corrosion is deter- 
mined by both the deposit and the gaseous 
environment. Underneath the deposits, the 
formation of a protective oxide scale may 
be impeded or, as is often observed, the for- 
merly protective oxide scale is destroyed by 
a chemical reaction or by the formation of 
a low melting eutectic of the deposit and the 
oxide scale. This type of corrosion is often 
observed in fossil-fired boilers (fuel ash cor- 
rosion) and gas turbine components (hot 
corrosion). In recent years, it was also dis- 
covered that, in particular, low melting de- 
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posits in waste incineration plants may yield 
severe corrosion problems. Corrosion may 
be induced by alkali sulfide rich deposits, 
vanadium oxide rich deposits, lead chloride 
melts, and alkali nitrate melts. In the follow- 
ing, the situations for sodium sulfate in- 
duced corrosion and for vanadium pentox- 
ide corrosion shall be discussed as exam- 
ples. 

2.6.1 Sulfate Induced Hot Corrosion 

Most fossil fuels contain sulfur as a com- 
ponent so that during combustion under ex- 
cess air SO, and SO, are always formed. 
Furthermore, either from the fuel itself or 
from the environment (e.g., operation in a 
marine environment) alkali compounds are 
taken in and the respective alkali sulfates 
can be formed. These sulfates may form de- 
posits on the surface of the oxide scales, and 
the most common one is Na,SO,. Severe 
corrosion starts as soon as the alloy surface 
or the oxide scale is partially or even com- 
pletely covered by the deposits. Na2S04 has 
a melting point of 884 "C, which may be suf- 

ficient under many operating conditions to 
form a liquid deposit (Kofstad, 1988). How- 
ever, if other alkali sulfides are formed, the 
melting point of eutectics which can be 
formed is often much lower, going down 
even as far as 427 "C for the Na2SO4-ZnSO4 
eutectic (Levin et al., 1964). Thus a liquid 
reacts with the solid, originally protective, 
oxide scale. This situation results in the ex- 
istence of an incubation period, which may 
be a function of temperature as shown in Fig. 
2-28. Such an incubation period may last 
from several minutes up to several thousand 
hours. The length of this incubation period 
depends on alloy composition, salt compo- 
sition, atmosphere, total gas pressure, tem- 
perature, salt thickness, and geometrical and 
operational parameters. Usually, the end of 
the incubation period corresponds to pene- 
tration of the liquid through the oxide scale 
and its reaction with the underlying metal. 

For the corrosion process, two types of 
reaction are possible depending on the con- 
ditions of exposure and the composition of 
the alloy. These are called acidic and basic 
fluxing. Sodium sulfate consists of a basic 

Time (hr) 

Figure 2-28. Results from 
weight gain measurements 
showing exemplarily the exis- 
tence of an incubation period 
in hot corrosion. The tests 
were performed with IN738 
specimens covered with an 
Na,SO, deposit in 1 atm 0, 
(1.013 x lo5 N m-,) (Birks 
and Meier, 1983). 
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component Na20 and an acidic component 

Na2S04(1) + Na20(s) + SO,(g) (2-44) 

The equilibrium in the gas phase between 
SO2 and SO, is described by 

so3 

SO2 + %02 e SO, (2-45) 

and can be catalyzed by the presence of 
compounds in the deposits (Rahmel and 
Schwenk, 1977). 

In the liquid sodium sulfate deposit, the 
sulfate ion decomposes (Birks and Meier, 
1983) 

so:- * %O,(g) + SO,(g) + 02- (2-46) 

The sulfide melt is therefore characterized 
by the oxygen ion activity or by the Na,O 
activity, which depends on the oxygen and 
sulfur dioxide partial pressures. Therefore, 
instead of Na20, the basic component of the 
melt can also be characterized by the 02- 
ions. This allows the use of chemical no- 
menclature for acid-base equilibria, and can 
be described by the 02- ions which play a 
role analogous to the hydroxide ion in aque- 
ous solutions 

base + acid + 02- (2-47) 

Depending on the amount of 02- ions, ei- 
ther acidic or basic fluxing can occur. At low 
oxygen ion concentrations in the melt, acid- 
ic fluxing takes place and the metal oxide 
simply dissolves as cationic species into the 
melt according to 

MO(s) * M2+ + 02- (2-48) 

If the concentration of oxygen ions in the 
melt is high, so that complex ions can form 
according to 

MO(s) + 02- MO;- (2-49) 

then basic fluxing can occur and the metal 
oxide dissolves as anionic species (Reac- 
tion (2-49)). This situation is illustrated by 
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Figure 2-29. Solubility of NiO in Na,SO, at 927 "C 
as a function of the basicity aNazO [Kofstad (1988) af- 
ter Gupta and Rapp (1980)l. 

Fig. 2-29, where the activity of Na20 has 
been used to describe the basicity of the 
melt. In this example, the solubility of NiO 
in Na2S04 is shown at a constant oxygen 
partial pressureof 1 atm(l.013x105Nm~2). 
The solubility goes through a minimum at 
loguNazo=-10.3. This value divides the two 
regions of basic and acidic fluxing. As the 
example shows, NiO dissolves in both ba- 
sic and acidic dissolution, which is also true 
for other oxides of technical importance like 
Cr2O3 and A1203. Again using the example 
of the dissolution of NiO in Na2S04 by ba- 
sic fluxing, the reaction can be written as 

2NiO(s) + 02- + %02(g) * 2NiO; (2-50) 

This reaction shows that at constant basic- 
ity the solubility of NiO, in the melt increas- 
es with increasing oxygen partial pressure. 
The solubility of oxides other than NiO is 
depicted in Fig. 2-30. 

The process of acidic fluxing can be sub- 
divided into conditions where the acidity of 
the salt is governed by the dissolution of spe- 
cies from the alloy which reacts with Na20, 
and conditions in which the acidity is estab- 
lished by the interaction with the gas phase 
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(Birks and Meier, 1983). The first situation, 
which is also called alloy induced acidic 
fluxing, is generally due to the dissolution 
of oxides of the refractory metals (Mo, W, 
V) in the Na2S04 melt. In this case the oxy- 
gen ion concentration in the salt melt is re- 
duced, which makes the melt more acidic 
and the dissolution of oxides can occur ac- 
cording to Reaction (2-48). 

The second type of attack, which is often 
called gas induced acidic attack, occurs in 
the case where the atmosphere shows a 
relatively high partial pressure of SO,. As 
a result of 

SO:- SO, + 0'- (2-51) 

Reaction (2-48) is shifted to the left, lead- 
ing to a salt melt of low 0'- activity which 
corresponds to low Na20 activity. This form 
of hot corrosion is usually encountered at 
lower temperatures of between 600 and 
800 "C. It is also often called type I1 hot cor- 
rosion or low temperature hot corrosion. 
Type I hot corrosion has been assigned to 
the situation at high temperatures, which 
means above the melting point of Na2S04 
of 884 "C. In particular, low temperature hot 
corrosion can lead to complex surface layers 
consisting of solid and liquid phases. This 

Figure 2-30. Solubility of different 
oxides in Na2S0, at 927 "C as a func- 
tion of the basicity uNazO (po, = 1 atm 
= 1.013 x lo5 N m-2) (Rapp, 1987). 

is illustrated for nickel in Fig. 2-31, which 
shows a schematic diagram of the reaction 
processes going on at 700 "C in (02+ SO,) 
and/or SO3 atmospheres. In this case, 
NiS04 is formed at the scale/gas interface 
and consumed at the interface between the 
inner and the outer layer by the reaction with 

Ni w/Na,SO, + (O,+SO,/SO,) 7OO0C 

Ni 

NilNi3S2 ' SO3+O - s/ Ni3S2 / 1 . 0 2 1 O i - N I . O , )  liq 

Figure 2-31. Schematic diagram of the reaction 
mechanisms of low temperature hot corrosion of nick- 
el at 700°C in (0, + SO,) and/or SO, atmospheres 
(Kofstad, 1988). 

S02/pores 

( Ni) +S0,/O+NiO+Ni3S2 
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/ 
/ 

temperature ("Cj 

Figure 2-32. Temperature dependence of the corro- 
sion rate for different deposits: 1 no deposits, 2 V,O,- 
rich deposits, 3 alkali-sulfate deposits with SO, (Rah- 
me1 and Schwenk, 1977). 

nickel, which diffuses outwards through the 
sulfide network. This situation becomes 
even more complex for technical alloys. 

Gas induced acidic hot corrosion by sul- 
fate deposits is a process that only takes 
place in a certain temperature window, as 
Fig. 2-32 indicates. At higher temperatures, 
complex sulfates are no longer stable and 
are transformed into their original com- 
pounds. Thus the corrosion rate decreases 
and comes close to the rate of pure oxida- 
tion. 

2.6.2 Vanadate Induced Hot Corrosion 

During combustion, organic vanadium 
containing compounds are destroyed, and 
burning with excess oxygen may lead to the 
formation of V205 and vanadates. All van- 
adates melt at temperatures below 650°C 
down to even 550 "C (Rahmel and Schwenk, 
1977). Vanadate corrosion is mainly due to 
the formation of low melting eutectics be- 
tween the oxide scale, the underlying met- 
al, and the vanadium compounds. For the 
system Co20-V,05, a eutectic is found 
which melts at 530 "C. In a standard labor- 
atory experiment where a piece of copper is 

introduced into V205 powder in the lower 
part and air in the upper part, severe attack 
with the formation of a liquid phase is ob- 
served at the phase boundary copper-air- 
V20, powder (Heitz et al., 1992). For heat 
resistant steels, this problem is well-known 
for temperatures from 600°C upwards (Rah- 
me1 and Schwenk, 1977). Again, a eutectic 
is formed between the steels and the V205 
deposits. If sodium is present in the envi- 
ronment, a eutectic of Na20-V205 may be 
formed, which melts at 535 "C (Kerby and 
Wilson, 1973). When both Na2S0, and so- 
dium vanadates were present, melting 
points as low as 400 "C have been reported 
for slags on valves of diesel engines 
(Kvernes and Seiersten, 1983). Contrary to 
the situation for pure sulfates where the cor- 
rosive attack passes through a maximum 
with increasing temperature, there is a con- 
tinuous increase of the corrosion rate for va- 
nadium induced corrosion (see Fig. 2-32). 

2.7 Corrosion Without 
the Formation of a Solid Scale 

2.7.1 Molten Phases as Corrosion 
Products 

In some cases, oxides may be formed on 
the surface of the metal that, are not solid, 
as the temperature is above the melting point 
of these oxides so that molten layers exist 
on the materials. Such layers do not of 
course offer any protective effect due to the 
high diffusion rates in liquids. The melting 
points of several technically relevant low 
melting oxides are summarized in Table 2-7. 
This table shows that in particular B203, 
V205, MOO,, and PbO can be expected to 
lead to severe problems, as their melting 
points are well below the maximum temper- 
ature for the application of metallic high 
temperature alloys. V20, corrosion has al- 
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Table 2-7. Melting points of some technically rele- 
vant oxidesa. 

Oxide Melting point ("C) 

B2°3 5 80 
v2°5 674 

Bi203 820 
PbO 888 
FeO 1370 
Nb205 1490 
wo3 1490 

MOO, 795 

a Compiled from different sources. 

ready been discussed in the last section, but 
it should be added that not only deposits 
containing V20, lead to severe corrosion by 
destroying the protective oxide scale, but al- 
so high amounts of vanadium in the materi- 
al can lead to rapid destruction of the alloy 
if the melting temperature of V20, is ex- 
ceeded. The same is valid for high molyb- 
denum containing steels, and corrosion due 
to the formation of liquid PbO seems to have 
played a role in the days when lead com- 
pounds were used as additives to gasoline 
(Rahmel and Schwenk, 1977). B,O, can 
mainly play a role in ceramics' corrosion, 
where boron is often added as a sintering 
aid. The result is that boron oxide forms a 
liquid layer in combination with other ox- 
ide formers of the material which for sili- 
con-based ceramics, e.g., is silicon oxide. 
The type of oxidation where instead of a 
solid oxide layer a liquid oxide is formed 
on the material is commonly called "catas- 
trophic Oxidation", as it leads to massively 
increased oxidation rates since there is no 
protection by the scale. In several cases, 
catastrophic oxidation has even been ob- 
served below the melting points given in the 
table, which is again due to the formation of 
a low melting eutectic between different 
oxides. 

Liquid phases may also be formed from 
species other than oxygen. The most well- 
known example is the formation of a nick- 
elhickel sulfide eutectic which melts 
around 635 "C (Lai, 1990). That is why the 
recommendation is often given not to use 
materials containing a high amount of nick- 
el in potentially sulfidizing atmospheres at 
temperatures above 600°C. It should be 
pointed out, however, that if the oxygen par- 
tial pressure is sufficiently high to form a 
protective oxide scale which acts as a diffu- 
sion barrier, then even nickel-based alloys 
may resist attack by sulfidation. This is of 
course different if only sulfide compounds 
are formed as the corrosion product, as en- 
countered for instance under conditions of 
H2S corrosion (see Sec. 2.8.2). In this case, 
exceeding a temperature of more than 
600 "C results in an extreme acceleration of 
the sulfidation rate (Schutze and Noth, 
1996). Other examples of low melting eu- 
tectics between corrosion products and met- 
als are given in Table 2-8. As it turns out, it 
is mainly the presence of sulfur that may 
cause severe problems with many of the 
technical materials. Therefore sulfidation 
can be a critical issue from the viewpoint of 
the formation of liquid phases, which has al- 
ready become evident in the section on hot 
corrosion. Similar problems as for nickel 
and sulfur are reported for nickel and phos- 
phorus (Davis, 1997). 

Table 2-8. Melting points of some eutectics relevant 
for the high temperature corrosion of technical mate- 
rialsa. 

Eutectic Melting point ("C) 

Ni-Ni3S2 

Fe-FeO-FeS 
FeO-FeS 
Fe-FeS 

co-co,s3 
635 
880 
925 
940 
985 

a Compiled from different sources. 
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2.7.2 Volatile Corrosion Products 

The most critical situation concerning the 
corrosion of materials arises if the corrosion 
product is of a volatile nature so that the sur- 
face is not covered at all. In this case, rapid 
removal of the metal occurs via the forma- 
tion of volatile metal corrosion products, so 
that high metal wastage rates are observed. 
In Table 2-9 the temperature values for 
several corrosion products are given above 
which severe evaporation is expected. From 
a technical point of view, it is commonly as- 
sumed that metal wastage by the evapora- 
tion of corrosion products becomes signifi- 
cant if the vapor pressure of the corrosion 
product exceeds a value of about lop4 bar 
(10 N rn-,). Measurable loss of the metal via 
the formation of volatile corrosion species 
is, however, found from vapor pressures of 

N mp2) on (Birks and Pettit, 
1991). This table is based on the technical 
limit, and it should be pointed out that the 
vapor pressures can be influenced by the 
presence of further corrosion products, 
which will be discussed later in Sec. 2.8.3 
on chlorination. Furthermore, there may be 
a dependence of the vapor pressure on the 
oxygen partial pressure in the surrounding 
atmosphere as shown in Fig. 2-33 for SiO,. 
In this case, evaporation occurs via the for- 

bar 

mation of volatile SiO, which is facilitated 
at low oxygen partial pressures. While in 
this example even Si02 can evaporate due 
to the high temperature (see right part of Fig. 
2-33), at a vapor pressure that is well below 
lop4 bar (10 N m-,) it is in particular SiO 
that leads to high vapor pressures if the oxy- 
gen partial pressure at the temperature of 
this example falls below lo-'* bar N 
m-2). This has been observed to play an im- 
portant role for the durability of protective 
silicon based coatings on ceramics (Bund- 
schuh and Schutze, 2000). 

From Table 2-9 it becomes evident that 
even protective Cr,O, starts to evaporate via 
the formation of volatile Cr03 at tempera- 
tures from about 950- 1000 "C and over. As 
a consequence, materials forming a pure 
chromia scale should not be used at temper- 
atures of 1000 "C and higher. For technical 
alloys the formation of spinel phases (e.g., 
containing manganese) on top of a protec- 
tive chromia layer may often allow the use 
of these materials at temperatures somewhat 
above 1000 "C. The outer spinel layer in this 
case impedes evaporation of the volatile 
chromia species. For clearly higher temper- 
atures, however, the use of alumina formers 
or silica formers (depending on the oxygen 
partial pressure of the environment) is rec- 
ommended. Table 2-9 also shows that some 

Figure 2-33. Vapor pressure of SiO(g) 
and SiO,(g), respectively at 1500 "C 
(Jacobson, 1993). 
(1 bar = 1.000 x lo5 N m-*.) 
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Table 2-9. Temperature values above which signifi- 
cant evaporation is expecteda. 

Compound Temperature ("C) 

2.8 Gas Corrosion by Species 
Other than Oxygen 

Oxides: MOO, 
Cr203 

WO, 
PtO, 

Chlorides: FeCI, 
FeCI, 

NiCI, 
CrCI, 
CrCI, 

Fluorides: FeF, 
CrF, 
NiF, 

COCI, 

610 
1000 
1000 
1000 

167 
536 
587 
607 
61 1 
74 1 

673 
855 
939 

a Lai (1990). 

of the oxides which are responsible for 
catastrophic corrosion due to their low melt- 
ing points also show high vapor pressures at 
relatively low temperatures. First MOO, has 
to be mentioned in this respect. Surprising- 
ly, even platinum oxide starts to evap- 
orate significantly at temperatures around 
1000 "C. It has even been observed that lit- 
tle platinum markers, which are used for 
creep testing in order to measure the length 
increase at temperatures of 12OO0C, com- 
pletely disappeared under long-term testing 
in air. 

A critical issue is corrosion in halogen- 
containing atmospheres, as is clear from Ta- 
ble 2-9. All halogens form corrosion prod- 
ucts which evaporate significantly at com- 
paratively low temperatures. For technical 
applications, it is mainly chlorine corrosion 
which plays a major role and which will 
therefore be discussed in Sec. 2.8.3 in more 
detail. 

2.8.1 Carburization and Metal Dusting 

2.8.1.1 Internal Carburization 

Generally, dense oxide scales of A1,0,, 
Cr,O,, or SiO, can protect metallic materi- 
als from internal carburization as they do not 
dissolve carbon to any measurable extent 
(Wolf and Grabke, 1985). There may, how- 
ever, sometimes be technical conditions 
where the oxygen partial pressure in atmos- 
pheres of high carbon activity is extremely 
low or where carbon deposits on the surface 
reduce the oxygen activity beneath them. 
Furthermore, in crevices conditions can be 
found with low oxygen partial pressures and 
high carbon activities, as already mentioned 
in Sec. 2.4.3. In this case, carburization in 
the form of internal carbide formation can 
be observed, which is comparable to inter- 
nal oxidation or internal sulfidation. Car- 
burization is mainly observed at tempera- 
tures above 900 "C, and contrary to the con- 
ditions of metal dusting, where the carbon 
activities may exceed unity in the atmos- 
phere and the metal phase, the carbon activ- 
ities for the process of internal carburization 
remain below unity in the metal (Rahmel et 
al., 1998). 

In contrast to alumina and silica layers, 
chromia layers can be converted into car- 
bides if the carbon activity is sufficiently 
high (if carbon deposits are present, which 
means that the activity is equal to unity) and 
the oxygen partial pressure falls below the 
equilibrium pressure for chromium oxide 
(Chu and Rahmel, 1981). The conversion of 
chromia to chromium carbide will start at 
temperatures of more than 1050"C, as can 
be seen in Fig. 2-34. This stability diagram 
shows the equilibrium line between Cr,O, 
and Cr,C, as a function of temperature and 
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Figure 2-34. Cr203/Cr3C, equilibrium and C-C0,- 
CO equilibrium (Boudouard Reaction) at three differ- 
ent CO pressures (Chu and Rahmel, 1981). 

in addition the CO activities are depicted for 
the Boudouard equilibrium C-C0,-CO at 
three different CO pressures. Above the 
temperature mentioned, the oxygen partial 
pressure is insufficient to maintain a protec- 
tive chromia scale, so that a conversion into 
carbide starts. The progression rate of inter- 
nal carbide formation can be described by 
an equation (Rahmel et al., 1998) which is 
comparable to that for internal oxidation 
(see Eq. (2-31)): 

(2-52) 

with A being the labyrinth factor, D, the dif- 
fusivity, N," the solubility of carbon in the 
metal matrix, y the stoichiometric factor for 
the carbide MC,, and NM the concentration 
of the metals involved in carbide formation. 
The carbon diffusivity D, and the solubility 
N," are a function of the composition of the 

metal matrix after carbide precipitation has 
occurred. For the technically important ex- 
ample of alloys consisting of iron and nick- 
el, the product DJV; shows a minimum at a 
ratio of Ni/Fe=4/1 (Bose and Grabke, 
1978). Internal carburization attack was al- 
so observed to show a minimum at around 
4Ni/lFe in experiments at 1100 "C. 

The activity of oxygen in CO/CO2 mix- 
tures is determined by the reaction 

CO, e co + % 0 2  (2-53) 

Such gas mixtures also establish a carbon 
activity according to 

2 c o = c + c o ,  (2-54) 

For Reaction (2-53) the equilibrium is giv- 
en by 

1 Pco, 2 

Po, = 7 [ -) 
Kl Pco 

(2-55) 

with K ,  being the equilibrium constant at a 
temperature T. As Eq. (2-55) shows, the 
oxygen partial pressure is only dependent 
on the ratio of pcoz/pco and is therefore in- 
dependent of the total gas pressure if the 
CO2/CO ratio is not changed. For Reaction 
(2-54) the carbon activity is calculated ac- 
cording to 

(2-56) 

Since the CO partial pressure enters the 
equation as (pco)2 whilep,,, is not squared, 
the carbon activity is dependent on the total 
pressure of the gas mixture (even with con- 
stant CO2/CO ratio), which is in contrast to 
the oxygen activity. 

Besides CO,/CO atmospheres, it is in 
particular the reaction 

CH4 * C + 2H2 (2-57) 
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with the carbon activity 

(2-58) 

which results in internal carburization. The 
carburization reaction itself can be de- 
scribed by several single steps: 

1. Diffusion of the carburizing species 
through a gas boundary layer on the sur- 
face of the material. This step is depen- 
dent on the gas flow rate at the material 
surface. 

2. Adsorption and/or chemisorption of 
molecules from the gas phase to the sur- 
face, and the subsequent formation of car- 
bon atoms. 

3. Carbon uptake and diffusion from the sur- 
face into the material. 

It is mainly steps 2 and 3 that are rate lim- 
iting in the carburization reaction. 

2.8.1.2 Metal Dusting 

Metal dusting is a special form of corro- 
sion in atmospheres of extremely low oxy- 
gen partial pressure and carbon activities 
above unity, which leads to disintegration of 
the materials in the form of graphite and 
metal particles. In the petrochemical indus- 
tries such conditions are encountered for gas 
mixtures of CO, CH,, and higher hydrocar- 
bons. To a limited amount, metal dusting 
phenomena have also been observed in coal 
gasification atmospheres (Kofstad, 1988). 
Metal dusting is usually found in the tem- 
perature range of 400-800°C in nonequi- 
librium atmospheres with activities ac> 1. 
Generally, such situations can arise for the 
following reactions (Grabke, 1998) 

a) Boudouard equilibrium 

2 c o  s CO, + c (2-54) 

where the carbon activity is calculated by 
Eq. (2-56). 

b) CO + H2 * H,O + C (2-59) 

with the carbon activity 

(2-60) 

and generally for hydrocarbons 

CxHy = y/2H2 + XC (2-61) 

with the carbon activity 

/ \ l / X  

(2-62) 

A carbon activity above unity for these 
equations means that a strong driving force 
for graphite formation exists. Thus carbon 
species from the gas atmospheres react to 
form graphite, which is the key reaction in 
metal dusting, so destroying the material. 
Different steps in the metal dusting process 
have been modeled by Hochman (1  976) and 
Grabke (1998), and for iron and iron-based 
alloys a reaction sequence has been de- 
scribed as follows (Fig. 2-35): 

1. Uptake of carbon into the metal phase and 
oversaturation, i.e., a,>l in the metal 
(Fig. 2-35 a). 

2. Formation of cementite Fe,C in the sub- 
surface acting as a barrier to further car- 
bon ingress (Fig. 2-35 b). 

3. Graphite precipitation on the material 
surface as no further carbon ingress oc- 
curs, thus, decreasing the carbon activity 
on the metal carbides to ac=l (equilib- 
rium between material and graphite). 
As a consequence, the carbides become 
unstable and decompose according to 
M3C + C + 3M (Fig. 2-35c). 

4. Graphite grows into the carbide as carbon 
atoms from the decomposition process 
displace to the basal plains of graphite. 
The metal atoms can diffuse through the 
graphite and agglomerate as small parti- 
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Graphite with basal planes parallel to the 
metal surface seems to be harmless. There- 
fore metal dusting attack for such materials 
is strongly dependent on the surface orien- 
tation and the epitaxial deposition of the 
graphite. 

For materials with high chromium con- 
tents and thus the ability to form a protec- 
tive chromia scale, the mechanism changes 
as shown in Fig. 2-36: 

1. Formation of local physical defects in the 
scale (microcracks, cracks, pores, chan- 
nels, etc.) which allow carbon transfer 
from the carburizing environment to the 
metal/oxide interface and dissolution in 
the metal subsurface zone (Fig. 2-36a). 

a1 

C O  + H 2  - H20 + C (inFe,C) 

b) 

Figure 2-35. Schematic diagram of the reaction se- 
quence leading to metal dusting for iron and low-al- 

loy steels (Grabke, 1998). d )  

a) 

no1 
des cles of several tens of a nanometer in di- 

ameter (Fig. 2-35 d). 
5 .  The metal particles act as catalysts for 

further carbon deposition, resulting in ex- 
tensive coke growth. 

For nickel-based materials and steels 
with Ni/Fe ratios higher than 2 : 3 a differ- 
ent reaction sequence applies which is sim- 
pler and which does not involve the forma- 
tion of an unstable intermediate metal car- 
bide M,C (Schneider et al., 1997). In this 
case, direct graphite growth into the metal 
phase occurs after oversaturation of the met- 

to the growth of graphite, which is more Or 
less vertically oriented to the metal surface. 

bl 

etastable 
orbide 

c ,  

phase* Destruction Of the is due Figure 2-36. Schematic diagram of the reaction se- 
quence leading to metal dusting for high alloy Cr- 
steels (Grabke, 1998). 
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2. The carbon in solution diffuses inwards, 
leading to the precipitation of stable car- 
bides (M2,C6) (Fig. 2-36 b). 

3. After precipitation of the carbides, the 
carbon activity rises further to values 
higher than unity (Fig. 2-36c). 

4. Depending on the composition of the ma- 
trix, disintegration of the material starts, 
which can either be due to the intermedi- 
ate formation of unstable iron carbides in 
the case of low nickel steels, or by direct 
growth of graphite in the inward direc- 
tion for high nickel steels and nickel- 
based alloys (see earlier in this section) 
(Fig. 2-36d). 

5 .  The metal particles generated by the dis- 
integration of the metal matrix again act as 
a catalyst for carbon deposition and coke 
grows out of the defective site (Fig. 2-36e). 

An example of this type of metal dusting is 
shown in Fig. 2-37 for Alloy 800. 

For iron and low alloy steels, it was pos- 
sible to study the kinetics of metal dusting 
in CO-H,-H,O mixtures in detail (Grabke 
et al., 1994). For the rate of metal wastage, 
a linear equation was obtained 

dmM 1 
= ki (2-63) ~- 

dt A 

where dm,/A is the loss of metal per unit 
area. The rate-determining step is the iron 
carbide (cementite) decomposition, which 
is reflected by this equation. This equation 
has been found to be valid for temperatures 
up to about 550 "C. At higher temperatures, 
the kinetics change to 

= k2 Pco PH, &M -- 
dt A 

(2-64) 

which indicates that the rate of carbon trans- 
fer to the metal phase now becomes rate-de- 
termining, and the metal wastage rate be- 
comes dependent on the partial pressures of 
CO and H,. 

Figure 2-37. Pitting and perforations due to metal 
dusting in Alloy 800 after service in syngas at around 
500 "C (Grabke, 1998). 

Apart from the formation of a protective 
oxide layer of very high stability (e.g., 
SiO,), small additions of H,S to the envi- 
ronment may decrease the susceptibility to 
metal dusting (Grabke and Miiller-Lorenz, 
1995). This is due to the retardation of car- 
bon transfer into the metal by adsorbed sul- 
fur, which blocks metal surface sites for the 
transfer of carbon. With decreasing temper- 
ature, the amount of sulfur-bearing species 
necessary for surface blocking becomes 
lower. An interesting effect is that the sul- 
fur can even help to seal up the physical de- 
fects in scales, e.g., when cracking occurs 
due to mechanical stresses, until the oxide 
scale is healed again. 

2.8.2 Sulfidation 

In atmospheres showing high sulfur po- 
tentials and very low oxygen partial pres- 
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sures, so that no oxides can be formed, the 
scales on the metals at high temperatures 
consist of metal sulfides. Most of the metal 
sulfides exhibit a high degree of lattice dis- 
order, which results in high diffusion rates 
in sulfide scales. The consequence is that 
sulfide scales can only offer a very limited 
protective effect, which is in contrast to most 
of the oxide scales. Sulfide scales thus grow 
very rapidly and metal consumption rates 
are accordingly high (Mrowec and Przybyl- 
ski, 1985). As exceptions, the sulfides of 
molybdenum, niobium, tantalum, and vana- 
dium form sulfide scales that seem to grow 
more slowly than most of the other metal 
sulfides. Therefore several attempts have 
been made to reduce the high sulfidation 
rates of iron-, nickel-, and cobalt-based al- 
loys by adding these elements to the alloys. 
However, there was only limited success in 
that the sulfidation rates were only margi- 
nally decreased, even when alloying up to 
40 wt.% (Kai et al., 1992). The reason for 
this was that only mixed sulfides containing 
metal from the base material were formed. 

Pure iron sulfidizes in sulfur vapor ac- 
cording to a parabolic rate law, which indi- 
cates that this scale grows in a diffusion con- 
trolled manner. The rate-limiting step is the 
diffusion of iron cations. In H2-H,S mix- 
tures, the sulfidation initially follows a lin- 
ear rate law, as the rate controlling step is 
the dissociation of H2S at the FeS surface. 
The rate of H,S dissociation at the FeS sur- 
face is a function of the instantaneous sul- 
fur activity at the FeS surface and the equi- 
librium sulfur activity of the reaction gas. 
Orchard and Young (1986) showed that the 
instantaneous sulfur pressure at the FeS sur- 
face approaches the equilibrium sulfur pres- 
sure of the reaction gas very slowly. The 
time to establish the FeS/gas equilibrium de- 
creases with increasing temperature and in- 
creasing H,S pressure. However, it increas- 
es with increasing sulfur equilibrium pres- 

sure of the gas. When the FeS/gas equilib- 
rium has been reached, the kinetics become 
parabolic because further growth of the 
scale is now controlled by diffusion of the 
iron cations. According to earlier discus- 
sion, parabolic kinetics are reached after 
rather short times and at high temperatures 
for gases with low sulfur equilibrium pres- 
sures, while at low temperatures and in gas- 
es diluted with inert gases the equilibrium 
state is only reached after rather long peri- 
ods of time. In the latter case, authors in the 
literature often speak of complex kinetics 
because equilibrium had not been reached 
in their experiments. 

For commercial ferritic steels, a complex 
behavior is often observed which only fol- 
lows the behavior described earlier for pure 
iron in the initial stages. The reason for this 
is that the iron sulfide scales become de- 
tached from the substrate after a certain sul- 
fidation time (Schulte et al., 1998). Detach- 
ment of the scale is regarded as being due 
to the formation of compressive growth 
stresses resulting from the formation of new 
sulfide within the scale and pores at the 
scale/metal interface. Growth stresses arise 
as H2S can evidently penetrate the scale 
through pores, microcracks, and other 
channels, leading to the formation of new 
sulfide when reacting with metal cations in 
these cavities. The pores are preferentially 
formed at the grain boundaries of the colum- 
nar FeS layer. Obviously, these grain boun- 
daries are a sink for the inward moving iron 
vacancies, so pores develop by vacancy con- 
densation at these sites. The pores grow in 
a sideward direction, grow together, and 
form detached areas where dissociation of 
FeS can occur. In the detached areas the 
transfer of iron ions and electrons from the 
metal into the scale is impeded, which leads 
to an increase of the sulfur vapor pressure 
at the inner surface of the detached FeS scale 
to above the vapor pressure of the Fe/FeS 
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equilibrium. As a consequence, FeS at the 
inner surface of the detached scale dissoci- 
ates, providing sulfur for sulfide nuclei for- 
mation on the metal surface of the detached 
area and allowing outward diffusion of the 
iron ions through the scale. The latter leads 
to new FeS formation at the FeS/gas inter- 
face. The sulfur vapor pressure in the pores 
between the new sulfide nuclei on the met- 
al surface beneath the detached scale de- 
creases below the Fe/FeS equilibrium pres- 

sure, thus stopping growth of the sulfide nu- 
clei until by further FeS dissociation the sul- 
fur vapor pressure increases again. 

As a consequence of this type of interac- 
tion, the formation of an inner, fine-grained, 
porous partial layer starts, which fills the 
gap between the metal and the compact, 
outward-growing FeS scale. The steps de- 
scribed so far are schematically illustrated 
by Figs. 2-38 and 2-39. In later steps, even 
on the porous inner partial layer, a new, out- 

a 

A B C  t, 

metal (Fe,Cr)S gap F e S  gas 

A B C  D 

Phase boundary reactions: 

Overall reactions Reactions with lattice defects 
Figure 2-38. Schematic dia- 
gram of the transport process- 
es, concentration gradients, 

6: {Fe),+H,S+H,+FeS {Fezc),, +H,S+H, +{Vie +2p'], +FeS and phase-boundary reactions 
in a scale on ferritic steels 

C: H, + FeS+{Fe), +H,S H* +{V;,+2P'},+(Fe~~},, +H,S with a detached outer FeS 

0 {Fe},, + H,S+H, + FeS (Fe;,}res+H,S+H, +{Vie +FeS 1998). 
partial layer (Schulte et al., 
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ward growing columnar type of FeS layer is 
formed (Fig. 2-39e), which starts to grow as 
soon as the surface porosity of the inner par- 
tial layer has been sealed by FeS formation. 
For this new, outward-growing FeS layer a 
similar situation is prevalent after a certain 
time, where growth stresses lead to local de- 
tachment in combination with pore forma- 
tion between this partial layer and the in- 
ward growing partial layer underneath. 

The process described so far occurs re- 
peatedly and, after longer testing times or at 
higher temperatures, multilayered scales are 
formed, as shown in Fig. 2-40, which offer 
only limited protection. Scale growth kinet- 
ics resulting from this situation can often be 
approximated by quasi-linear behavior (Fig. 

Figure 2-39. Schematic diagram of 
the development of sulfide multi- 
layers on ferritic steels (Schulte et 
al., 1998). 

2-41). As the example in this figure shows, 
there seems, however, to be some limited 
protective effect from such sulfide scales as 
the sulfidation rates are increased by ther- 
mocycling, where the scales crack due to the 
different coefficients of thermal expansion 
between sulfide and metal substrate. The 
transport processes responsible for growth 
of the sulfide layer in such a complex system 
are summarized schematically in Fig. 2-38. 

It should be mentioned that if an iron- 
based material contains further alloying ele- 
ments, in particular chromium, these may 
become enriched in the inward growing part 
of the scale (Fig. 2-42). If sulfur spinels are 
formed, like FeCr,S,, which exhibits low 
diffusion rates, there can be a significant 
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Figure 2-40. Multilayered sul- 
fide scales on a 12Cr steel after 
340 h isothermal sulfidation in 
Ar-H,-H2S at 600 "C (Schulte 
et al., 1998). 

Figure 2-41. Mass gain as a func- 
tion of time during isothermal (solid 
lines) and cyclic (broken lines) 
sulfidation of carbon steel, 1Cr- 
0.5Mo steel, 12Cr-1Mo-0.25V steel, 
and 18Cr- 1 ONi-Ti steel at 400 "C 
in Ar-H,-H,S (Schulte et al., 1998). 

Figure 2-42. Schematic dia- 
gram of the structure and 
chemical composition of the 
sulfide scale grown on 18Cr- 
10Ni-Ti steel at 500 "C after 
500 h (Schulte et al., 1998). 
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improvement in the sulfidation resistance. 
However, it should be borne in mind that, 
despite this improvement, the temperatures 
at which iron-based materials can be used 
for longer times in H,/H,S atmospheres do 
not exceed 400 "C by much (see Fig. 2-43). 
Even expensive high alloy materials on 
nickel or iron bases are not usable at tem- 
peratures much higher than 500 "C (Schutze 
and Noth, 1996). 

The only way to achieve protection in en- 
vironments of high sulfur activity is to es- 
tablish a thin protective oxide scale. As the 
stability diagrams for different oxides and 

sulfides at 700°C in Fig. 2-44 show, only 
aluminum and silicon as alloying elements 
have the capability of forming a thermody- 
namically stable oxide scale in such atmos- 
pheres as encountered in coal gasification 
and other distillation processes where H,S 
attack dominates. Therefore very recent ap- 
proaches to improve the corrosion resis- 
tance of components for such environments 
are based either on an enrichment of alumi- 
num in the metal surface in the form of a 
diffusion coating or by applying a plasma 
sprayed overlay coating based on titanium 
and aluminum (Schutze and Noth, 1998). It 

Metal recession 0.26 -0.5 mm a-l 
1WO 

A 10-13XCr-steel 

m W8 Cr-Ni-steel 

900 - 

800 - 0-9%Cf-steelaRer 
- Backensto and Spberg (1958) 

8 8  

Figure 2-43. Temperatures and H,S 
concentrations above which metal re- 
cession rates exceed 0.26-0.5 mm 6' 

200 I . , I ,  . . . a  I . . , . . . .  I I . . .  (Glaser et al., 1991). 
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Figure 2-44. Stability diagrams for different oxides and sulfides at 700 "C. The shaded area corresponds to par- 
ticularly aggressive industrial atmospheres (Schutze and Noth, 1996). 
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should, however, be mentioned that even for 
protective oxide scales breakaway corro- 
sion can occur after longer times, as alloy- 
ing elements such as manganese, iron, co- 
balt, nickel, etc., can at least diffuse through 
chromia scales and react with the environ- 
ment on top of the oxide scale to form ex- 
ternal sulfides (Grabke et al., 1986). Man- 
ganese in this case is the fastest diffusing 
element, followed by iron, cobalt, nickel, 
and chromium. 

While the diagrams in Fig. 2-44 represent 
equilibrium conditions, it should be men- 
tioned that in practical corrosion “kinetic” 
boundaries may determine the actual behav- 
ior concerning the formation of protective 
oxide scales or nonprotective sulfides (Na- 
tesan, 1983). It is reported in the literature 
that the threshold oxygen partial pressure 
for the formation of a continuous protective 
oxide scale under mixed sulfidizing and ox- 
idizing conditions is about 1000 times high- 
er than the equilibrium oxygen partial pres- 
sure for chromia formation (Kofstad, 1988). 

Preoxidation is sometimes regarded as a 
means to improve the sulfidation resistance 
of materials, as the solubility of sulfur in the 
protective oxides is very low (Benlyamani 
et al., 1988). However, cracking can be in- 
duced at least locally in these protective 
scales applied by preoxidation, either as a 
result of corrosion or from operating stress- 
es, which opens the scale for penetration of 
sulfur and internal sulfidation. As a result, 
the protective scale may be undergrown by 
fast growing, nonprotective sulfides, which 
means the end for the protective layer. It has 
already been mentioned in Sec. 2.7.1 that 
sulfides may form low melting eutectics 
with the metal, leading to catastrophic types 
of corrosion. As mentioned before, alloying 
elements diffusing through the oxide scale 
and forming external sulfides can also im- 
pair the protective effect of a scale from pre- 
oxidation. 

2.8.3 Chlorination 

As can be seen in Table 2-1, several in- 
dustrial atmospheres contain halogen gases. 
In particular, chlorine and chlorine com- 
pounds may cause severe corrosion prob- 
lems because of the high vapor pressures of 
many metal chlorides. Thus the formation 
of a protective layer of a solid state com- 
pound is impeded. If chlorine is the only 
reacting species, the process of chlorination 
can be described by 

Me(s) + x/2C12(g) + MeClx(g) (2-65) 

Applying the law of mass action to this 
equation shows that the pressure of the vol- 
atile metal chlorides formed by this reaction 
from the metal is dependent on the chlorine 
pressure 

(2-66) X I 2  
PMeCl, = K6 PCI, 

This is further illustrated by Fig. 2-45 for 
several metal chlorides at a temperature of 
727°C. If volatile metal chlorides are the 
only compounds that are formed by the cor- 
rosion process, evaporation will take place, 
and in mass change measurements during a 
corrosion test, a linear rate law is observed 
for the decrease in mass. If the metals are 
subjected to atmospheres consisting of chlo- 
rine and oxygen, thus allowing the forma- 
tion of metal chlorides and metal oxides at 
the same time, the situation is characterized 
by the following equation 

MeO,(s) + %C12(g) + MeCl,(g) + %O,(g) 

Applying the law of mass action to this 
equation shows that the metal chloride pres- 
sure is in this case dependent on both the 
oxygen partial pressure and the chlorine 
pressure 

(2-67) 

(2-68) 

This is also schematically illustrated by 
Fig. 2-46. This figure shows that, although 
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Figure 2-45. Equilibrium pressures of the chlorides 
in the Reaction (2-65) (1 atm= 1.013 x lo5 N m-2) 
(Grabke, 1991). 

the solid phases of metal and metal oxide 
are present, it is not possible to draw a tra- 
ditional stability diagram. There is no dis- 
tinct border between the stability field of the 
metal (or the oxide) and the volatile metal 
chloride formed. The traditional type of 
stability diagram can only be drawn if sol- 
id or liquid phases are involved. This could 
be the case at lower temperatures, where 
many of the chlorides are liquid. At higher 
temperatures, however, only the metal chlo- 
ride pressures present above the metal or 
above the oxide can be given, as shown in 
Fig. 2-46. From this figure, it also becomes 
evident that in the “metal” field the metal 
chloride pressure is directly dependent on 
the chlorine pressure (compare also Fig. 

2-45 and Eq. (2-66). In the oxide field of the 
figure, the metal chloride pressure depends 
on both the chlorine and the oxygen partial 
pressure (Eq. (2-68)). In both fields, the 
metal chloride pressure increases with the 
chlorine partial pressure. 

To assess the resistance of different ma- 
terials to chlorination, data on the melting 
points and critical vapor pressure values of 
the metal chlorides are often used in the lit- 
erature. A compilation of such data is giv- 
en in Table 2- 10. Commonly, the critical va- 
por pressure is taken as bar (10 N m-2), 

POI 

Figure 2-46. Schematic quasi-stability diagram based 
on Eq. (2-68). pMeXc,, is the pressure of the metal chlo- 
ride; p l ,  p 2 ,  p 3 ,  p4, etc. are pressure values. 

Table 2-10. Melting point T M  and temperatures T4 
where the vapor pressure takes a value of bara. 

Chloride (OC) T4 (“C) 

AICI, 
COCI, 
Crcl, 
CrCI, 
FeCI, 
FeCl, 
MoCI~ 

NiC1, 
SiC14 
TiCI, 

MoCI, 

193 
740 
820 
1150 
676 
303 
3 17 
194 
1030 
-70 
- 24 

76 
587 
74 1 
61 1 
536 
167 

72 
607 

-38 

a 10Nm-2. 
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which is regarded as a value above which 
significant evaporation of the metal via met- 
al chloride formation occurs. At such vapor 
pressures, long-term use of materials is no 
longer possible. From this table it follows 
tendentially that nickel-based alloys with 
high chromium contents should show the 
best resistance against chlorination, which 
is confirmed by many experimental investi- 
gations. A large number of industrial atmo- 
spheres contain oxygen as well as chlorine. 
In this case, the chlorination resistance is, 
in addition to the pCl2,  also determined by 
the po, (Fig. 2-46). Furthermore, stable 
oxides can be formed which if dense can 
prevent increased attack by chlorination. 
This has been reported in particular for the 
formation of alumina scales (Lai, 1990). 
However, in many situations the oxide 
scales formed in chlorine containing atmos- 
pheres do not offer comparable protection 
as in chlorine-free environments. 

As Fig. 2-47 shows schematically, chlo- 
rine species can penetrate the oxide scales 
via fissures, grain boundaries, microcracks, 

(1): diffusion boundary layer 
(2): oxide scale 
(3): substrate 

Figure 2-47. Schematic diagram of the possible re- 
actions in an oxygen- and chlorine-containing atmo- 
sphere (Haanappel et al., 1992). 

etc., and react with the underlying metal at 
the oxide/metal phase boundary. The vola- 
tile metal chlorides formed at the interface 
can move in an outward direction through 
the scale along the oxygen partial pressure 
gradient, which increases towards the oxide 
surface. As can be seen from the quasi- 
stability diagram in Fig. 2-46 and from Eq. 
(2-68), the equilibrium is then shifted from 
the metal chloride to the metal oxide. Thus 
the pressure of the metal chloride decreas- 
es and the metal chloride becomes convert- 
ed into metal oxide in the oxide scale. As a 
result, new solid matter is introduced into 
the oxide scale, thus leading to high com- 
pressive stresses and the formation of fur- 
ther microcracks. Chlorine is released as gas 
from this reaction and can move back to the 
metal/oxide interface and react there, form- 
ing new metal chloride. This leads to a cir- 
culation process which, on the one hand, 
transports metal rapidly via the gas phase 
from the metal/oxide interface into the ox- 
ide scale and, on the other hand, produces 
high “growth stresses” in the scale, result- 
ing in further microcrack formation and in- 
creased permeability of the oxide scale. In 
the end, such a scale only offers very low 
protection, and corrosion rates are much 
higher compared to environments without 
chlorine species. The scales are very volu- 
minous and very porous (see Fig. 2-48). Part 
of the oxide scale can even be converted into 
metal chlorides on the surface of the oxide. 
The vapor pressures are lower in this case, 
however, (compare with Fig. 2-46) so that 
the more critical part of the corrosion reac- 
tion takes place at the metal/oxide interface. 

Chlorine is not only critical as gaseous 
species, but also if it is present on the sur- 
face of a material as a solid or as a liquid de- 
posit. In this case, even protective oxide 
scales can be destroyed by reaction with the 
chlorine-containing deposits, and also liq- 
uid corrosion products containing chlorine 
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mass gain by oxidation 

v metal recession 

Figure 2-48. Oxide scale and metal subsurface zone 
of Alloy 800H after 200 h in air +2% C1, at 800°C 
(Glaser, 1994). 

at the oxide/metal interface can significant- 
ly decrease the corrosion resistance of the 
materials. This situation has been described 
by Grabke (1991). 

If oxidation and chlorination occur at the 
same time, mass change data from thermo- 
gravimetric measurements cannot be relied 

x scale thickness 

\ time - 
i change 
unit area 

\ mass loss 
by evaporation of chlorides 

Figure 2-49. Schematic diagram of theoretical mass 
gain by oxidation and mass loss by evaporation of vol- 
atile metal chlorides. Furthermore, the measured ki- 
netics of metal recession, oxide scale thickness 
growth, and overall mass change Am/A are shown for 
oxidizing/chloridizing atmospheres (Grabke, 1991). 

on. This is illustrated by Fig. 2-49. Due to 
the evaporation of volatile metal chlorides, 
there is a linear decrease in mass while at 
the same time, due to oxide formation, a 
more or less parabolic weight increase 
should occur. The superposition of a para- 
bolic increase and a linear decrease in 
weight yields the mass change curve given 
in Fig. 2-49. The metal recession more or 
less follows the linear evaporation of metal 
chlorides, while the oxide scale thickness at 
least initially increases parabolically, while 
later on it may remain constant or even 
slightly decrease due to conversion of oxide 
into metal chloride at the oxide surface. 

2.8.4 Water Vapor 

Most of the technical steels and some oth- 
er technical metallic materials oxidize fast- 
er in water vapor, or in air and combustion 
gases containing water vapor than in dry air 
or oxygen. While in dry atmospheres the ox- 
ide scales are usually relatively dense and 
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free of pores, in atmospheres containing wa- 
ter vapor part of the layer often contains con- 
siderable porosity. An example is shown for 
iron in Fig. 2-50. This scale corresponds to 
the scale on iron and unalloyed steels in a 
dry environment as it contains the three 
phases FeO, Fe203, and Fe304. However, 
in particular, the inner part of the scale con- 
tains large pores and, as the platinum mark- 

er shows, this inner scale grows in two di- 
rections. The transport processes that are re- 
garded as responsible for the formation of 
this type of scale are shown schematically 
in Fig. 2-5 1. As a main feature, water vapor 
is involved in the transport processes lead- 
ing to growth of the scale. In particular, in 
the large pores of the inner part of the scale, 
a circulation mechanism is assumed, which 
consists of the oxidation of metallic iron by 
water vapor, thus releasing hydrogen which 
may move back in the pore to the outer part 
of the scale where it reduces the oxide, thus 
forming a water vapor molecule again, 
while the iron cation can diffuse in the di- 
rection of the outer surface. As by this mech- 
anism gas phase transport is partially in- 
volved in oxide scale growth, it becomes 
understandable that the oxide growth rates 
increase in the presence of water vapor. As 
Fig. 2-51 also shows, a similar mechanism 
has been reported in the literature for C 0 2  
(Rahmel and Tobolski, 1965). The effect 
of water vapor is further illustrated by Fig. 
2-52, which shows the metal recession rates 
for a technical steel at different temperatures 
in air and in water vapor. 

Fe 

Figure 2-51. Schematic diagram of the transport pro- 
cesses in growing oxide scales on iron for oxygen at- 
mospheres containing H,O or CO, (Rahmel and To- 

Figure 2-50. Oxide scale on iron after 8 h oxidation 
in 31 %02-69%H,0 at 950°C (Rahmel and Tobol- 
ski, 1965). bolski, 1965). 
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time 

2.8.5 Hydrogen 

At temperatures above 200 "C, unalloyed 
steels are attacked by pressurized hydrogen. 
This kind of attack is different from low 
temperature hydrogen embrittlement. Hy- 
drogen is adsorbed at the metal surface and 
dissociates into atomic hydrogen, which be- 
comes dissolved in the steel. There it reacts 
with cementite Fe3C according to 

Fe3C + 4{H),, + Fe + CH, (2-69) 

The consequence of this reaction is decar- 
burization of the material, which results in 
porosity along grain boundaries and a dete- 
rioration of the mechanical properties. An 
example of this type of porosity is given in 
Fig. 2-53. The locations of the pores is iden- 
tical with former carbides. The reaction 
between pressurized hydrogen and the car- 
bides can be suppressed by alloying strong 
carbide formers like chromium, molybde- 
num, tungsten, vanadium, titanium, and 
niobium. As Fig. 2-54 shows, increasing 
amounts of chromium, tungsten, and molyb- 
denum can increase the temperature for the 
beginning of decarburization, while mini- 
mum amounts of vanadium, titanium, niobi- 
um, and chromium are required (Naumann, 
1938). The reason for this is that these ele- 
ments form their own carbides,while chro- 

Figure 2-52. Metal recession by the oxida- 
tion of 2XCrlMo steel in air and water va- 
por (Rahmel, 1961). 

10 

mium, molybdenum, and tungsten are solu- 
ble in Fe,C. In contrast to the ferritic steels, 
the austenitic CrNi steels show good resis- 
tance against pressurized hydrogen, which 
means that they can be used over the whole 
temperature range of normal high pressure 
process technology. Finally, it can be men- 
tioned that even in steam generators decar- 
burization by hydrogen can occur due to 

3Fe + 4 H 2 0  + Fe304 + 4H2 (2-70) 

Attack of the carbides then occurs accord- 
ing to Reaction (2-69). 

Figure 2-53. Weakening of the microstructure of an 
unalloyed steel by decoking in pressurized hydrogen 
(Grafen and Spahn, 1967). 
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Figure 2-54. Nelson diagram showing 
the susceptibility of steels to hydrogen 
attack based on long-term investiga- 
tions. The curves give the maximum 
allowable temperatures for service 
(Nelson, 1966). 

2.9 Experimental Techniques 

As has been shown in Sec. 2.4, one of the 
key parameters in high temperature corro- 
sion is the parabolic rate constant k;  or kp”. 
This is true as long as protective oxidation 
determines the material’s behavior. Conse- 
quently, measurement of the weight change 
of specimens is the key experimental tech- 
nique in high temperature oxidation. Gen- 
erally, there are two possibilities. The first 
is to take a number of specimens of the same 
type, expose them to the respective atmo- 
sphere in a closed furnace in which defined 
atmospheres can be established, and take the 
specimens out after different oxidation 
times. Before and after the tests the speci- 
mens are weighed on a high resolution la- 
boratory balance and the weight change Am 
divided by the surface area of the specimen 
A is plotted versus time. Therefore, before 
exposure the surface area A of the specimens 
has to be determined accurately. If the re- 
sults are plotted in a parabolic manner, i.e., 
AmlA is squared while t remains linear, the 
rate constant can be determined directly 
from the slope, as already discussed. 

A more elegant way is to use continuous 
thermogravimetry. In this case, a platinum 
or quartz string is attached to a laboratory 
balance hanging down into a furnace. At the 
lower end of such a string, a coupon speci- 
men is attached for which again the surface 
area had to be determined before the test. 
This type of equipment is shown schemati- 
cally in Fig. 2-55. A moveable furnace can 
also be installed which allows thermocyclic 
oxidation testing by periodically moving the 
furnace away and over the specimen area. 
Ideally, the specimen should be in a quartz 
chamber or a chamber of another material 
that is highly corrosion resistant so that de- 
fined gas atmospheres can be used in the 
tests. The interior of the microbalance has 
to be shielded against the aggressive gas at- 
mospheres, which is usually done by acoun- 
ter flux of a nonreactive gas like argon. In a 
more sophisticated type of thermobalance, 
acoustic emission measurements can even 
be made (Walter et al., 1993). This becomes 
possible if a wave guide wire is attached to 
the string hanging down from the balance, 
to which the specimen is attached. In partic- 
ular, under thermocyclic conditions acous- 
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Figure 2-55. Schematic 
diagram of a thermobal- 
ance for thermogravi- 
metric oxidation kinet- 
ics measurements (Birks 
and Meier, 1983). 

tic emission measurements allow the deter- 
mination of the critical conditions under 
which the oxide scales crack or spa11 
(Schutze, 1997). If this type of scale dam- 
age is accompanied by mass loss due to spal- 
lation of the scale, then this is directly re- 
flected in the mass change measurements 
and can be correlated with acoustic emis- 
sion results. 

In technical situations, internal oxidation 
or corrosion may occur which cannot direct- 
ly be detected by thermogravimetric meas- 

urements. Therefore it is absolutely neces- 
sary to perform metallographic investiga- 
tions as well. In particular, for continuous 
thermogravimetric testing, at the end of 
each test a metallographic cross section 
should be prepared in order to check wheth- 
er the mass change effects measured in the 
tests are really due to surface scales alone 
or whether the metal cross section has been 
significantly affected. Furthermore, if the 
kinetics of internal corrosion are to be de- 
termined, it is necessary to perform discon- 
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tinuous tests where specimens are taken out 
of the test environment after different test- 
ing times and then investigated by metallo- 
graphic techniques. From the engineering 
point of view, it is necessary to know the re- 
maining cross section which has been unaf- 
fected by corrosion. Taking all of this into 
account, the evaluation of metallic cross 
sections as a function of time has to be per- 
formed according to the scheme given in 
Fig. 2-56, where the most important param- 
eter is the remaining, unaffected cross sec- 
tion t,. This recommendation is taken from 
a rather simple set of standards for oxida- 
tion testing under isothermal conditions in 
still air (Smith et al., 1995). It can, howev- 
er, be applied to all other types of corrosion 
testing. 

Standard high temperature corrosion in- 
vestigations usually also include an analy- 
sis of the corrosion products formed in the 
tests or under practical conditions, because 
this allows conclusions as to which are the 
detrimental species in the environment and 
whether protective scales had formed. In 
most cases this is done either in the scan- 
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Figure 2-56. Evaluation of corrosion attack in a met- 
allographic section after testing as recommended by 
ASTM G54-77 (Smith et al., 1995). 

ning electron microscope by using energy 
dispersive X-ray analysis or, which is more 
recommendable, with metallographic cross 
sections in the electron probe microanalyz- 
er (wave length dispersive X-ray analysis). 
Another tool may be X-ray diffraction by 
the grazing angle technique, which even al- 
lows analysis of the composition of thin 
layers. A summary of the post-experimen- 
tal investigation techniques is, e.g., given by 
several authors in the volume edited by Rah- 
me1 (1982). 

There are several more testing techniques 
that reflect the complexity of the loading sit- 
uations in high temperature applications, 
e.g., thermocycling testing (Schutze et al., 
1995). Conditions close to those in opera- 
tion in gas turbines can be simulated by 
burner rig tests (Davis, 1997) in which the 
specimens are exposed to a hot gas stream 
resulting from the burning of fuel, and 
where thermocycling and even thermo- 
shock can be performed by turning or pull- 
ing the specimens out of the gas stream. Fur- 
thermore, equipment is described in the lit- 
erature for investigating the influence of gas 
flow rate on the oxidation or corrosion be- 
havior. The corrosion in deposits and melts 
has been investigated in crucible tests and 
even electrochemical measurements, with 
the aim of investigating the fundamentals of 
hot corrosion using electrochemical cells 
(Rahmel, 1987). In recent years, numerous 
activities have also focused on the interac- 
tion between corrosion and mechanical 
stresses from the viewpoint of cracking and 
spalling of the protective scales or the ac- 
celeration of internal corrosion and final 
materials failure (Guttmann and Merz, 
1981, Saunders et al., 1994/95). In particu- 
lar for this type of testing, the acoustic emis- 
sion technique has been shown to be inval- 
uable (Schutze, 1997). 

The large variety of tests shows that in 
the meantime a good experimental basis ex- 



128 2 Fundamentals of High Temperature Corrosion 

ists for the investigation of the complex pro- 
cesses occurring in high temperature corro- 
sion. However, there are not many standards 
for high temperature corrosion testing, 
which makes it difficult to compare the 
data measured at different laboratories. At 
present, efforts are underway to establish 
guidelines, with the aim to transfer these 
into standards in the near future. The results 
of these efforts have largely been published 
now (Grabke et al., 1993, Grabke and Mea- 
dowcroft, 1995, TESTCORR, 1996), and it 
is strongly recommended to adhere to these 
recommendations when performing high 
temperature corrosion tests. 
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3.1 Introduction tical interest in a materials science perspec- 
tive. 

Passivity is the state of a metal or an al- 
loy in aqueous solution (or in some organic 
solvents) where the surface is covered by 
a thin, compact, and adherent oxide or oxi- 
hydroxide film which protects the metal or 
alloy against corrosion. Passivity is of di- 
rect relevance to materials science and en- 
gineering, as the presence of a passive film 
on the surface of the metallic material gives 
it a natural protection against corrosion. The 
design of highly corrosion-resistant alloys 
must include detailed considerations of the 
passivation of the alloy in given environ- 
ments. As an example, stainless steels are 
widely used, essentially because stable pas- 
sive films are formed on their surfaces. 
However, passive films may suffer from lo- 
cal breakdown under the effects of chemi- 
cally aggressive environments, and the pas- 
sivity breakdown may lead to various forms 
of localized corrosion (e.g. pitting corro- 
sion, crevice corrosion, stress corrosion 
cracking). The understanding and the con- 
trol of passivity and passivity breakdown 
are key factors for the protection of materi- 
als against corrosion. 

The phenomenon of passivation was al- 
ready known in the 19th century. Since that 
time, the various aspects of the passivation 
of metals and alloys have been extensively 
investigated, using the new methods that 
gradually became available. The literature 
on passivation, including papers in scientif- 
ic journals, conferences proceedings, and 
books, is extremely abundant. 

The objective of this chapter is therefore 
not to review the published work on pas- 
sivation in an exhaustive manner (a task 
that would be outside the scope of this se- 
ries), but rather to provide the reader with 
the basic concepts necessary to understand 
what passivity is, and to illustrate these con- 
siderations using selected examples of prac- 

3.2 Electrochemical Charac- 
teristics of Passive Systems 

3.2.1 Current-Potential Curves 

The electrochemical behavior of metals 
and alloys which are passivated can be con- 
veniently described by the schematic cur- 
rent-potential curve shown in Figure 3- l .  
Such a curve is also referred to as a poten- 
tiokinetic or anodic polarization curve. 
Three regions can be distinguished on this 
curve. The first region corresponds to the 
active state of the metal, where anodic dis- 
solution takes place according to the follow- 
ing global reaction 

M - M"+ + n e- (3-1) 

where M denotes the metal atoms on the sur- 
face passing to the aqueous solution in the 
form of cations (which will then be hydro- 
lyzed). A number, n, of electrons is ex- 
changed in this electrochemical reaction. In 
this region, according to classical electro- 
chemical kinetics (see Chap. I of this Vol- 
ume), the current density is an exponential 
function of the potential. It is important to 
note that this is a half reaction, which means 
that another reaction, a cathodic one, must 
take place simultaneously. This cathodic 
(reductive) reaction may be the reduction of 
protons from the solution 

(3-2) 

or the reduction of oxygen dissolved in the 
aqueous solution 

(3-3) 

Electrochemical instruments (potentiostat) 
allow separation of the anodic and the ca- 
thodic reactions, the anodic reaction occur- 

H+ + e- - %H, 

%02 + 2H' + 2e- - H,O 
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Figure 3-1. Anodic polarization curve (current density versus potential) of a metallic material exhibiting pas- 
sivity. For semiconducting films, the passive region extends over a Volt or less. For the insulating films formed 
on valve metals, the passive region extends over a few Volts before dielectric breakdown. 

ring on the studied metal surface and the 
cathodic reaction on a counter electrode, 
the potential being set with a third electrode 
(the reference electrode). In practical situa- 
tions, both the anodic and the cathodic re- 
actions take place on the material surface. 
This is an important point because it can be 
immediately understood that although the 
fundamental reaction of corrosion is anod- 
ic dissolution, it involves necessarily a ca- 
thodic reaction (which can thus be used in 
some cases as a mean of controlling the cor- 
rosion rate). A more detailed examination 
of the anodic reaction would lead us to con- 
sider different elementary steps involving 
the adsorption of OH (hydroxyl) groups on 
surface sites prior to the passage of the met- 
al atom (or cation) into the solution (Ked- 
dam, 1995). 

The second region which is observed in 
Fig. 3-1 corresponds to the passive state of 
the metal. It starts with a transition from the 
active to the passive state, which is respon- 
sible for the peak appearing in the cur- 
rent-potential curve. Above the critical pas- 
sivation potential corresponding to the max- 

imum in the active peak, an oxide (or oxi- 
hydroxide) film grows on the surface (the 
nature of this film is discussed in Sec. 3.3 
of this Chapter) and the dissolution current 
drops to a value which is typically lo2- lo4 
times lower than the anodic dissolution cur- 
rent at the maximum of the active peak. It 
is said that the metal surface is passivated, 
or that the material is in the passive state. 
The anodic reaction of oxidation is 

n M  + mH20 - M,O, + 2 m H + +  2me- 

The passive region usually extends over a 
significant range of potentials (several hun- 
dred millivolts). 

The third region in the polarization curve 
is the transpassive region in which, when the 
potential is further increased, the current 
density begins to rise. In this region, in- 
creased dissolution of the material (under 
conditions where electrochemical polishing 
can be performed) and oxygen evolution 

(3-5) 

(3-4) 

2 H 2 0  - 0, + 4H+ + 4e- 

take place. This reaction requires semicon- 
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ducting properties of the passive films. In 
the case of aluminum and other valve met- 
als, the surface oxide films are insulating 
and they become thicker with increasing po- 
tential. In this case, the passive region ex- 
tends over several Volts before dielectric 
breakdown of the oxide film occurs. 

When impurities or aggressive anions 
(e.g. C1-) are present in the aqueous solu- 
tion, an increase of the current density can 
be observed at a potential located in the pas- 
sive region (i.e. below the transpassive po- 
tential). This effect is caused by local break- 
down of the passive film and localized dis- 

solution. The initial stages of this important 
phenomenon, usually called pitting corro- 
sion, will be discussed in another section of 
this chapter. 

3.2.2 Thermodynamic Aspects 
of Passivity 

The earlier-mentioned considerations 
were based on the polarization curve, which 
is a kinetic approach to anodic dissolution 
(or corrosion), passivation and transpassiv- 
ity. Obviously, the associated chemical re- 
actions only take place if they are permitted 

1,a - 
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Figure 3-2. a) Potential-pH diagram of copper in aqueous solution at 25 "C (Pourbaix, 1963). The lines a and 
b indicate the domain of thermodynamic stability of water. The formation of Cu,O and CuO is predicted in the 
marked regions. 
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1 systems. A passive film, not in equilibrium, 
but dissolving slowly, may exist in the re- 
gion of the E-pH diagram denoted corro- 
sion. The region denoted immunity corre- 
sponds to conditions in which the metal is 
stable (no corrosion). The more or less pro- 

be derived directly from such diagrams. 

c 
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Figure 3-2. b) Schematic potential-pH diagram 
showing the regions of immunity, corrosion (active 
and transpassive dissolution), and passivation. 

by thermodynamics. As regards passive 
films, two cases can be distinguished, de- 
pending on whether the oxide film on the 
surface is or is not in equilibrium with the 
aqueous solution at a given potential and 
PH- 

In some cases, e.g. copper, the existence 
of the passive film is predicted by equilib- 
rium thermodynamics, and this can easily 
be illustrated by diagrams showing the do- 
mains of stability of different species as a 
function of potential and pH. These dia- 
grams, known as potential-pH (E-pH) di- 
agrams, or Pourbaix diagrams, have been 
calculated for several metals (Pourbaix, 
1963, 1974). Figure 3-2a shows the poten- 
tial-pH diagram for copper in water at 
25 "C. The formation of a passive film of cu- 
prous and cupric oxides is predicted. 

In the case of many metals showing the 
ability to be passive, and of importance for 
engineering alloys, e.g. iron, nickel and 
chromium, the passive film, in acidic solu- 
tion, does not result from thermodynamic 
equilibrium, but from the fact that the dis- 
solution rate of the oxide in the acidic solu- 
tion is slow. Figure 3-2b shows a schemat- 
ic potential-pH diagram for metal-water 

3.2.3 Potential Drops at the Passivated 
Surface 

The variation of the potential across the 
passive film (A&) and across the metal- 
film (A$,-,) and film-electrolyte (A$,+) 
interfaces is represented schematically in 
Fig. 3-3a. 

In the stationary state of passivity, the 
potential drop across the film-electrolyte 
interface (A&-,) remains constant. It is 
fixed by the reaction H20 e> 02- + 2H+ 
taking place at the passive film surface, and 
does not vary with the potential of the 
passivated electrode. The film dissolution 
rate is then independent of the potential, i.e. 
the current density does not vary with the 
potential. Consequently, the potential drop 
across the passive film (A&) increases with 
increasing anodic polarization potential. 
The variation of the potential drop with elec- 
trode potential for passive metals in the 
steady state is shown in the schematic dia- 
gram of Fig. 3-3 b. This results in an increase 
of the film thickness with increasing poten- 
tial, without changes of the oxidation state 
of the cations in the film. This has been 
observed for, e.g. iron (Vetter and Gorn, 
1973) and chromium (Haupt and Strehblow, 
1987b; Moffat and Latanision, 1992). 

Other metals, e.g. nickel, exhibit a differ- 
ent behavior. The current density in the pas- 
sive state decreases and then increases 
at a high potential. This is accompanied by 
a small change in thickness (increasing 
slightly with increasing potential). It has al- 
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Figure 3-3. a) Variation of the potential under an ap- 
plied electric field between a passivated metal and an 
electrolyte. b) Variation of the potential drop with 
electrode potential for passive metals in the steady 
state. When the potential drops at the metal/film and 
fildelectrolyte interfaces are independent of the poten- 
tial, the potential drop in the film governs the increase 
of the film thickness when the potential increases. 

so been suggested that the increasing cur- 
rent density is due to the formation of Ni3+ 
(Ni2+ + Ni3+ + e-) (Hoppe and Strehblow, 
1990). 

3.3 Chemical Composition 
and Thickness of Passive Films 
on Metals 

The chemical nature of passive films is 
an important issue, which has stimulated 
numerous studies by various techniques 
including electrochemical techniques (e.g. 
galvanostatic cathodic reduction, which 
can be coupled with analytical chemical 
measurements of the composition of the so- 
lution in which the reduction was carried 
out), ellipsometry, electron diffraction, 
Mossbauer spectroscopy, electron spectros- 
copy [Auger electron spectroscopy (AES) 
and electron spectroscopy for chemical 
analysis (ESCA or XPS)], secondary ion 
mass spectrometry (SIMS), ion scattering 
spectroscopy (ISS) and techniques using 
synchrotron radiation [X-ray absorption 
near edge spectroscopy (XANES) and ex- 
tended X-ray absorption fine structure spec- 
troscopy (EXAFS)]. It is now well accept- 
ed that the passive film is not a single layer 
but rather has a stratified structure. Accord- 
ing to the bilayer model, the passive film 
consists of an inner layer of oxide and an 
outer layer of hydroxide or oxi-hydroxide. 
This model of the passive film is shown 
schematically in Fig. 3-4. The inner oxide 
layer plays the role of a barrier layer against 
corrosion. The outer layer plays the role of 
an exchange layer. The chemical composi- 
tion and thickness of the inner and outer 
layers obviously depend on the nature of the 
metal, but also on the pH of the electrolyte 
in which the metal is passivated and on the 
electrochemical potential. The results ob- 
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Figure 3-4. Bilayer model of the composition of pas- 
sive films showing the stratification of the various 
compounds. Hydroxyl groups are concentrated in the 
outer part of the film, forming hydroxides or oxi- 
hydroxides with the metallic cations. The inner part 
consists of (nearly) anhydrous oxides. 

tained on pure metals are presented below, 
with alloys treated in another section of this 
chapter. Among the pure metals on which a 
protective film can be formed, the main em- 
phasis is put on those metals used as com- 
ponents of stainless alloys (iron, nickel, and 
chromium). 

3.3.1 Iron 

The composition of the passive film on 
iron has been the subject of numerous 
studies. The proposed models involve 
either single or double layers containing 
oxides (Fe304, y-Fe20,) or oxi-hydroxides 

....... ~ __..___._.__.___ I ........ I ...... 
l l : ! .  I 

[FeOOH, Fe(OH),]. For passive films 
formed in borate buffer solutions by step- 
ping the potential to high enough values in 
the passive region (this procedure allows 
minimization of the anodic dissolution tak- 
ing place in unbuffered sulfate or perchlo- 
rate solutions), there is considerable experi- 
mental evidence in favor of a bilayer mod- 
el and the prevalent view favors a y-Fe,O,l 
Fe304 structure. Figure 3-5 shows this mod- 
el for the passive film on iron with an inner 
layer of Fe304 and an outer layer of y- 
Fe203. This model was proposed by Nagay- 
ama and Cohen (1 962, 1963) and later con- 
firmed by Ord and DeSmet (1966), Sat0 et 
al. (1971), Mitchell and Graham (1986), 
Bardwell et al. (1988), Davenport and San- 
sone (1995), and MacDougall and Graham 
(1995). It must be noted that the boundary 
between Fe304 and y-Fe20, may not be as 
sharp as it is shown in Fig. 3-5. The film can 
also be viewed as a constant oxygen lattice 
with a varying concentration of cations from 
the metal-oxide interface to the solution- 
oxide interface. The bilayer model under- 
scores the fact that there are significant dif- 
ferences between the inner and outer layers. 
The passive film thickness on iron increas- 
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Figure 3-5. Anodic polarization curve of an 
iron electrode in a borate buffer solution of 
pH 8.4 (Nagayama and Cohen, 1962). The 
insert shows the bilayer model of the com- 
position of the passive film with an inner 
layer of Fe304, an outer layer of y-Fe,03 
and adsorbed hydroxyl groups (MacDougall 
and Graham, 1995). 
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es with anodic potential to a limiting value 
1 5  nm when formed in borate buffer solu- 
tions. 

Some authors have suggested that the 
passive oxide on iron is not a classical semi- 
conductor but a highly doped film with Fe2+ 
and Fe4+ defects (Cahan and Chen, 1982). 
Fe2+ is present in the inner part of the film 
composed of Fe,O,. The presence of Fe4+ 
species is essentially equivalent to the de- 
fects suggested by Nagayama and Cohen 
(1962, 1963). It has been suggested that a 
fraction of monolayer of OH is adsorbed on 
the oxide surface, but the y-Fe2031Fe304 
film does not contain significant amounts of 
incorporated OH- (Mitchell and Graham, 
1986). However, for passive films formed 
by sweeping the potential or by stepping the 
potential at low values in the passive region 
or at low pH (conditions in which the anod- 
ic dissolution is high), significant amounts 
of OH- can be found in the passive film. Seo 
et al. (1977) reported an inner layer of y- 
Fe203 formed by solid-state reaction and an 
outer layer of y-FeOOH formed by anodic 
oxidation of ferrous ions dissolved in the 
early stages of the passivation treatment. 
According to Nagayama and Cohen (1963), 
Markovac and Cohen (1967), and Cohen 
and Hashimoto (1974), ferrous ions can be 
deposited onto surfaces by anodic oxida- 
tion. The outer layer found under these con- 
ditions is a deposit layer that is not directly 
related to passivity. Recently, Buchler et al. 
(1998) showed that the formation of this de- 
posit layer on the oxide barrier film depends 
strongly on the hydrodynamic conditions of 
the passivation experiment. 

3.3.2 Nickel 

On nickel, passivity takes place in solu- 
tions over a wide range of pH values 
(MacDougall and Graham, 198 1 ; MacDou- 
gall et al., 1982, 1986). The generally ac- 

cepted view is that the passive film on 
nickel is composed of Ni(I1) cations with an 
inner layer of NiO and an outer layer of 
Ni(OH),. The thickness of the passive 
film on nickel is in the range 0.9-1.2 nm 
(Marcus et al., 1979; Lochel and Streh- 
blow, 1984; MacDougall and Graham, 
1981; MacDougall et al., 1982, 1986; 
Mitchell et al., 1985; Wagner and Moylan, 
1989), and varies very little with potential 
(Hoppe and Strehblow, 1989,1990). A mod- 
el of the passive film is shown in Fig. 3-6. 
The results from XPS measurements are 
also shown in Fig. 3-6 (Marcus et al., 1979), 
in which the presence of Ni2+ in NiO and 
Ni(OH)2 is revealed by the Ni 2p3/2 spec- 
tra [Ni2+ in NiO at 854.4 eV and Ni2+ 
in Ni(OH), at 856.6 eV] as well as by the 
0 1s spectra (02- at 529.8 eV and OH- at 
531.6 eV). XPS data from other authors 
also support the bilayer model for nickel 
(Lochel and Strehblow, 1984; Hoppe and 
Strehblow, 1989, 1990; Wagner and Moy- 
lan, 1989). This model has been refined 
on the basis of atomic structure measure- 
ments by STM (summarized in Sec. 3.5). 
The exact amount of surface hydroxylation 
of the passive film is still under debate. One 
view is that only some of the adsorbed hy- 
droxyl groups are present at the surface of 
the NiO oxide, which corresponds to frac- 
tions of a monolayer of hydroxide (Mitch- 
ell et al., 1985; Hoppe and Strehblow, 1989). 
The other view is that a complete layer of 
hydroxide is developed on the NiO oxide 
surface (Marcus et al., 1979). 

3.3.3 Chromium 

The passive film on chromium has been 
relatively less studied than that on iron and 
nickel, but it will be seen later that, in sharp 
contrast, passive films on chromium-con- 
taining alloys, e.g. stainless steels, have 
been extensively studied, because of their 
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Figure 3-6. XPS spectra of an Ni( 100) electrode af- 
ter passivation in 0.05 M H,S04 at 0.54 V,,, for 
30 min in the upper plot and after ion etching in the 
lower plot (Marcus et al., 1979). Ion etching decreas- 
es the intensity of the high binding energy component 
of the 0 1s peak corresponding to hydroxyl groups, 
and the intensity of the associated Ni2+ cations (high- 
est binding energy component of the Ni 2~312 peak), 
indicating the presence of nickel hydroxide in the 
outerpart of the passive film. The bilayer model shows 
the stacking of oxygen and nickel planes in the inner 
part of the film, and of hydroxyl group and nickel 
planes in the outer part of the film. 

technological importance. On chromium, 
the passive film is composed of Cr(II1) ions 
bonded to 02- and OH- ions (Bouyssoux 
et al., 1977; Seo et al., 1980; Sugimoto and 
Matsuda, 1980; Haupt and Strehblow, 
1987a, b; Bjornkvist and Olefjord, 1987; 
Moffat and Latanision, 1992; Moffat et al., 
1992; Melendres et al., 1992; Maurice et al., 
1994a). It also contains H 2 0  ligands. Cr(I1) 
ions are expected to take part in the initial 
stages of formation of the passive film 
(Doblelaar and De Wit, 1990, 1992; 
Bjornkvist and Olefjord, 1987; Oblonsky 
and Devine, 1995). However, there is no ev- 
idence of their presence in the steady state 
passive film. Cr(V1) ions are only detected 
in the transpassive region (Hara and Sugi- 
moto, 1979; Melendres et al., 1992; Schmu- 
ki et al., 1996a). The stratification of the 
films measured by XPS (Bouyssoux et al., 
1977; Seo et al., 1980; Haupt and Strehblow, 
1987a, b; Maurice et al., 1994a) can be ra- 
tionalized by a bilayer model with a slight- 
ly hydrated inner part of Cr,03, and a high- 
ly hydrated outer part assigned to Cr(OH), . 
The thickness has been reported to range 
from 0.3 to 2.5 nm, and increases with the 
passivation potential. The passivation po- 
tential and time strongly influence the com- 
position of the passive film. The increase in 
the passivation potential favors the devel- 
opment of a continuous layer of oxide in the 
inner part of the film. Dehydration of the 
passive film is also favored by aging under 
polarization at a fixed potential (Maurice et 
al., 1994a). 

3.3.4 Copper 

As indicated earlier, the passivation of 
copper is in agreement with the predictions 
of the Pourbaix diagram. In an acid electro- 
lyte, copper oxides dissolve rapidly and pas- 
sivation does not take place. Passivation is 
only observed on polarization curves for 



142 3 Passivity of Metals and Alloys 

electrolytes of pH > 5 (Strehblow and Titze, 
1980; Abrantes et al., 1984). Electrochem- 
ical and surface analytical measurements 
(XPS and ISS) have shown that in weakly 
acidic and alkaline solutions a Cu20 layer 
is formed at potentials E>0.58-0.059 pH, 
and a bilayer film with an inner Cu20 layer 
and an outer CuO/Cu(OH), mixed layer 
is formed at a higher potential, E>0.78- 
0.059 pH (Strehblow and Titze, 1980). The 
formation of Cu(II1) ions has been observed 
in the transpassive region (Miller, 1969). 
The total thickness of the bilayer passive 
film increases with potential up to a limit- 
ing value <6 nm. It is limited to 3 nm for 
the single layer Cu20 film. Thicker layers 
can be obtained by precipitation of dis- 
solved ions in the potential range of the sec- 
ond anodic peak in strongly alkaline solu- 
tions (Strehblow and Titze, 1980). 

3.3.5 Anodic Films on Aluminum 

On aluminum and other valve metals 
(titanium, zirconium, hafnium, tantalum, 
and niobium), thicker anodic oxide films 
can be grown because the oxides are insu- 
lators. Thick films of - 100 pm are general- 
ly porous, whereas the barrier films are 
thinner (<1 pm). As indicated earlier, the 
anodic oxide films formed on valve metals 
exhibit dielectric breakdown at high volt- 
ages. 

Aluminum can be anodized at a constant 
current density (typical values are 5 mA 
cm-2 in 0.1 M electrolytes). The current 
density follows a relation (described later in 
the Sec. 3.6) characteristic of the high field 
growth. 

The passive film on aluminum also con- 
sists of an inner layer of A1203 and an out- 
er layer of A100H. 

3.4 Electronic Properties 
of Passive Films 

It was shown in Sec. 3.3 that passive films 
formed on metal surfaces are composed of 
oxides and hydroxides (or oxi-hydroxides). 
Therefore they are not conductors, but rath- 
er semiconductors or insulators. The oxide 
films formed on iron, nickel, chromium 
andcopper(Secs. 3.3.1-3.3.4)aresemicon- 
ductors. As such, their electronic structure 
can be conveniently described by the band 
model, with a band gap of several electron- 
Volts between the valence band level and the 
conduction band level. This is shown in a 
schematic manner in Fig. 3-7 for an n-type 
semiconductor (Fermi level close to the con- 
duction band level). The electrochemical 
potential at which the bands are flat is called 
the flat band potential (see Fig. 3-7a). De- 
viation from this potential causes the ap- 
pearance of a space charge region with the 
associated band bending (see Fig. 3-7b). 
According to the classical theory of semi- 
conductors (Morrison, 1980), the thickness 
of the space charge region depends on the 
density of charge carriers in the semicon- 
ductor (of the order of lo2' ~ m - ~ ) .  For thin 
passive films such as those that have been 
considered here, the thickness of the space 
charge region is of the same order of magni- 
tude as the film thickness (i.e. band bending 
extends over a major part of the oxide film). 

The electronic structures of the passive 
films can be investigated by photoelectro- 
chemical measurements (Stimming, 1986; 
Peter, 1989; Di Quarto et al., 1994). The 
method, schematically illustrated in Fig. 
3-8, uses a light beam to form electron-hole 
pairs. The charges thus created are con- 
sumed in a redox reaction taking place at the 
passive layer/electrolyte interface, giving 
rise to a photocurrent. Measurement of this 
current as a function of the wavelength of 
the incident light provides data on the elec- 
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Figure 3-7. Schematic representation of the bands of 
an n-type semiconducting passive film a) at the flat 
band potential, and b) under anodic polarization with 
respect to the flat band potential. As the passive film 
is ultra-thin and the density of states is low, the band 
bending extends over the whole thickness of the pas- 
sive film. 

tronic properties of the semiconducting 
film, in particular the width of the gap 
between the occupied valence band and the 
unoccupied conduction band (E,OPt). Elec- 
trochemical impedance measurements are 

1 red+ox+e' 

METAL OXIDE ELECTROLYTE 

Figure 3-8. Schematic representation of the princi- 
ple of photoelectrochemical measurements for an 
n-type semiconducting passive film under anodic 
polarization. The photon illumination forms electron 
and hole pairs whose charge can be consumed in the 
oxidation of redox couples at the surface of the film, 
giving rise to a photocurrent. 

also used for investigating the electronic 
properties of passive films. 

Photoelectrochemical studies of passive 
films are illustrated by the results obtained 
for passivation layers formed on nickel in 
alkaline solutions (Sunseri et al., 1995). Fig- 
ure 3-9 shows the photocurrent spectrum 
(i.e. photocurrent versus wavelength of the 
incident beam) for a film grown in a borate 
buffer solution (pH = 8.9) at -0.35 VsHE. 
The optical band gap is determined by 
extrapolation of the linear portion of the 
(iph hv)0.5 versus hv plot, according to the 
following relation 

where i,, is the photocurrent, hv is the 
energy of the incident photons, and ElPt is 
the optical band gap. 

The authors have reported two optical 
band gaps of 3.45 kO.1 eV and 3.05_+0.05 
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Figure 3-9. Determination of the optical band gaps 
for a nickel electrode passivated in 0.25 M Na,HPO, 
(pH 8.9) at -0.35 V,,, (Sunseri et al., 1995). 

eV, derived from Fig. 3-9 at high and low 
energies, respectively. The measurements 
were interpreted as indicative of the exis- 
tence of a bilayer film with a p-NiO inner 
layer of higher band gap underlying a par- 
tially hydrated oxide of lower band gap. 
This interpretation is in agreement with pre- 
vious studies of the composition of the pas- 
sive film on nickel by XPS (Marcus et al., 
1979). The flat band potential was deter- 
mined as around 0.3 V,,, at pH 8.9. It 
should be noted that there is a large spread 
in the data of the band gap measured on 
passivated nickel. The values range from 
1.8 eV for passivation in strongly acidic so- 
lutions (pH 0.3) (Sato, 1982) up to 3.45 eV 
for passivation in weakly and strongly alka- 
line solutions (pH 8.5-14) (Sunseri et al., 
1995). Wilhem and Hackerman (1981) re- 
ported values of 3.1 eV for passivation in 
borate buffer at pH 8.4. Their data were re- 
interpreted by Stimming (1986) to yield a 
direct band gap of 3.4 eV and an indirect 
band gap of 2.1 eV. All authors agree on 
the p-type character of the passive film on 
nickel. 

The passive film formed on iron in borate 
buffer solution behaves as an n-type semi- 
conductor (Stimming and Schultze, 1976). 
A band gap of 2.5 eV has been reported by 
Wilhem and Hackerman (198 1) and a simi- 

lar value was obtained by Abrantes and Pe- 
ter (1983). These data, reinterpreted by 
Stimming (1986) yield an indirect band gap 
of 1.9 eV. No direct band gap could be 
deduced. The indirect band gap value of 
1.9 eV was also found by Kloppers et al. 
(1992). Abrantes and Peter (1983) found 
that the value of the band gap does not vary 
in the pH range 4.8- 13. For passivation in 
strongly acidic solution (pH 0.3), Sat0 
(1982) found a band gap value of 1.6 eV. All 
these authors and others (Oshe et al., 1970; 
Schmickler, 1978; Delnick and Hackerman, 
1979), agree on the n-type semiconducting 
properties of passivated iron. Another (con- 
tradictory) view is that the passive film on 
iron is an insulator (Ord and DeSmet, 1966; 
Draper, 1967; Moshtev, 1971). 

On chromium passivated in acid solu- 
tions, the photoelectrochemical results 
show a change in the type of conductivity 
with increasing passivation potential: p- 
type and n-type conductivity have been 
measured at low and high potential, respec- 
tively (Metikos-Hukovic and Ceraj-Ceric, 
1987; Sunseri et al., 1990; Searson and La- 
tanision, 1990; Schmuki et al., 1996b). Val- 
ues of the band gap ranging from 2.4 to 3.3 
eV have been reported depending on the 
passivation potential and passivation time. 
By assuming that the value of 3.55 eV is 
characteristic of anhydrous Cr203 oxide, the 
values measured for the passive film were 
assigned to various degrees of hydration of 
the film (Sunseri et al., 1990). The higher 
values of 3.15 eV (3.3 eV for prolonged 
polarization) measured at a high potential 
(0.9 VsHE) in 0.5 M H2S04 (pH 0.3) were 
assigned to nearly nonhydrated Cr203 films, 
whereas the lower values of 2.4-2.5 eV 
measured at a low potential (-0.05 V,,,) at 
pH 0.3, and in the whole passive range at 
neutral pH (6.5), were assigned to a hydrat- 
ed oxide that could correspond to Cr(OH), . 
As in the case of nickel, this interpretation 
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is consistent with the XPS data on the com- 
position of the passive film and with the de- 
crease of hydration induced by the passiva- 
tion potential and time (Maurice et al., 
1994a). Also, in the case of chromium, an- 
other view (Bojinov et al., 1998) is that the 
passive film formed in a potential region 
where it can essentially be assumed to be 
Cr203 is an insulator of low intrinsic con- 
ductivity with a high mobility gap, which 
would have a high concentration of interme- 
diate states in the band gap. 

The passive film formed on copper is a p- 
type semiconductor according to photoelec- 
trochemical studies (Paatsch, 1977; Sander 
et al., 1981; Collisi and Strehblow, 1986, 
1990). The indirect and direct band gaps 
of the single layer of Cu20 are 2.35 eV and 
3.0 eV, respectively. The CuO/Cu(OH), 
outer layer of the duplex film decreases the 
band gap by about 0.3 eV (Collisi and Streh- 
blow, 1986). The potential dependence of 
the photocurrent gives a flat band potential 
of -0.28 VsHE for the Cu20 film and -0.05 
VsHE for the duplex layer in 0.1 M KOH 
(Collisi and Strehblow, 1986). UV photo- 
electron spectroscopy (UPS) measurements 
make it possible to determine precisely the 
position of the valence band with respect to 
the Fermi level. The Fermi level is 0.8 eV 
above the valence band for the Cu20 film 
and 0.5 eV for the duplex layer (Strehblow, 
1993), which confirms the p-type character 
of the passive films. Electrochemical charge 
transfer measurements in the dark of the 
passivated copper (Strehblow et al., 1994) 
are indicative of the presence of intermedi- 
ate states in the band gap forming a subband 
at the position of the Fermi level. This view 
is consistent with conductivity measure- 
ments of well ordered crystalline Cu20, 
which previously concluded on the presence 
of a subband in the band gap (Noguet et al., 
1974). 

3.5 Structure of Passive Films 

Although the structure is a key factor for 
the understanding of the properties of pas- 
sive films, it is only recently that a signifi- 
cant amount of data on the atomic structure 
has appeared. This is in part due to the dif- 
ficulty of any structural analysis, inherent to 
the nanometer thickness of the passive films 
and the roughness of the surfaces resulting 
from dissolution, which makes techniques 
such as reflection high energy electron dif- 
fraction (RHEED) and grazing incidence 
X-ray diffraction (GXRD) difficult to apply 
successfully. The advent, in the late 1980s, 
of scanning tunneling microscopy (STM) 
has stimulated many investigations of pas- 
sive film structures. Prior to the STM data, 
it was generally considered that the ultra- 
thin passive films were amorphous, and that 
the absence of crystallinity was favorable to 
the corrosion resistance. This view has now 
changed, because STM studies have re- 
vealed that in many cases the passive films 
are crystalline. The structures of passive 
films on a number of metals, including 
copper, nickel, iron, and chromium, are 
reviewed below with emphasis on the fol- 
lowing aspects: the crystallinity of the films, 
the nature of defects, and growth mecha- 
nisms. 

The structure of passive films on copper 
has been investigated by in situ STM on sin- 
gle crystal surfaces [Cu( 11 l)] polarized in 
a borate buffer solution (Maurice et al., 
1999). The formation of a single Cu20 layer 
was observed at a low potential. Preferen- 
tial nucleation and growth of the oxide was 
observed at step edges (a terrace and step to- 
pography was found on the copper surface 
prior to formation of the oxide). The com- 
petition between passivation (i.e. oxide film 
formation) and dissolution could be ob- 
served in situ by STM imaging. Dissolution 
of the unpassivated metal surface takes 
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place preferentially at the step edges, which 
results in step retraction (this phenomenon 
is referred to as a step flow mechanism). Nu- 
cleation of Cu20 blocks the step dissolution 
locally and pins down the step. These local 
processes cause a roughening of the steps, 
as seen in Fig. 3-10. Further thickening 
of the oxide films resulted in unstable STM 
images, because the tip potential did not al- 
low tunneling of electrons to the conduction 
band of the Cu20 layer (which is a p-type 
semiconductor with an indirect band gap 
of 2.3 eV). Polarization of copper at higher 
electrochemical potential leads to the 
formation of a duplex layer Cu20/CuO- 
Cu(OH),, which has a grain-like structure. 
STM measurements did not reveal any long 
range periodicity of this duplex layer. It in- 
dicates that the passive film formed on cop- 
per in borate buffer solution is not crystal- 
line, in contrast with the Cu20 film formed 
in 0.1 M NaOH which is crystalline and 
oriented (1 1 1) when grown on Cu( 1 1 l ) ,  and 
oriented (100) when grown on Cu( 100) 
(Ikemiya et al., 1995). 

The ex situ study of the atomic structure 
of the passive film on nickel single crystals 
[Ni( 11 l)] (Maurice et al., 1993,1994b) was 
the first STM investigation of passive films 
on metals with both lateral and vertical 
atomic resolution. On a mesoscopic scale, 
the passive film formed on nickel (in 0.05 M 
H2S04) exhibits crystallites. The size of the 
crystallites decreases with increasing poten- 
tial. Accordingly, their density increases 
with increasing potential. The data are re- 
ported in Table 3-1 for three different po- 
tentials in the passive region. 

Figure 3-10. a) In situ STM topographic images re- 
corded at -0.7 V,,, (metallic surface), and b, c) at 
+0.03 Vs,,during formation of the Cu,O passive film 
in a borate buffer solution (Maurice et al., 1999). The 
potential was stepped at the end of measurement a) as 
indicated. b) is the first scan (upwards) after the PO- 

tential step, allowing observation of nucleation and 
growth of the passive film from the bottom to the top. 
The roughening of the steps is seen at the bottom of 
the image. c) is the third scan (upwards) after the po- 
tential step, showing the loss of the terrace and step 
topography observed in a). 



3.5 Structure of Passive Films 147 

Table 3-1. Average lateral size, density, and shape of the crystallites of the passive film formed on Ni( 11 1) in 
0.05 M H$04 by a potential step in the passive region. 

Potential (VsHE) Average size of Density of Shape of crystallites 
crystallites (nm) crystallites (cm-') 

0.55 
0.65 
0.75 

- 70 
- 40 - 30 

2 x 10'0 
6 x  10" 
1 x 10" 

trigonal with oriented edges 
hexagonal with oriented edges 

elongated with non-oriented edges 

The shape of the crystallites also varied 
with potential. At the lowest potential (0.55 
V), they were trigonal with ledges oriented 
along the main crystallographic directions 
of the nickel substrate. At the intermediate 
potential (0.65 V), they were hexagonal 
also with ledges oriented along the main 
crystallographic directions of the nickel 
substrate. At the highest potential (0.75 V), 
the crystallographic features had disap- 
peared. The increase of the density of crys- 
tallites is related to an increase of the over- 
saturation with respect to the formation of 
the oxide when the potential increases, and 
the shape is associated with the epitaxial 
growth of the oxide. Another factor that 
must be considered is the dissolution, which 
takes place as long as the surface is not com- 
pletely passivated. The dissolution rate in- 
creases with increasing potential, and dis- 
solution may create new sites of oxide nu- 
cleation and thus favor a higher density of 
oxide nuclei. The more intense dissolution 
occurring at a high potential causes a rough- 
ening of the surface, which could be respon- 
sible for the loss of symmetry of the crys- 
tallites observed at the highest potential. 

The atomic structure of the passive film 
was determined by high resolution STM 
measurements, as shown in Fig. 3- 11 ,  which 

The passivated surface terraces and 
steps. The terraces consistofNiO(l 1 1). The 
height and density of the steps are associat- 

Figure 3-11. EX situ STM topographic images of the 

+750 mVsH, (Maurice et al., 1994b). The top image 
shows the stepped crystalline structure. The bottom 
image shows the lattice recorded on the terraces. The 
unit cell and two point defects are marked. 

reveals the crystallinity of the passive film. Passive film formed on Ni(111) in 0.05 M H2SO4 at 



148 3 Passivity of Metals and Alloys 

ed with a tilt of the oxide surface of 8 k 5" 
with respect to NiO( 1 1 l), which corre- 
sponds to the following epitaxy between the 
oxide and the nickel substrate: 

NiO(433) 11 Ni( 1 11) with 
NiO[O 1 13 11 Ni[O 1 13 and 
NiO(765) 11 Ni( 1 I 1) with 
NiO[ 1 

An atomistic model of the passive film is 
shown in Fig. 3-12. It must be pointed out 
that the (1 1 1) surface of NiO is normally un- 
stable. Indeed NiO has the rock salt (NaC1) 
structure, and the (1 11) surface consists of 
planes containing only cations or only an- 
ions. Such a polar surface is not stable. It is, 
however, the surface that is obtained by pas- 
sivation. The (1 11) surface of NiO is also 
obtained by oxidation of Ni( 11 1) in O2 with 
a very low partial pressure of H 2 0  (Rohr 
et al., 1994; Kitakatsu et al., 1998). The rea- 
son for this is that the surface is stabilized 
by the adsorption of a monolayer of hydrox- 
yl groups, or by the presence of a layer 

11 11 Ni[ 1 2 13. 

of /?-Ni(OH), in (1x1) epitaxy with the 
NiO surface [~-Ni(OH),(OOOl> 11 NiO(l1 l)]. 
These data show that the direction of growth 
of the oxide film is governed, at least in part, 
by minimization of the oxide surface ener- 
gy by the hydroxyl groups. The presence of 
water is thus a major factor for the struc- 
tural aspects of the growth mechanism. The 
tilt corresponding to the presence of steps 
may partly relax the interfacial stress asso- 
ciated with the mismatch of 16% between 
the lattice parameters of the oxide and those 
of the metal substrate. Another observation 
is that the average width of the terraces ob- 
served on the passive film surface remains 
constant. This shows that dissolution of the 
oxide (related to the current density meas- 
ured in the passive state) takes pIace at the 
steps of the passive film (step flow process). 

The crystalline nature of the passive film 
formed on nickel has been confirmed by oth- 
er STM studies performed in situ on Ni( 100) 
in 1 M NaOH, where the (1 11) orientation 
of NiO was also observed (Yau et al., 1994), 
and on Ni( 11 1) in 0.05 M Na,SO, at pH 3.0 

- 0  . .  

[ZTi]  

3-fold hollow 
sites 

Figure 3-12. Atomistic model of the passive film on Ni( 1 1 1): section profile along [2 i i] of the interface between 
the thin oxi$e-film and-the metal substrate constructed from bulk parameters. The case of NiO(433) IINi(ll1) 
with NiO[O 1 13 11 Ni[O 1 11 epitaxy r8.02" tilt between the (1 11) planes of the oxide and those of the substrate] 
is illustrated. The atomic planes and nodes are indicated. Different terminations of the oxide film are illustrated 
(Maurice et al., 1994b). 
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(Suzuki et al., 1996; Zuili et al., 1997; Zui- 
li, 1998). 

STM data have shown the crystallinity of 
the inner layer of the passive film on chro- 
mium (Maurice et al., 1994a; Zuili, 1998; 
Zuili et al., 1999). However, in sharp con- 
trast to the case for nickel, on which large 
crystals of NiO are formed, the crystals of 
Cr203 formed on chromium can be very 
small in passivation conditions where the 
oxide inner layer is not fully developed, and 
where the passive film is highly hydrated 
and consists mainly of hydroxide. A typical 
image is presented in Fig. 3-13, which 

Figure 3-13. Ex situ STM image of the passive film 
formed on Cr(ll0) in 0.5 M H,SO, at +0.5 VsHE 
after 22 h of polarization, showing ordered domains 
(marked) assigned to a-Cr20,(0001) crystals (Mau- 
rice et al., 1994a). 

shows crystals of lateral size limited to 1-4 
nm formed on Cr( 110) passivated in 0.5 M 
H2S04. This supports the view that the pas- 
sive film on chromium can have a nanocrys- 
talline structure. In passivation conditions, 
where the passive film is dehydrated and 
consists mostly of chromium oxide, larger 
crystals are formed. The nanocrystals and 
the larger crystals consist of a-Cr,O, orient- 
ed (0001). The basal plane of the oxide is 
parallel to Cr( 1 10). Another special feature 
of the passive film on chromium is that the 
oxide nanocrystals are cemented together 
by the chromium hydroxide outer layer. The 
role of cement between the grains played by 
the chromium hydroxide and the high stabil- 
ity of chromium oxide and chromium hy- 
droxide make this passive film extremely 
protective against corrosion. 

On iron, an early STM investigation by 
Bhardwaj et al. (1991a) of the passivation 
in borate buffer solution (pH 8.4) showed 
the roughening of the surface and the for- 
mation of patches of nanometer dimension 
upon oxidation at an anodic potential. Co- 
alescence of the patches to form a complete 
passive layer was then observed. These data 
indicate a nucleation and growth mecha- 
nism of passivation. More recently, the 
atomic structure of the passive film on sput- 
ter deposited thin films of iron was studied 
by ex situ and in situ STM (Ryan et al., 1995). 
Long range order, proving the crystalline 
nature of the passive film, was observed. A 
nucleation and growth process identical to 
that observed on iron has also been report- 
ed for aluminum (Bhardwaj et al., 1991 b). 

As shown above, scanning probe micros- 
copies (mostly STM) have provided many 
of the data on the structure of passive films. 
Prior to the advent of scanning probe mi- 
croscopies, a few data were available, ob- 
tained by reflection high energy electron 
diffraction (RHEED). For example, the 
crystallinity and epitaxy of the passive film 
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formed on Ni( 11 1) in acid solution had been 
observed (Oudar and Marcus, 1979). Graz- 
ing incidence X-ray diffraction (GXRD) is 
also an appropriate technique for the struc- 
tural characterization of passive films, pro- 
vided that the surface remains extremely 
smooth. The use of synchrotron radiation 
considerably increases the potential of this 
technique. Recent data have been obtained 
on the structure of the anodic oxide films on 
titanium (Toney, 1991) and iron (Toney et 
al., 1997), showing that on iron the passive 
film structure is based on Fe,O, with 20% 
and 33 % cation vacancies in the octahedral 
and tetrahedral sites, respectively, and with 
a 12% occupancy of the octahedral intersti- 
tial sites by cations. 

3.6 Growth Mechanisms 

This section on film growth will be re- 
stricted to direct film formation processes 
in which passivation is the result of the di- 
rect reaction between the metal surface and 
the aqueous solution. Other processes of 
film formation, such as dissolution/precip- 
itation (dissolution of metal ions and subse- 
quent precipitation of an oxide, oxi-hydrox- 
ide, or hydroxide) and anodic deposition 
processes (anodic oxidation of metal ions in 
the solution and deposition on the surface), 
are not treated here. 

The generally accepted model for passive 
film growth, illustrated in Fig. 3-14, is of 
field-assisted film formation, which is es- 
sentially a modified Cabrera-Mott model 
originally established for gaseous oxidation 
and the formation of thin oxide films in a 
gas at low temperature (Cabrera and Mott, 
1948- 1949; Fehlner and Mott, 1970). This 
classical theory describes the growth, in the 
direction perpendicular to the surface, of an 
oxide layer completely covering the sub- 
strate surface, by a hopping mechanism. The 

METAL PASSIVE ELECTROLYTE 

Figure 3-14. Model of passive films growth under an 
applied electric field: adsorption of hydroxyl groups 
at the film surface and formation of metallic cations 
at the metal/film interface, followed by cations hop- 
ping via the vacancies of the film towards the film/ 
electrolyte interface where reaction with the adsorbed 
hydroxyl groups takes place. 

FILM 

hopping model describes the outward mo- 
tion of cations in the forming film by hop- 
ping via empty sites (cation vacancies) in a 
full oxygen lattice. The cation formation 
and movement takes place under the influ- 
ence of the high electric field (hence the 
name of high field mechanism) set by the 
potential difference across the passive film. 
Once the ion has reached the fildelectro- 
lyte interface, reaction with water or ad- 
sorbed hydroxyl groups takes place. 

The rate law derived from the Cabrera- 
Mott model is as follows 

where x is the passive film thickness, t the 
time, N the number of mobile ions, 52 the 
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volume in the passive film per mobile ion, 
Y the atomic vibration frequency, W the 
energy barrier to ion movement in the film, 
q the ionic charge, a half the ion jump dis- 
tance, E the potential, k the Boltzmann’s 
constant, and T the temperature. This equa- 
tion can be integrated to give an inverse log- 
arithmic law of the growth rate (Ghez, 
1973). Fehlner and Mott (1970) have shown 
that a direct logarithmic growth law can be 
derived from this equation if the energy bar- 
rier W increases with thickness and if the 
film grows under a constant field rather than 
a constant voltage. The direct logarithmic 
law gives a slope of -1 for the log i versus 
log t plot of the decay of the current density 
measured as a function of time after the 
potential has been adjusted to a constant 
value in the passive region. This has been 
measured for iron (Kirchheim et al., 1989, 
Graham et al., 1993) and chromium (Kirch- 
heim et al., 1989). 

It should be noted that the growth of the 
passive film may also occur by the inward 
motion of oxygen anions. In many cases, 
such as for passive films formed in acid so- 
lution on iron, nickel, or chromium, the pas- 
sive film stops growing because its rate of 
formation equals its rate of dissolution at the 
oxide/electrolyte interface. 

Other models have also been pro- 
posed: the point defect model, which is a 
modified version of the high field model 
(Lin et al., 1981; Chao et al., 1981) and the 
place exchange model (Lanyon and Trap- 
nell, 1955; Sat0 and Cohen, 1964; Conway 
and Angerstein-Kozlowska, 198 1). 

The classical models, which essentially 
consider the growth of the oxide in a direc- 
tion perpendicular to the surface, are strict- 
ly applicable at a late stage of the formation, 
when the film already covers the entire sur- 
face. For ultra-thin passive films (1-3 nm), 
this stage may occur at almost the end of the 
film formation. This may explain why ex- 

perimental data on growth rate (current den- 
sity versus time after a potential step in the 
passive region) are not always well fitted by 
the simple logarithmic or inverse logarith- 
mic rate laws indicated. 

The growth mechanisms include the dif- 
ferent stages of film formation, going from 
the bare metal surface to the stationary state 
of passivity. STM data have provided in- 
creasing evidence that the formation of pas- 
sive films includes a process of nucleation 
and growth of the oxide (Bhardwaj et al, 
1991 a, b, Maurice et al., 1999). To take into 
account the classical models and the more 
recent data, the various stages of passive 
film formation can be described as follows 
(see Fig. 3-15): 

1. Dissociative adsorption of H,O or ad- 
sorption of OH- groups resulting in the 
hydroxylation of the surface. After this 
first stage, the growth can follow two 
different paths depending on the nature 
of the metal, the relative stability of the 
oxides and hydroxides, the pH of the 
electrolyte, the passivation potential, 
and the temperature. 

One possible path is: 

2a. 

3a. 

4a. 

Recombination of adjacent OH groups 
(dehydration) or deprotonation result- 
ing in the formation of oxide islands of 
monolayer thickness. 
Surface hydroxylation and lateral 
growth of oxide islands to form a com- 
plete monolayer of oxide with superfi- 
cial hydroxyl groups. 
Oxide growth perpendicular to the sur- 
face still with surface hydroxylation. 

The other path is: 

2b. Growth perpendicular to the surface of 
an hydroxide or oxi-hydroxide layer 
completely covering the metal. 
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Figure 3-15. Growth mechanisms for 
passive films with the initial formation 
of a monolayer of hydroxyl groups fol- 
lowed by two possible growth paths. 
Path (a) corresponds to the nucleation 
and completion of a full monolayer of 
oxide before growth of a multilayer film 
of oxide to reach a steady state passive 
film. Path (b) corresponds to the growth 
of a passive layer of hydroxide with sub- 
sequent nucleation and growth of a layer 
of oxide in the inner part. 

3b. Dehydration or deprotonation and the 
formation of oxide islands in the inner 
layer of the passive film. 

4b. Lateral growth of the oxide islands and 
formation of a complete inner layer 
of oxide under the outer layer of hy- 
droxide or oxi-hydroxide. The advance- 
ment of this reaction may lead to near- 
ly complete dehydration of the passive 
film with only a monolayer of hydrox- 

ide or oxi-hydroxide remaining at the 
surface. 

The major role of dehydration (deproton- 
ation or dehydroxylation) was first em- 
phasized by Okamoto (1973). Recent results 
by XPS and STM (Maurice et al., 1994a, 
1996,1998 a) have provided direct evidence 
of this process which occurs during the 
aging of passive films (see Sec. 3.7.2). 
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3.7 Effects of Alloying Elements 

The alloy composition (and microstruc- 
ture) has strong effects on all the aspects of 
passivity that have been described above: 
chemical composition and thickness of the 
passive film, electronic properties, struc- 
ture, and kinetics of formation. The influ- 
ence of alloyed elements on the electro- 
chemical characteristics of passive systems 
can be seen in Fig. 3-16. This is the same 
current-potential curve as in Fig. 3-1, on 
which the two major effects of alloyed ele- 
ments are indicated: lowering of the disso- 
lution current in the active region and at the 
active-passive transition, and broadening of 
the passive region. A third effect, not illus- 
trated in Fig. 3-16 but which will be dis- 
cussed later, is the improvement of the re- 
sistance of the alloy to passivity breakdown 
and localized corrosion. For iron-based al- 
loys, these beneficial effects are obtained 
with chromium, molybdenum, nickel, and 
nitrogen. 

3.7.1 Chromium Enrichment 
in Passivated Iron-Based 
and Nickel-Based Alloys 

The chromium concentration plays a 
dominant role in the passivation of ferritic 
as well as austenitic stainless steels and 
stainless nickel-based alloys (e.g., Alloys 
600 and 690). The reason for this is the 
marked enrichment of Cr3+ in the passive 
films. 

On stainless steels and on nickel-based 
stainless alloys, the passive film can be de- 
scribed by the bilayer model already pre- 
sented. The concentration of Cr3+ in the in- 
ner oxide layer is much higher than the nom- 
inal chromium content of the alloy. The 
compositions of passive films formed on 
ferritic (Fe-Cr) and austenitic (Fe-Cr-Ni) 
stainless steels, and on Alloys 600 and 690 
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Figure 3-16. Schematic polarization curve showing 
the beneficial effects of alloying: decrease of the dis- 
solution in the active state and broadening of the pas- 
sive region. 

in acidic solutions (at 25 "C) are reported in 
Table 3-2. The data were obtained by de- 
tailed XPS studies. Indeed, there has been 
intense research activity on the character- 
ization of passive films on stainless steels 
using surface analytical techniques (AES, 
XPS, ISS, SIMS, and XANES). There is 
general agreement on the fact that passive 
films are markedly enriched in Cr3+, even 
if the exact values of the enrichment differ 
somewhat in the reported data (Olefjord and 
Brox, 1983; Mitchell and Graham, 1987; 
Mishler et al., 1988; Calinski and Streh- 
blow, 1989; Castle and Qiu, 1989; Kirch- 
heim et al., 1989; Hubschmid et a1.,1993; 
Yang et al., 1994; Clayton and Olefjord, 
1995, and references therein). 

The mechanism of surface enrichment of 
chromium is based on the selective dissolu- 
tion of iron and oxidative segregation of 
chromium: iron atoms are detached from the 
surface and go into solution as (solvated) 
ions, whereas chromium atoms are rapidly 
oxidized and the passive film forms by the 
nucleation and growth process of passiva- 
tion described earlier. However, the passive 
film is not pure chromium oxide, and still 
contains a certain amount of Fe2+ and Fe 3+, 
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Table 3-2. Thickness and composition of passive films formed on ferritic and austenitic stainless steels and on 
some nickel-based stainless alloys (Alloys 600 and 690) in acidic solutions at 25 "C. 

Substrate Thickness (A)" % Cr in the film Reference 

Fe-5Cr 
Fe-6Cr 
Fe- lOCr 
Fe- lOCr 
Fe-15Cr 
Fe- 15Cr 
Fe-17Cr 
Fe-17Cr 
Fe- 18Cr 
Fe-l8Cr-l3Ni( 100) 
Fe-19Cr-1ONi 
Fe-20Cr 
Fe-20Cr 
Fe-22Cr( 1 10) 
Fe-23Cr 
Fe-24Cr 
Fe-25Cr 
Fe-3 1Cr 
Ni-17Cr-IOFe 
Ni-2 ICr-BFe( 100) 

19 

17 

26 
20 
23 
24 
20 
13 

16 
19 
18 
18 
19 
17 
13 

36 
46 
45 
54 
50 
57 
65 
38 
65 
62 
69 
75 
57 
90 
68 
85 
55 
77 
96 
96 

Calinski and Strehblow (1989) 
Kirchheim et al. (1989) 

Calinski and Strehblow (1989) 
Kirchheim et al. (1989) 

Calinski and Strehblow (1989) 
Kirchheim et a]. (1989) 

Yang et al. (1994) 
Castle and Qiu (1989) 

Kirchheim et al. (1989) 
Maurice et al. (1998a) 

De Vito and Marcus (1992) 
Olefjord and Brox (1983) 

Calinski and Strehblow (1989) 
Maurice et al. (1996) 

Hubschmid et al. (1993) 
Mishler et al. (1988) 

Mitchell and Graham (1987) 
Hubschmid et al. (1993) 

Marcus and Grimal(l992) 
Marcus and Grimal(l992) 

a 1 A =0.1 nm. 

as shown in Table 3-2. It has been shown 
(Olefjord et al., 1985) that nickel is enriched 
in a thin layer of the metallic phase under 
the passive film formed on stainless steels. 

3.7.2 Structural Aspects of Chromium 
Enrichment in Passive Films 
on Stainless Steels in Aqueous Solution: 
Aging Effects 

Recent STM studies of the structure of 
passive films formed on Fe-22Cr( 110) and 
Fe- 18Cr- 13Ni( 100) single crystals (Mau- 
rice et al., 1996, 1998a) have revealed the 
crystalline nature of the inner oxide film 
(the barrier layer). A preferential growth of 
(0001)-oriented a-Cr,O, was observed on 
both alloys, as shown on Fig. 3-17. This sur- 
face, which was also observed on pure chro- 
mium [Cr( 1 lo)], is the most stable when it 

is hydroxylated. The surface hydroxylation 
was shown by XPS measurements. 

A major finding of the recent investiga- 
tions of the structure of passive films on 
stainless steels using STM, was structural 
changes occurring during aging of the pas- 
sive layers in an aqueous solution. The ma- 
jor structural modification is the increase of 
the crystallinity of the film and the coales- 
cence of Cr,03 islands in the inner oxide 
layer taking place over the studied time pe- 
riods of up to -65 h. For short polarization 
times (12 h), the crystallinity of the passive 
films decreases with increasing chromium 
content of the alloy (McBee and Kruger, 
1972; Ryan et al., 1994a, b). The increase 
of long range order is visible in the STM im- 
ages shown in Fig. 3-18 after different times 
of passivation (2 h and 22 h) of Fe-22Cr 
and Fe- 18Cr-l3Ni( 100). Comparison of the 
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Figure 3-17. Ex situ STM image of the passive film 
formed on Fe-22Cr(110) in 0.5 M H2S04 at +0.5 
V,,, and aged for 63 h under polarization. The near- 
ly hexagonal lattice is superimposed. The top and 
side views of a two oxygen and two chromium layer 
slab arranged according to the stacking sequence of 
(0001)-oriented a-Cr203 are also shown. The average 
period of the atomic sites in this basal plane is 0.28 
nm, which is in  good agreement with the lattice peri- 
od measured on the STM image (Maurice et al., 1996). 

rates of crystallization of Fe-22Cr( 1 10) and 
Fe- 18Cr- 13Ni( 100) revealed that the rate of 
crystallization is more rapid on the austenit- 
ic stainless steel than on the ferritic one. The 
authors suggested that this is due to a regu- 
lating effect of nickel on the supply of chro- 

mium to the alloy surface, a lower rate of 
chromium enrichment being in favor of a 
higher degree of crystallinity. 

The aging of passive films in aqueous so- 
lution also causes drastic chemical modifi- 
cations, namely, an increase of the enrich- 
ment of Cr3+ in the inner barrier oxide layer. 
This effect was proven by surface analysis, 
using XPS, of stainless steels after differ- 
ent passivation times (Maurice et al., 1996, 
1998a; Yang et al., 1994). Typical XPS 
spectra of the Cr 2p3/2 and 0 1 s regions are 
shown in Fig. 3-19. It should be noted that 
the aging treatment significantly increased 
the resistance of the alloy to localized cor- 
rosion (pitting) in chloride solutions (Yang 
et al., 1994). 

3.7.3 The Effects of Molybdenum 

Among the alloying elements used to im- 
prove the corrosion resistance of passivated 
alloys, molybdenum plays a central role 
in stainless steels. Indeed, stainless steels 
(iron-chromium or iron-chromium-nickel 
alloys) that contain molybdenum offer 
much better corrosion resistance (especial- 
ly against pitting) than those without mo- 
lybdenum. Despite the enormous amount of 
research work carried out on the process in- 
volved, using surface analytical methods 
combined with electrochemical measure- 
ments, the exact mechanism of the effect of 
molybdenum is not fully understood, and is 
still a matter of debate. However, all the data 
indicate that the improved corrosion resis- 
tance brought about by alloyed molybde- 
num is due to different phenomena, which 
may be rationalized in the following way: 

Molybdenum reduces the rate of anodic 
dissolution in the active state (i.e. in the 
absence of a passive film on the surface). 
This conclusion is reached by comparing 
the current-potential curves of the same 
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Figure 3-18. STM images of the Fe-22Cr( 1 10) (left) and Fe-18Cr-l3Ni( 100) (right) surfaces recorded after pas- 
sivation in 0.5 M H,SO, at +0.5 V,,, for a, b) 2 h, and c, d) 22 h (Maurice et al., 1996, 1998a). The nearly hex- 
agonal lattice is marked. The effect of aging under polarization is shown by the extension of the observed 
crystalline areas. 

Fe-Cr or Fe-Cr-Ni alloy with and 
without molybdenum. Figure 3-20 shows 
an example of such an observation (Ole- 
fjord and Elfstrom, 1982). To the ques- 
tion of how a small content of molybde- 
num (a few at.%) can slow down the dis- 
solution rate of the whole surface, the 
answer (not proved directly, however) is 
that molybdenum is located preferential- 

ly at local defects on the surface, which 
normally act as sites of dissolution. The 
slowing down of the dissolution rate could 
be due to the increased metal-metal bond 
strength where molybdenum is present. 
Molybdenum is present in the passive 
film in two distinct chemical states, 
which are Mo4+ and Mo6+. Mo6+ is locat- 
ed essentially in the outer part of the pas- 
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Figure 3-19. XPS spectra of the Cr 2p3/2 and 0 Is regions showing the chemical modifications caused by ag- 
ing in aqueous solution of the passivated Fe-22Cr alloy (Maurice et al., 1996). The enrichment in chromium ox- 
ide induced by aging is shown by the increased intensity of the Cr3+(ox) and 02- components. 

sive film, whereas Mo4+ is located inside 
the passive film. There is no strong en- 
richment of molybdenum in the passive 
film as compared with the molybdenum 
content in the bulk (Olefjord et al., 1985; 
De Vito and Marcus, 1992). The presence 
of these two chemical states of molybde- 
num may increase the stability of the film 
in environments that are prone to provoke 

pitting of the alloy (e.g. in solutions con- 
taining Cl-), although there is no clear 
evidence of such an effect. . Molybdenum is markedly enriched in the 
metallic phase just below the passive 
film. (It is to be noted that for austenitic 
stainless steel this enrichment is accom- 
panied by the enrichment of nickel indi- 
cated earlier.) Again, a stabilizing effect 
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Figure 3-20. Anodic polarization curves obtained in 
0.1 M HCl + 0.4 M NaCl of the following alloys: (1) 
Fe-20Cr-18Ni-6.lMo-0.2N, (2) Fe-lSCr-13Ni-2.7M0, 
(3) Fe-lSCr-9Ni (Olefjord and Elfstrom, 1982). The 
marked effect of alloying on dissolution in the active 
state and on the pitting resistance is shown by the de- 
creased intensity of the active peak and by the broad- 
ening of the passive region. 

on the passive film of this molybdenum- 
rich metallic phase has been invoked 
(Olefjord et al., 1985). In addition, this 
enrichment will reinforce the molybde- 
num effect on the dissolution rate in the 
active state (see above) in the case of 
breakdown of the passive film. 
Molybdenum counteracts the deleterious 
effect of sulfur (see Sec. 3.8). The mech- 
anism of this beneficial effect of molyb- 
denum is as follows: molybdenum is en- 
riched on the surface, where it bonds to 
adsorbed sulfur and then dissolves. In this 
process, the detrimental species (ad- 
sorbed sulfur) is removed from the sur- 
face (Marcus et al., 1986; Marcus and 
Moscatelli, 1989). 

3.7.4 The Effects of Nitrogen 

Nitrogen is added to certain alloys such 
as austenitic stainless steels. It stabilizes the 

structure of austenitic alloys. Nitrogen has 
been repeatedly reported to have a benefi- 
cial effect on the resistance of austenitic 
stainless steels to localized (pitting) corro- 
sion in chloride solution (Osozawa and 
Okato, 1976; Truman et al., 1977; Eckenrod 
and Kovack, 1977; Bandy and van Rooyen, 
1983; Lu et al., 1983). This is illustrated in 
Fig. 3-20. A high pitting resistance equiva- 
lent (PRE = (%Cr) + 3.3(% Mo) + 16(% N)) 
has been reported for nitrogen. This benefi- 
cial effect seems to occur only when molyb- 
denum is present in the austenitic stainless 
steel. A synergistic effect involving nitro- 
gen, molybdenum, and nickel has also been 
reported (Clayton and Olefjord, 1995; Will- 
enbruch et al., 1990). The exact mechanisms 
responsible for the increased resistance to 
pitting brought about by alloyed nitrogen 
are not fully elucidated. Possible factors in- 
clude the following: 

An effect of nitrogen on the microstruc- 
ture may exist in special cases, but it is 
not general. 
A solution chemistry effect is generally 
considered. Nitrogen would act as a pH 
buffer. At low pH and low potential (con- 
ditions that are representative of the bot- 
tom of corrosion pits, see later) the most 
generally involved effect is the formation 
of NH:. To form NH;, nitrogen consumes 
H+ and the local pH is increased, facili- 
tating repassivation. The nitrogen react- 
ing with H+ is provided by the dissolu- 
tion of nitrogen from the alloy during pit 
initiation. The electrochemical reaction is 

(3-8) 

A modification of the chemical composi- 
tion of the passive films. The composi- 
tion of the passive films formed on nitro- 
gen-bearing austenitic stainless steels 
has been analyzed by Auger and ESCA 
(Clayton and Olefjord, 1995, and refer- 
ences therein, Sadough Vanini et al., 

N + 4H+ + 3 e- + NH; 
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1994a, b). It has been found that nitrogen 
is segregated at the alloy-passive film 
interface, where it can form a nitride (re- 
sulting from the reaction of segregated ni- 
trogen with other alloyed elements, e.g. 
chromium, nickel, and molybdenum). It 
has also been suggested that CrN would 
play the role of a precursor for Cr203 
(Clayton and Olefjord, 1995, and refer- 
ences therein). 

The observed synergistic effect of nitro- 
gen and molybdenum, and to a smaller ex- 
tent nickel, was explained by an enhance- 
ment of the enrichment of molybdenum and 
nickel in the metallic phase under the pas- 
sive film in the presence of nitrogen. In the 
event of passive film breakdown and the in- 
itiation of pits, the accumulation of N at the 
oxide/alloy interface would also allow the 
supply of nitrogen to react with H+ and the 
resulting shift of pH mentioned before. An- 
other effect of segregated nitrogen is the 
blocking of dissolution sites. The presence 
of ammonia (NH3) or ammonium (NHZ) 
on the passive film surface has also been 
reported (Clayton et al., 1986; Willenbruch 
et al., 1990), but its assignment to alloyed 
nitrogen is controversial (Wegrelius and 
Olefjord, 1995). 

This review of the various mechanisms 
points to the possible existence of a combi- 
nation of surface composition and local so- 
lution chemistry effects. 

3.7.5 The Effect of Tungsten 

Tungsten presents some chemical simi- 
larities to molybdenum, and therefore its 
possible role as an alloying element to im- 
prove the corrosion resistance of stainless 
steels has been investigated. In contrast to 
molybdenum, there are, however, relative- 
ly few data on the effect of tungsten on the 
passivity of stainless steels (Bui et al., 1983; 

Goetz et al., 1985; Irhzo et al., 1986; Chik- 
hi et al., 1996). The results of a comparative 
study of the effects of molybdenum and 
tungsten on the passivity of austenitic stain- 
less steels (Fe-17Cr-13Ni) in which molyb- 
denum was partly replaced by tungsten 
(Chikhi et al., 1996) have shown that the 
general corrosion behavior was similar, 
whereas tungsten was less beneficial than 
molybdenum in increasing the localized 
corrosion resistance in C1- solution. Ac- 
cording to surface analytical measurements, 
this difference was assigned to the presence 
in the passive film of only one chemical state 
of tungsten (W6+) in comparison to molyb- 
denum which is present in two distinct 
chemical states (Mo4+ and Mo6+), and to a 
lower concentration of W6+ than Mo6+. 

3.7.6 Passivity of Aluminum Alloys 

A major issue, for the passivation and 
corrosion resistance of aluminum alloys, is 
the existence or not of second phase inter- 
metallic particles resulting from alloying 
with elements that have low solubility in 
aluminum (Rynders et al., 1994; Kowal et 
al., 1996). These particles are detrimental to 
the resistance of the passive film to break- 
down (the first stage of a localized corro- 
sion process). In contrast to stainless steels, 
this factor often overwhelms the beneficial 
alloying effects. However, it must be point- 
ed out that alloying elements such as cop- 
per in solid solution are beneficial (Muller 
and Galvele, 1977). Other elements, such as 
chromium, molybdenum, titanium, tantal- 
um, and niobium, seem to improve the 
corrosion resistance of aluminum, but their 
solubility is too low for them to be used in 
conventional alloy processes, and they re- 
quire the use of rapid quenching processes 
or some sort of nonequilibrium surface de- 
position. 
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3.7.7 Alloying Elements as Passivity 
Promoters and Dissolution Moderators 

The effects of alloying elements can be 
rationalized by considering that, depending 
on their properties, they can enhance (pro- 
mote) passivity or they can moderate or 
block the anodic dissolution. Formation of 
the passive film involves nucleation and 
growth of the oxide, which is favored by a 
strong adsorption of oxygen [associated 
with a large heat of adsorption (AHads(0)] 
and a low metal-metal bond strength 
(EM-M),  because the nucleation of an oxide 
on a metal surface requires the disruption 
of metal-metal bonds. Chromium is the 
best example of such an element, as it ex- 
hibits a large heat of adsorption of oxygen 
[AHads(o) = 71 1 kJ mol-'1 and a relatively 
low metal-metal bond energy ( E ~ ~ - ~ ~  = 
99 kJ mol-'). In contrast, dissolution block- 
ers must have a high metal-metal bond en- 
ergy because, in the absence of a passive 
film, the chemical activation energy for dis- 
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Figure 3-21. Passivity promoters and dissolution 
moderators according to the heat of adsorption of oxy- 
gen on metals [AH,,, (oxygen)] taken at low surface 
coverage, and the surface metal-metal bond strength 
(EM-M)  (evaluated from the heat of sublimation and 
the coordination number of the metal) (Marcus, 1994, 
1998). 

solution is directly related to the energy of 
bond breaking. The diagram shown in Fig. 
3-21 has been proposed on the basis of this 
concept (Marcus, 1994, 1998). In this dia- 
gram, alloying elements appear as passivity 
promoters or dissolution moderators, de- 
pending on the values of Mads(o) and EM-M. 

3.8 Detrimental Effects 
of Material Impurities: 
Sulfur-Induced Corrosion 

Sulfur, present in solid solution and in 
sulfide inclusions, is a major impurity of 
most metallic materials. Sulfur-containing 
species are also found under various environ- 
mental conditions (H,S, HS-, S,O:-, SO,). 

The most stable chemical state of sulfur 
on surfaces is the adsorbed or chemisorbed 
state resulting from the segregation of sul- 
fur from the bulk of the material or from dis- 
sociative adsorption of sulfur-containing 
molecules or ions present in the environ- 
ment (in air or in aqueous solution). 

The results of detailed studies (Marcus, 
1995, and references therein) of the effects 
of adsorbed or segregated sulfur on nickel 
and nickel-based and iron-based alloys can 
be summarized as follows: 

Sulfur adsorbed (sads) on nickel-based 
and iron-based alloys accelerates the 
anodic dissolution (corrosion) rate. This 
effect is caused by a sulfur-induced weak- 
ening of the metal-metal bonds and the 
easier disruption of these bonds involved 
in dissolution. 
Sulfur adsorbed (Sad& on metal surfaces 
blocks or delays the formation of the 
passive film by blocking the adsorption 
sites for OH, which are the precursors 
of passive oxide film formation. This 
site blocking effect is represented in Fig. 
3-22. 
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Figure 3-22. Blocking effect of adsorbed sulfur 
preventing the recombination of adjacent hydroxyl 
groups to form the barrier oxide layer of the passive 
film. 

. Sulfur present in the metal or alloy can 
be enriched on the surface during corro- 
sion of the metal by a mechanism called 
anodic segregation. In this mechanism, 
which does not involve solid state diffu- 
sion of sulfur (in contrast with the classi- 
cal surface segregation of sulfur taking 
place at elevated temperatures), the me- 
tallic elements are dissolved (in the elec- 
trolyte), whereas sulfur remains on the 
surface. This is shown in the schematic 
diagram of Fig. 3-23. Once on the sur- 
face, Sads produces the effects indicated 
above: enhancement of anodic dissolu- 
tion and blocking of passivation. Further 
surface enrichment of sulfur leads to the 
formation of a sulfide. (It should be not- 
ed that here the sulfide is the reaction 

Ni2’ Ni2+ 

t t t t t t t  

S in solid 
solution 

selective 
dissolution 
of nickel 

- 
Sulfur 

segregation 
on the surface 

product of anodically segregated sulfur 
with the metal, and not a sulfide pre-ex- 
isting in the metal.) . Sulfur present in the bulk can also accu- 
mulate at the interface between the met- 
al and the passive oxide layer. This inter- 
facial enrichment takes place by selective 
dissolution of metallic elements diffusing 
through the passive film (field assisted 
transport). Sulfur is not transported 
through the oxide due to its low solubil- 
ity in the oxide and its negative charge, 
and consequently it remains at the mov- 
ing metal/oxide boundary (see Fig. 3-24). 
Above a local critical concentration of 
sulfur at the interface, which has been 
shown to be one monolayer (Marcus and 
Talah, 1989), the passive film breaks 
down and pits grow (repassivation is pre- 
cluded by the presence of sulfur). In this 
mechanism, a long incubation time ti is 
generally observed. Evidence has been 
given that l/ti is proportional to the cur- 
rent density in the passive state and to the 
sulfur content in the metal. 

The conditions for stability of chemis- 
orbed sulfur on the surface of metals can be 
predicted using a formalism that was devel- 
oped for the calculation of potential-pH 
diagrams of adsorbed species. Such dia- 
grams have been calculated for Sads on iron 
(Marcus and Protopopoff, 1990), nickel 
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adsorption sites for OH-. Inhibition 
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Sulfur enrichment. 
Formation of a non 

protective sulfide film. 

Figure 3-23. Mechanism of the anodic segregation of sulfur. 
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Figure 3-24. Breakdown mechanism of the passive film induced by the enrichment of sulfur at the metal-pas- 
sive film interface. 

(Marcus and Protopopoff, 1993), and chro- 
mium (Marcus and Protopopoff, 1997). The 
example of sulfur adsorbed on iron sur- 
faces at 25°C in water containing H,S or 
HS- is shown in Fig. 3-25. 

2bC cs= lo4 mol kg-', cpe = mol kg-' 

I 

I 

Figure 3-25. Potential-pH diagram for adsorbed sul- 
fur on iron at 25 "C (Marcus and Protopopoff, 1990). 

The synergistic effect of sulfur and C1-: 
the presence of both sulfur and chloride 
ions can cause severe corrosion problems 
for passive metals, because chloride can, 
under certain conditions, as discussed in the 
section on initiation of localized corrosion, 
depassivate the surface and then sulfur can 
preclude the repassivation, according to the 
mechanisms reported earlier. 

3.9 Passivity Breakdown 
and Initial Stages of Pitting 

3.9.1 Phenomenology of Pitting 

Under certain special environmental con- 
ditions, the passive films, which were de- 
scribed earlier in this Chapter, are suscepti- 
ble to localized breakdown. Passivity break- 
down may result in accelerated local disso- 
lution (localized corrosion) of the metal or 
alloy. There are two (related) major forms 
of localized corrosion following passivity 
breakdown: localized corrosion initiated on 
an open surface is called pitting corrosion, 
and localized corrosion initiated at an oc- 
cluded site is called crevice corrosion. In the 
presence of mechanical stress, localized dis- 
solution may promote the initiation of 
cracks. 
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As already pointed out, localized corro- 
sion of passive metals occurs under certain 
environmental conditions, namely, in the 
presence of impurities or aggressive anions 
such as chloride ions. Two stages are usual- 
ly considered in the phenomenology of pit- 
ting: the pit initiation stage, in which micro- 
scopic pits are formed which may or may 
not repassivate, and the pit propagation 
stage, in which pits cannot repassivate and 
continue to grow. Passive films play a ma- 
jor role in the initiation stage, in which 
breakdown of the passive film is the first 
step. Repassivation is also an important fac- 
tor, because it inhibits the transition from 
unstable or metastable pits to stable pits. 

lowska, 1972, 1986; Stewart and Williams, 
1992; Baroux, 1995; Bohni et al., 1995). 

Another aspect of the phenomenology of 
pitting is the initiation or induction time 
which is generally observed in a current ver- 
sus time curve measured at a potential grea- 
ter than Epit . Transient current peaks are ob- 
served and assigned to the formation of un- 
stable or metastable pits which are repassi- 
vated. After a longer time (>tpit), stable pits 
are formed and propagate. This is shown 
schematically in Fig. 3-27 a, and metastable 
transients measured on stainless steel in 
chloride solution are shown in Fig. 3-27b. 
The observation of extremely low current 

Pit initiation Pit propagation 
Passive film breakdown - Unstable or metastable pits - Stable pits 

Pitting corrosion stages 

The breakdown of passive films general- 
ly occurs at potentials more noble than acrit- 
ical potential (the breakdown potential Eb).  
As indicated, only a small proportion of the 
initiated pits will continue to grow or prop- 
agate, forming stable, growing pits. Stable 
pits form at potentials more noble than the 
pitting potential Epit . Once they are formed, 
stable pits continue to grow not only at po- 
tentials more noble than Epit, but also at po- 
tentials lower than Epit but higher than the 
repassivation potential Erepassivation. 

For engineering purposes, materials that 
have higher values of Epit and Erepassivation 
in a given solution are considered as more 
resistant to pitting corrosion. Electrochem- 
ical experiments (voltammetry) are used to 
measure these values. The schematic poten- 
tial-current curve shown in Fig. 3-26 shows 
the electrochemical behavior of a passive 
metal under conditions leading to pitting in 
chloride solution. When sulfide inclusions 
are present, e.g., in stainless steels, they play 
a major role in pitting (Szklarska-Smia- 

transients (nanoamps or even picoamps) has 
been reported on 304 stainless steel (Bur- 
stein and Mattin, 1995). 

During metastable pitting, the presence 
of a pit cover (Frankel et al., 1987; Pistori- 
us and Burstein, 1992, 1994) remaining 
from the passive film has been suggested. 
Upon rupture of this cover, the pit can re- 
passivate or grow, depending on the compo- 
sition of the pit surface and of the solution 
inside the pit. The formation of a salt film 
on the pit surface favors the transition from 
metastable to stable pits. The existence of 
critical criteria such as i x tn,  i x Y, or i xxpit 
(where i is the current density, t the time, Y 

the radius of the pit, and xpit the depth of the 
pit, with r = xpit for a hemispherical pit) have 
been suggested (Pistorius and Burstein, 
1992, 1994; Galvele, 1976, 1981, Ezuber 
and Newman, 1992). 

Stable pit growth processes are not pre- 
sented in this chapter. The key point is that 
conditions are established in which repassi- 
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Figure 3-26. Schematic representation of a current 
versus potential curve in the presence of chloride in 
the electrolyte. Above E,, the film breakdown poten- 
tial, current spikes indicative of breakdown and repair 
events (metastable or unstable pits) are observed. 
Above Epit, the pitting potential, a steep increase of 
current indicative of the growth of stable pits is ob- 
served. 

vation of the corroding metal surface at the 
pit bottom is prevented. These conditions 
involve the material surface composition, in 
particular the formation of a salt film, the 
electrolyte composition in the pit, the po- 
tential drop in the pit and the associated pit 

bottom potential, the mass transport in the 
pit, and the local pH resulting from the hy- 
drolysis of the dissolving cations (acidifica- 
tion). 

In the absence of a fully deterministic 
understanding of pit initiation and pit prop- 
agation, pitting can be conveniently de- 
scribed by a statistical (stochastic) approach. 
The stochastic approach of pitting was first 
proposed by Shibata and Takeyama (1977), 
and extended by Stewart and Williams 
(1992), Williams et al. (1994), and Baroux 
(1988, 1995). Metastable pits are generally 
assumed to nucleate in a random manner, 
with a certain probability A per unit of time 
and area. The probability of formation of 
stable pits A (per unit of time and area) is 
then a function of A 

(3-9) A = A x exp(-prc) 

where z, is a critical time beyond which the 
pits become stable and grow. 

3.9.2 Mechanisms of Pit Initiation 

Despite abundant literature on pit initia- 
tion mechanisms, this is still a debated is- 
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Figure 3-27. a) Schematic representation of a current versus time curve characteristic of pitting corrosion initi- 
ation in the presence of chloride for E > Epit. Current transients are observed (breakdown and repassivation events) 
before stable pitting. b) Experimental curves obtained with Fe- 12Cr in buffered 0.1 M NaCI, showing the cur- 
rent transients in the metastable pitting stage (Bertocci and Yang-Xiang, 1984). 
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sue. The proposed mechanisms can be ra- 
tionalized in three categories. It has to be 
pointed out that all the mechanisms include 
a common step, which is the adsorption of 
C1- ions on the passive film surface and/or 
on the metallic surface. 

Penetration of chloride ions: this mech- 
anism [first discussed by Hoar et al. (1965)l 
involves, following the adsorption of C1- on 
the passive film surface, the entry of C1-into 
the film and its transport through the pas- 
sive film to the metal/oxide interface, where 
it causes breakdown of the passive film. The 
accumulation of C1- at the interface or the 
formation of metal chloride may cause the 
film breakdown. Support of this mechanism 
is provided by the observation of chlorides 
in the inner oxide part of the passive film on 
nickel (Marcus and Herbelin, 1993), Fe-Cr 
(Yang et al., 1994), and aluminum (Natishan 
et al., 1997). 

According to the point defect model (Lin 
et al., 1981; Chao et al., 198l), the adsorp- 
tion and incorporation of C1- at the oxide 
surface is accompanied by the formation of 
cationic vacancies which diffuse to the met- 
al-oxide interface where they can coalesce, 
which would cause breakdown of the pas- 
sive film. 

Adsorption, complexation, and thinning 
of the passive film: this mechanism, first 
discussed by Kolotyrkin (1964) and Hoar 
and Jacob (1967), considers that chloride 
ions are adsorbed on the oxide surface and 
form a complex with the surface cations. A 
high solubility of the complex would en- 
hance the dissolution and cause thinning of 
the passive film. Local thinning of the pas- 
sive film may then lead to local depassiva- 
tion and pitting. 

This mechanism has been proposed in 
various forms (Strehblow, 1995, and refer- 
ences therein). It finds experimental support 
in the observation of the film thinning on 
iron exposed to chloride (Lochel and Streh- 

blow, 1983) and nickel exposed to fluoride 
(Lochel and Strehblow, 1984). 

Film breaking: it has been suggested that 
the passive film is continuously subjected to 
breakdown and repair (Vetter and Streh- 
blow, 1970; Sato, 1971; Sat0 et al., 1971). 
The local breakdown events would be 
caused by mechanical stresses at defect sites 
or by electrostriction effects. In the absence 
of aggressive ions such as chloride, rapid re- 
passivation takes place, whereas the pres- 
ence of chloride could prevent repassiva- 
tion of locally depassivated surfaces and 
thus cause pitting. This view of pitting con- 
siders that passivity breakdown itself is not 
caused by chloride, but is inherent to the 
nature of passive films. In this mechanism, 
adsorption on the passive film surface is not 
an important factor, but chloride adsorption 
on the metal surface remains a necessary 
step in the process of repassivation inhibi- 
tion (and salt film formation). 

A recent study of the initial stages of pit- 
ting by STM (Maurice et al., 1998b) has re- 
vealed a high density of extremely small pits 
(not detectable by the classical current tran- 
sient measurements), initiated along orient- 
ed steps of the surface, showing a direct re- 
lationship between the surface structure and 
the sites of pit initiation. Such data may 
modify the present view of pitting mecha- 
nisms, but more data are still needed. 

3.10 Conclusions 

The phenomenon of passivity of metals 
and alloys and the related aspects occupy a 
central position in the science and engineer- 
ing of corrosion-resistant materials. 

A large body of data is now available on 
the various physical and chemical aspects 
of passivity, including the composition, 
thickness, structure, growth, and properties 
of passive layers. Passivity breakdown is a 
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major cause of problems of localized corro- 
sion of passive materials. Improved resis- 
tance to general and localized (pitting) cor- 
rosion in aggressive environments is cur- 
rently achieved by careful control of metal- 
lurgical factors and the rational use of al- 
loyed elements. 

A good level of understanding of the sur- 
face reactions involved in the formation of 
passive films (passivationhepassivation) is 
necessary for designing new, highly corro- 
sion-resistant alloys, and this is achieved by 
active, continuous, and worldwide research 
efforts in this area. 
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4.1 Microorganisms 
and Corrosion 

The occurrence of damage on materials 
like metals, ceramics, or plastics is ex- 
plained in the classical corrosion literature 
by chemical and/or physical processes. Any 
indication regarding the possible participa- 
tion of microorganisms is missing. The fol- 
lowing examples will explain why microor- 
ganisms should be considered in studies on 
the causality of corrosion (Krumbein and 
Dyer, 1985). 

Around 1900, Olmstead and Hamlin de- 
scribed the deterioration of a sewage pipe- 
line by acid formation and explained it by 
chemical and physical processes. Only af- 
ter Parker (1945) published his work on con- 
crete-destroying bacteria of the genus Thio- 
bacillus was it scientifically demonstrated 
that such damage is caused by biological 
processes. 

In the Californian oil industry of the 
1920s, the output of exhausted oil wells 
could be increased by an injection of water 
(so-called secondary oil production). Be- 
cause of insufficient fresh water reserves, 
sea water was often used instead. After a 
short time, these oil wells emitted hydrogen 
sulfide (poisonous gas), which besides en- 
dangering the oil workers caused (and still 
causes) serious corrosion damage. Explana- 
tion of this phenomenon requires consider- 
ation of the microorganisms present in the 
sea water and the oil-bearing formation. In 
the oil deposits (organic compounds, i.e., 
hydrocarbons, lack of air), because of the 
sulfate introduced with the sea water, con- 
ditions become favorable for the growth 
(Hamilton, 1987) of sulfate-reducing bacte- 
ria, mainly of the genera Desulfovibrio and 
Desulfotomaculum (Pankhania et al., 1986a, 
b). These are ubiquitous and enter the oil 
deposit via soil and water, or they already 
exist underground (Atlas, 1981; Ng et al., 

1989). Growth conditions for bacteria be- 
come appropriate in the oil deposit due to 
anthropogenic intervention and they cause 
the formation of hydrogen sulfide, as men- 
tioned before. Additionally, these organ- 
isms excrete slimes, so-called exopolymer- 
ic substances (Gaylarde et al., 1991; Ram- 
say et al., 1989), which may clog the porous 
storage rock and thus cause reduction of the 
oil output (Colmer and Hinkle, 1947; Gee- 
sey et al., 1987; Jack, 1988; Ruseska et al., 
1982). 

Another example of an unrecognized in- 
fluence of microorganisms originates in the 
mining of nonferrous ores (Karavaiko et al., 
1988). Acidic waters formed supposedly by 
the spontaneous oxidation of metal sulfides 
with oxygen flowed (and still flow) from 
mines into nearby lakes and rivers. The sed- 
iments of these waters rapidly turn the lakes 
and rivers black. In some cases, this phe- 
nomenon has affected the geographical 
names, e.g., the Rio Tinto (Black River) in 
Spain flows near a zinc mine exploited since 
Roman times (Rossi, 1990; Salley et al., 
1989). Microorganisms present in such 
mines were first described in 1947 by Colm- 
er and Hinkle in the U.S.A. As in sewage 
pipelines, they are sulfur-oxidizing bacteria 
of the genus Thiobacillus. These bacteria 
tolerate high concentrations of heavy metal 
ions and hydrogen ions (free acid). The 
metabolic activity of these organisms pro- 
duces heavy metal containing, acidic mine 
waters (acid rock drainage, ARD), which 
pollute the ground water and neighboring 
lakes and rivers. Bacteria reduce the sulfate 
to hydrogen sulfide in the mud (sediment) 
of these waters. This volatile compound 
may react with heavy metal ions forming in- 
soluble metal sulfide precipitates (Summers 
and Silver, 1978). The dark color of these 
precipitates contained in the sediments is re- 
sponsible for the name of the river (Norris 
and Kelly, 1988). These examples suggest 
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that microorganisms play an important (usu- 
ally not evident) role in many corrosion pro- 
cesses (Ehrlich, 1990). 

During the last few years the importance 
of microorganisms in the deterioration of 
materials has been more and more empha- 
sized (Angel1 et al., 1995; Borenstein, 1994; 
Brill, 1995; Dexter, 1986; Heitz and Flem- 
ming, 1996; Heitz and Sand, 1997; Kobrin, 
1993; Krumbein and Dyer, 1985; Marcus 
and Oudar, 1995; N. N., 1990, 1994; Sand 
and Kreysa, 1996; Schmidt, 1994; Tiller and 
Sequeira, 1992; Weberand Kedro, 1996a, b). 
Once it was accepted that microbial meta- 
bolic activity (processes) could affect mate- 
rials, the search for countermeasures start- 
ed. For example, the oldest-known method 
of wood preservation is carbonization of its 
surface. This procedure has been success- 
fully used for millennia. Today, wood pres- 
ervation is achieved by superficial treatment 
and/or by impregnation with biocides. The 
aim of such procedures is to increase the ser- 
vice life of this material. As already men- 
tioned, the deterioration of concrete sewage 
pipelines is solely caused by biogenic sul- 
furic acid production of bacteria (Milde et 
al., 1980, 1983). Since this fact is fairly un- 
known by practitioners, protective meas- 
ures against microorganisms have not usu- 
ally been considered or tested (Schweisfurth 
and Heitz, 1989). Nowadays, countermeas- 
ures have become more and more important, 
because the replacement of deteriorated 
parts by constructive means is usually ex- 
pensive. In the former Federal Republic of 
Germany (update of 1985), annually about 
DM 60 billion were spent on repairs and 
maintenance. American estimations assess 
that microorganisms are involved in at least 
15% of cases involving the deterioration of 
materials. In fact, only in the construction 
business is there an annual loss of the na- 
tional gross income of DM 6 billion due to 
microorganisms. Elimination of the causes 

and mechanisms could help to prevent the 
deterioration of materials and thus large 
amounts of money could be saved. 

It should be mentioned that the microbi- 
al processes considered harmful, while 
causing materials deterioration, can be use- 
ful as well. More than 10% of the world’s 
copper is produced using biological pro- 
cesses. In this case, the same organisms are 
used as those that break down concrete in 
the sewage systems. Bacterial dissolution of 
metal sulfides and the mobilization of ions 
by biogenic sulfuric acid permit the use of 
poor ores which cannot be processed eco- 
nomically by classical methods (Karavaiko 
et al., 1988; Norris and Kelly, 1988; Palm- 
er et al., 1987; Pankhania et al., 1986b). The 
positive aspects of a process for breaking 
down rocks is that it makes the extraction of 
valuable metals possible and prevents or re- 
duces environmental damage caused by the 
infiltration of heavy metal containing wa- 
ters and acid mine drainage. Other positive 
examples of bacterial processes are the re- 
moval of pyrite from coal or kaolin. In the 
case of coal, the sulfur content can be re- 
duced (environmental pollution with sulfur 
dioxide emitted by combustion and inciner- 
ation plants), and in the case of kaolin a raw 
material is improved allowing the produc- 
tion of white instead of brown ceramics 
(Groudev et al., 1983; Schweisfurth and 
Heitz, 1989). 

4.2 Microorganisms 
and Their Metabolism 

Principally, very different microorgan- 
isms can be involved in the deterioration of 
materials. In natural environments mixed 
populations are always present, and pure 
cultures practically never occur. This does 
not mean that all microorganisms occurring 
at a certain site actively participate in the 
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deterioration process. It must be presumed 
that only a few are causally involved in the 
active phenomenon. However, the accom- 
panying flora may be responsible for the 
generation of appropriate environmental 
conditions as needed by the active, harmful 
organisms. Thus, in the case of metal corro- 
sion by sulfate-reducing bacteria, the ac- 
companying flora delivers the nutrients they 
need, e.g., acetic acid, butyric acid, etc., and 
consumes the oxygen which is toxic for the 
SRB (see Secs. 4.3.3 and 4.4.2). Only when 
these conditions are known can an effective 
countermeasure become possible. Unselec- 
tive application of a biocide may produce a 
transient improvement, but without precise 
knowledge of the processes involved, in 
most cases, it will be less efficient on a long 
term basis and also questionable from an en- 
vironmental point of view (von Rege and 
Sand, 1998). 

4.2.1 Bacteria and Cyanobacteria 

The smallest organisms that live on their 
own are bacteria and cyanobacteria (blue al- 
gae). Bacteria are distinguished from all 
other living things by several features (Frit- 
sche, 1990; Schlegel, 1992). The genetic in- 
formation is freely placed as an open ring in 
the cytoplasm of the cell. All other organ- 
isms have a cell nucleus (karyon), which 
contains the genetic information, and is sep- 
arated from the cytoplasm by a membrane. 
The lack of a nucleus led to the name of this 
group, i.e., prokaryotes, in contrast to the 
eukaryotes. Besides, in contrast to eukaryot- 
ic cells, the prokaryotes do not contain or- 
ganellae like plastids, chloroplasts, or mito- 
chondria. The ribosomes of prokaryotes are 
also smaller than those of eukaryotes (70 S 
instead of 80 S). Usually, the enzymes in- 
volved in the protein synthesis of prokar- 
yotes have a different structure from those 
for eukaryotes. That is why antibiotics 

against bacteria are inactive against eukar- 
yotes (and vice versa). As an example of a 
bacterium, in Fig. 4- 1 an ultrathin section of 
a Thiobacillus thiooxidans is shown. Mor- 
phologically, prokaryotes only show a few 
forms. The main forms are spheres, cylin- 
ders, and more or less curved or screwed cyl- 
inders. Sporadically, ramifications (without 
separating walls) can be encountered. Com- 
pared to eukaryotes, cells of prokaryotes are 
very small. Usually they measure only 0.5 
up to 1 ym. In contrast, hyphae of fungi have 
diameters of 5 ym and more. 

In contrast to the morphological unifor- 
mity, an extraordinary physiological plural- 
ity and flexibility exists among the prokar- 
yotes. They are able to live with and with- 
out oxygen, and some organisms are able to 

Figure 4-1. Electron micrograph of an ultrathin sec- 
tion of cells of Thiobacillus thiooxiduns (sulfuric ac- 
id producing bacterium); OM is the outer membrane, 
CM the cytoplasm membrane, PG the peptidoglycane 
layer, P the periplasmatic space, CS the carboxisomes, 
and C the cytoplasm. The scale represents 1 pm. 
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live under both conditions and adopt the ap- 
propriate metabolism. Other groups are able 
to use light as an energy source for growth 
(analogous to algae and green plants) or to 
gain their energy from the oxidation of re- 
duced inorganic compounds. It is also pos- 
sible for prokaryotes under anaerobic con- 
ditions to use oxidized inorganic and organ- 
ic compounds as an oxygen replacement in 
order to grow on this basis. The ability to 
fix molecular nitrogen is widespread. Many 
groups build up their cell substance by fix- 
ation of carbon dioxide from the air. 

From this short summary it can be seen 
that under appropriate conditions bacteria 
are able to metabolize all naturally accessi- 
ble compounds. The most important meta- 
bolic systems are presented in Table 4-1. 
The six main metabolic systems illustrate 
the nutrition systems of bacteria regarding 
the energy source, the hydrogen donor, and 
the carbon source. 

As the selection of energy sources usable 
by lithotrophic bacteria shows, in many cas- 
es the formation of strong acids such as sul- 
furic or nitric acid such as well as strong ox- 
idizing agents such as ferric iron ions is pos- 
sible. If bacteria excreting such end prod- 
ucts grow on a material and may react with 
the products mentioned, deterioration may 
occur (e.g., sulfuric acid and concrete lead 

Table 4-1. Microbial metabolic pathways. 

to the formation of gypsum). Most known 
bacteria use organic compounds as their en- 
ergy source. Besides, mainly carbon diox- 
ide and water as well as slowly degradable 
humic compounds are formed. Often, one 
single organism is not able to degrade (to 
mineralize) a particular compound to water 
and carbon dioxide. Many compounds can 
only be mineralized by the interaction of dif- 
ferent organisms. In such a case, one bacte- 
rial species catalyzes only some of the nec- 
essary degradation steps, and survives on 
this basis. Complete degradation is the re- 
sult of an interaction. In this way, commu- 
nities of microorganisms develop, which are 
dependent on one another. They are called 
biocoenosis. They contain not only bacte- 
ria, but other groups such as fungi, algae, 
etc., may also be present. In many cases, not 
easily degradable substrates can only be de- 
graded by a biocoenosis. Sometimes, the ad- 
dition of an easily metabolizable substrate/ 
compound is necessary to induce the en- 
zymes to attack the undegradable com- 
pounds in a side reaction, along with degra- 
dation of the easily metabolizable sub- 
strates. This is called cooxidation. 

Generally, natural materials are consid- 
ered biodegradable (cycle of compounds). 
This also applies, with some restrictions, to 
man-made materials. Some of these com- 

Metabolic pathway Energy gain, energy source 

Phototrophy 
Chemotrophy 
Lithotrophy 

Organotrophy 

Autotrophy 

Heterotrophy 

Light is used as the energy source. 
Inorganic and organic compounds are used as energy sources. 

During the oxidation of reduced inorganic compounds, energy is liberated 
and used for growth (H2, NH;, NO;, S2-, So, S 2 0 : - ,  CO).  

Energy is liberated by the oxidation of organic compounds and is used for growth (carbo- 
hydrates, lipids, proteins, hydrocarbons, alcohols, ketones, aromatics, and other compounds). 
The whole biomass is formed by synthesis using carbon dioxide from air; all the compounds 

needed are produced by appropriate transformations from primary compounds. 
The biomass is built up using available organic compounds (analogy to the animals). 
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pounds, so-called xenobiotics (to the bio- 
sphere unknown compounds), are not bio- 
degradable, e.g., pesticides, chlorinated hy- 
drocarbons, and highly polymeric com- 
pounds like methacrylate derivatives (plexi- 
glass). If these materials contain additives, 
in order to modify their properties, the ad- 
ditives can in some cases be attacked. 

The conditions of the surrounding envi- 
ronment (milieu) are of great importance for 
the microbial degradation of materials. Usu- 
ally, bacteria do not survive a water short- 
age. Therefore they hardly ever attack dry 
materials, although they are much more re- 
sistant against a water shortage than most 
other living organisms. Also, hydrocarbons 
are not easily degraded. Based on their 
chemistry, they are highly reduced. Thus 
microbial degradation is only possible when 
free oxygen (air) or other oxidized species 
such as nitrates or sulfates are available. 
This is why oil deposits were formed and 
preserved up to the present day. This and 
other conditions limiting bacterial metab- 
olism will be described in detail in Sec. 4.3. 

4.2.2 Fungi and Yeasts 

Fungi and yeasts belong to the eukaryotes 
(Fritsche, 1990; Schlegel, 1992). Figure 4-2 
shows an ultrathin section of a yeast cell. 
This cell has a nucleus containing the genet- 
ic information, ribosomes (80 s) which are 
larger than those of prokaryotes, enzymes 
for protein synthesis, etc. On this basis, anti- 
biotics acting against bacteria do not act 
against fungi and yeasts (as well as other eu- 
karyotes, like plants and animals). Since 
these differences only exist against prokar- 
yotes and not with other eukaryotes, fight- 
ing fungi and yeasts is difficult. Such anti- 
biotics always act against plants and ani- 
mals, and thus on mankind as well. 

The most obvious feature of fungi is their 
hat. These are actually proliferation organs 

Figure 4-2. Electron micrograph of an ultrathin sec- 
tion of a yeast cell (photograph by Hallmann); CW is 
the cell wall, V the vacuole, ER the endoplasmatic re- 
ticulum, M the rnitochondrium, and EB the electron 
dense particles. The scale represents 1 pm. 

and have no role in the deterioration of ma- 
terials. The mycelia of fungi are important; 
in fact the hyphae (formed of many cells) 
form the mycelia. Hyphae grow on, in, and 
over the substratum (support). Growth oc- 
curs at the tip of a hyphum (apical). At this 
point an excretion of enzymes and other 
compounds probably occurs, which react 
with materials and dissolves them [ e g ,  exo- 
enzymes in the case of the deterioration of 
wood, or organic acids attacking mineral 
materials like stone, concrete, or glass 
(Palmer et al., 1987). It is known that hy- 
phae of the real “house rot fungus” may be 
several meters long, and are able to pene- 
trate massive walls to assure the water sup- 
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ply needed by the organism (for instance, 
when roof lumber is infected). 

Fungi and yeasts do not show as many 
types of metabolism as encountered with 
bacteria. They only grow by degrading or- 
ganic compounds (chemo-organotropical- 
ly) and usually need oxygen for growth. 
They excrete carbon dioxide as a metabolic 
end product. However, many species are 
known that are able to perform a fermenta- 
tive metabolism under oxygen limitation. In 
contrast to bacteria, fungi and yeasts are 
quite able to live and grow under water-lim- 
ited conditions. A fungus is known that 
tolerates a water potential of -726 bar 
(-72.6 MN rn-,). The lowest value for bac- 
teria is -422 bar (-42.2 MN mP2) (Stolp, 
1988). These values indicate that the micro- 
organisms are able to extract water against 
a pressure of 726 or 422 bar respectively for 
metabolism. Fungi are also able to tolerate 
different concentrations of hydrogen ions. 
For instance, Penicillium or Aspergillium 
species occur at a pH above 12 and below 
2. These two examples show that fungi can 
often live and grow under disadvantageous 
environmental conditions. For microbially 
influenced corrosion cases, this means that 
fungi can also occur, and may play an im- 
portant role. Especially fatal is the ability of 
hyphae to actively penetrate materials, e.g., 
by degradation processes. These hyphae are 
resistant to almost all countermeasures, and 
can restart growth from the inside after sur- 
face removal. The only countermeasure is 
heat sterilization of the total attacked work 
piece. If that is not possible, such pieces 
must be replaced. 

4.2.3 Algae 

Algae like fungi belong to the eukaryotes. 
They are distinguished by their ability to 
grow with light and to build up their cell or- 
gans from CO, and air, just like green plants. 

They are also able to exploit any organic 
compounds present. Algae need inorganic 
nitrogen compounds to grow, since they are 
unable to fix N,. Only the so-called “blue 
algae” are able to fix nitrogen, but they are 
nowadays counted as bacteria. The color of 
algal cells is determined by the presence of 
chlorophyll as well as by accessorial pig- 
ments (e.g., green, red, or brown algae). Al- 
gae need sufficient humidity to grow. Be- 
cause of their low demands for nutrients 
they can be found on many surfaces as in- 
habitants. Algae excrete organic acids and 
other organic compounds. Carbon dioxide 
is excreted as a product of metabolism in the 
dark (Bell and Sommerfeld, 1987). 

4.2.4 Lichens 

Lichens are a biocoenosis of algae and 
fungi. The algae produce the nutrients via 
their photosynthesis, while the fungi pro- 
vide water and mineral salts. Cyanobacteria 
can also form lichens with fungi (Schlegel, 
1992). Detailed information on cyanobacte- 
ria, algae, and fungi has been given in the 
previous sections. Lichens are important be- 
cause, based on their biocoenosis, they ex- 
crete acids that are not formed by the indi- 
vidual parts. These are the so-called lichen- 
ic acids, which are organic acids that, 
besides their acid effect, can form complex- 
es with metal ions. 

4.3 Microbial Growth 

The most important requirement for mi- 
crobial growth is the existence and avail- 
ability of water. Microorganisms take up 
substances that are dissolved in water (nu- 
trients) and produce cell material. The sub- 
stances also provide an energy gain. All the 
elements that are involved in the build-up of 
the cell material must be available as utiliz- 
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able compounds. They can be in a gaseous 
form (oxygen, carbon dioxide, etc.) or dis- 
solved (e.g., sugar, alcohol). The main part 
of the compounds is absorbed by the organ- 
isms and metabolized in the cell. Other com- 
pounds are metabolized at the surface of the 
cell (outer membrane and/or periplasma) 
without being taken into the cytoplasm of 
the cell. The growth follows diverse path- 
ways and is regulated and limited by the fol- 
lowing factors. Since all substances on this 
planet are limited, and one or another fac- 
tor is constantly being minimized by current 
consumption, the best way to show the 
course of microbial growth using a growth 
curve is for a closed system (Fig. 4-3). 

During a lag phase, the cells of a culture 
adjust their metabolism by, e.g., the induc- 
tion of enzymes for the decomposition of a 
nutrient, or a switch over of the metabolism 
from respiration to fermentation, or some- 
thing similar. During this time, the cells 
hardly divide. After adjustment of the me- 
tabolism, the log or exponential phase fol- 
lows. The cells are totally adjusted to the 
prevailing conditions and multiply at the 
maximal rate. After a while, when factors 
like the substrate or the nitrogen source are 
exhausted, the log phase turns into the sta- 

start- I exponential- I stationary phase 
or I or log-phase I 

I I 

number log- I I 
phase I I 

tionary phase. There is no growth of cell 
mass anymore. Cell death and growth are 
balanced. In the decay phase, dying predom- 
inates. All the substrates are used and nutri- 
ents are only delivered by the dying cells. 
The duration of the growth phases is regu- 
lated by a large number of factors. 

4.3.1 Factors Influencing Growth 

Growth is influenced by chemical, phys- 
ical, and biological factors. A limitation oc- 
curs usually through a combination of all 
these factors, which is often very difficult 
to detect and hard to understand from the 
complex interaction. The following section 
explains the most important ones. 

4.3.1.1 Substrate 
(Energy and Carbon Source) 

As mentioned earlier, microorganisms 
have two ways of gaining energy, i.e., pho- 
to- and chemosynthesis. Photosynthesis uti- 
lizes light energy to promote metabolism. 
Chemosynthesis uses organic or inorganic 
compounds for energy. If, for example, for 
the oxidation of compounds like sulfur or 
ammonia the microorganisms use chemo- 
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Figure 4-3. Growth curve 
of a batch culture of micro- 
organisms (with one sub- 
strate). 
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synthesis, then they are able, as in photo- 
synthesis, to obtain their cell carbon from 
the carbon dioxide of the air (autotrophy, as 
in the case of green plants). 

All other microorganisms use organic 
compounds. Part of the substrate is oxidized 
for energy gain, and the rest is used for cell 
mass formation (assimilated). Polysaccha- 
rides, like cellulose and starch, predominate 
quantitatively on earth. Almost all organisms 
are able to use glucose, the monomer element 
of these compounds. All other naturally 
formed organic materials are also used. On- 
ly some of the chemical compounds that have 
been synthesized in the last few decades are 
not degradable. These are the so-called xen- 
obiotics (to the biosphere unknown materi- 
als). Polymers such as polymethacrylate 
(plexiglass), the scaffold of PVC, and others 
belong to this group. In particular, halogenat- 
ed aromatics are difficult or even impossible 
to decompose biologically, despite the meta- 
bolic diversity of microorganisms (PCP, etc.). 
(Micro)biologically, evolution has not had 
enough time to develop enzymes and decom- 
position pathways for such substances. At 
present, intense activity is going on in rela- 
tion to “genetic engineering”, the develop- 
ment of genetically modified microorganisms 
which can decompose such compounds. 

4.3.1.2 Nitrogen, Phosphorus, 
and Trace Elements 

Besides the energy and carbon sources, 
microorganisms also need the so-called sup- 
plementary materials. These are bound ni- 
trogen, phosphoric and sulfuric compounds, 
potassium, calcium, magnesium, and iron, 
as well as trace elements (sodium, chlorine, 
manganese, molybdenum, zinc, copper, co- 
balt, nickel, vanadium, boron, selenium, 
tungsten, etc.) and eventually aminoacids, 
vitamins, purines, pyrimidines, etc. [for 
identification, see Ehrlich (1996)l. 

Nitrogen compounds are absorbed by 
most organisms as ammonium salts. Ni- 
trates are also important. Some microorgan- 
isms may reduce the nitrogen in air to am- 
monia (enzyme system nitrogenase), and in 
this way grow under conditions of nitrogen 
shortage. Other microorganisms need nitro- 
gen bound in organic compounds, e.g., the 
amino group in aminoacids. Phosphorus is 
usually used as inorganic and/or organic 
phosphates. 

The needed sulfur is usually supplied by 
sulfates. H,S or the amino acid cystein (or- 
ganically bound sulfur) is partly absorbed. 
The importance of the other elements can 
not be clarified in detail here. However, it 
has to be pointed out that a shortage of these 
elements, even though they are only need- 
ed in trace amounts for active centers of en- 
zymes, can lead eventually to growth inhi- 
bition. On the basis of specific needs (of 
trace elements), microbial growth can be 
specifically inhibited by causing shortages. 
Detailed information is available in text- 
books on microbiology (Fritsche, 1990; 
Schlegel, 1992), and/or monographs regard- 
ing special groups of microorganisms. 

4.3.1.3 Water and Water Activity 

The water content of a location is very 
important for microorganisms. It decides if 
a location can be populated and which 
groups of microorganisms are going to dom- 
inate. In general, it can be said that fungi are 
distinguished by a high resistance to dry- 
ness, while bacteria depend more upon the 
existence of free water. The measure of free 
water availability is the water activity a,. It 
is defined as the quotient of the vapor pres- 
sure P above a (salt-containing) solution and 
the vapor pressure Po of pure water at the 
same temperature 

P 
a, =- 

PO 
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The relative humidity in the vapor phase has 
to be determined for the measurement. The 
a, value is dimensionless, i.e., it is the rel- 
ative humidity in percent divided by 100 
( e g ,  relative humidity 70% 3 a,= 0.7). 
For a comparison of values, the temperature 
must be given, since the quantity of water 
that air can contain depends on the temper- 
ature. The availability of water can also be 
described by the water potential (WP). More 
detailed explanations are available in text- 
books on soil microbiology, etc. (Paul and 
Clark, 1989; Stolp, 1988). 

In soil, bacteria live in a water film on the 
surface of particles. A small decrease in the 
water potential (a, = 0.9978) immediately 
causes a clear reduction of microbial activ- 
ity. This can be explained by the hindered 
mobility of bacteria, which leads to a short- 
age of nutrients. Growth is slowed down for 
this reason. Many groups of bacteria survive 
periods of severe water deficiency by hav- 
ing a resting period (“hibernation”). Many 
well-known preservation procedures for 
foodstuffs are based on this effect (e.g., the 
storage of fish or meat in salt solutions, or 
of fruits in sugar, etc.). The sensitivity of 
microorganisms towards a decrease in the 
water potential is different. While many stop 
their growth due to small changes, others 
continue to grow indifferent of the water de- 
ficiency. The existence of diverse groups of 
bacteria can be proven at a, values of 0.95, 
while the limit of growth for salt-loving or 
halophilic bacteria is reached at a, = 0.75. In 
contrast, dryness tolerant/loving (xerophil- 
ic) fungi grow at a, as low as 0.6. Neverthe- 
less, these are extreme cases. By comparing 
these values with those of higher plants, it 
becomes obvious that the latter are consid- 
erably more sensitive to water deficiency. 
At a,  values of 0.99, the permanent wilting 
point has already been reached. 

In summary, it can be said that the pres- 
ence of water is an important condition for 

the life of microorganisms. However, it is 
not the complete amount of water which is 
present that counts, as defined for instance 
in physics in percent, but the free, biologi- 
cally available part. Only this water pro- 
motes the growth of microorganisms. For 
the prevention of microbially influenced 
corrosion this means that control and reduc- 
tion of the utilizable water wherever pos- 
sible should be the aim. Often, “simple” 
constructive measures may reduce or even 
stop microbially influenced corrosion phe- 
nomena. 

4.3.1.4 Concentration of Hydrogen Ions 

Protons and hydroxide ions are the most 
mobile ions known. Therefore small chang- 
es in their concentration often have a huge 
effect. In general, living beings grow best 
when the concentrations of H+ and OH- ions 
are balanced. This means that most organ- 
isms prefer a pH value of around 7. The ex- 
treme values are pH 0 and 13. Bacteria 
often prefer slightly alkaline pH values 
(e.g., nitrifiers, rhizobia, actinomycetes, 
urea degrading bacteria), while fungi grow 
in weak to medium strong acidic conditions. 
However, this does not mean that bacteria 
do not grow at acidic pH values. Organisms 
that can tolerate and still grow under the 
most acidic concentrations are bacteria. 
Species of the genus Thiobacillus, especial- 
ly Thiobacillus ( T )  thiooxidans, still grow 
at pH 1, and i? thiooxiduns tolerates pH 0 
(Karavaiko et al., 1988). On the other hand, 
fungi are also viable at alkaline pH values. 
Many microorganisms produce end or by- 
products that cause acidification of the nu- 
trient media during their metabolism (e.g., 
the fermentation of carbohydrates). Apart 
from in the case of the few acid-tolerant 
(acidophilic) species, acidification causes 
an inhibition of growth and partly even 
(self-) destruction of the cultures. This dan- 
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ger can be prevented by buffering the nutri- 
ent solutions or by using proper substrates 
which do not produce acid. The damage 
caused by unfavorable pH values occurs not 
only because of the protons or hydroxide 
ions, but also because of the effect of the un- 
dissociated acids or bases. These penetrate 
into the cell if they are not charged (depend- 
ing on the pH value). Since in all organisms 
the cytoplasm is almost neutral (even for the 
acidophilic ones), the compounds dissoci- 
ate inside the cell and shift the pH value to 
such an extent that they inhibit the metabol- 
ic processes in the cell. For microbially in- 
fluenced corrosion, due to changes in the pH 
values deterioration processes become evi- 
dent (in the case of minimal buffering); on 
the other hand, proper choice of the pH val- 
ue can prevent the growth of potentially 
harmful organisms. This technique has been 
used for a long time for the conservation of 
foodstuffs and animal food (e.g., lactic ac- 
id fermentation for the production of sauer- 
kraut or silage, for the production of yoghurt, 
etc.). 

4.3.1.5 Redox Potential 

The redox potential, a quantitative meas- 
ure of the tendency of compounds and ele- 
ments to transfer electrons, is of great im- 
portance for microbially influenced corro- 
sion processes. It often decides which mi- 
croorganism can grow and which kind of at- 
tack may occur. The redox potential is of 
great importance for microbial metabolism. 
Many organisms gain the energy they need 
for growth mostly through respiration pro- 
cesses. Hydrogen, which is present in the 
form of redox-equivalents like NADH, (re- 
dox potential -320 mV) or FADH, (redox 
potential - 80 mV), is transformed with 
oxygen (redox potential + 8 10 mV) to wa- 
ter (all values referring to pH 7 and 30 "C). 
This is called the biological oxy-hydrogen 

reaction. The components of the respirato- 
ry chain are reduced and oxidized similar to 
redox catalysts. The structure of the respir- 
atory chain is shown in Fig. 4-4. Each step 
has its own redox potential. Looking at the 
final reaction, the formation of water, gives 
an estimation of how much energy is avail- 
able for the microorganisms from chemical 
reactions. The chemical oxy-hydrogen reac- 
tion results at pH 7 and 30°C at a potential 
difference of - 1230 mV (-420 mV for H, 
and + 810 mV for O,), which corresponds 
to a free energy AGO of - 273.4 kJ mol-' (for 
the biological redox-equivalent NADH, , 
-218 kJ mol-'). If the redox-equivalents 
(hydrogen) are delivered at a different po- 
tential (e.g., FADH, in Fig. 4-4), the calcu- 
lated values are correspondingly lower. 

Living beings use this free energy in their 
metabolic processes. The chemical energy 
must be converted to biologically usable 
energy for this reason. This happens through 
the formation of adenosine-triphosphate 
(ATP) from adenosine-diphosphate (ADP) 
and inorganic phosphate (Pi). A sufficient 
amount of energy (sufficiently high poten- 
tial difference) is necessary for this storage 
to happen. For this reason, there are only a 
few steps in the respiratory chain that are 
connected to an ATP gain (usually 3 mol 
ATP per 1 mol NADH,). Organisms that 
grow which substrates of a lower potential 
difference to oxygen than to NAD transfer- 
ring redox-equivalents (+ 1230 mV) gain 
less energy (ATP) per mol of substrate, 
which results in less biomass (biomass 
needs for its formation the availability of 
ATP). For the formation of the same amount 
of biomass, such organisms must convert 
more substrate. This applies, e.g., to micro- 
organisms like nitrate- or sulfate-reducing, 
or fermenting ones, which grow without ele- 
mental oxygen from air. In particular, the 
fermenting organisms must convert huge 
amounts of substrate, since they do not have 
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oxygen as an acceptor for redox-equivalents 
(hydrogen). Redox-equivalents are used in- 
stead for the reduction of compounds con- 
taining bound oxygen (carbonic acid-, 
keto-, or aldehyde-groups, etc.); some reac- 
tions even release gaseous hydrogen. In this 
way, in fermentation processes certain or- 
ganic compounds are transformed to others, 
but not end-oxidized ones that have a large 
energy potential like alcohols, aldehydes, 
ketones, etc. An end-oxidation to CO, and 
H,O can only occur when elemental oxygen 
or oxidized compounds like sulfate, nitrate, 
etc., are or will be available in an environ- 
ment. Thus oil and gas deposits could be pre- 
served for millions of years (Atlas, 1981). 

Sulfate-reducing bacteria (SRB) oxidize 
hydrogen and/or short chain fatty acids, al- 
cohols, etc., to CO, and water using sulfate, 
etc. These organisms are important, espe- 
cially for the microbially influenced corro- 
sion of metals (see Sec. 4.4.2), since they 
can also use hydrogen as the energy deliv- 
ering substrate. Denitrifying bacteria also 
use oxidized compounds. However, they 
seem to be not very important for biologi- 
cally influenced corrosion, since they are 
unable to use hydrogen and they do not have 
a reactive metabolic product like hydrogen 
sulfide but excrete an inert end product, i.e., 
nitrogen. Denitrifying bacteria are used in 
sewage treatment for the elimination of ni- 
trogen compounds. Nitrate is converted via 

Table 4-2. Biologically catalyzed reduction processes. 

nitrite, NO, and N,O to N, and released. 
These organisms are important, since they 
create adequate living conditions for sul- 
fate-reducing bacteria, and they can grow 
aerobically as well as anaerobically. Aero- 
bically growing, denitrifying bacteria also 
often have the ability to nitrify (NH, + 
NO;). Elemental oxygen from air is con- 
sumed during this process so that, e.g., sul- 
fate-reducing bacteria find adequate growth 
conditions. Besides these two processes, 
other biologically influenced redox pro- 
cesses are also important by which metallic 
materials can be destroyed (Hamilton, 1985, 
1987). The most important processes are 
presented in Table 4-2. 

Practically all these processes occur con- 
comitantly so that the redox values are al- 
ways average values of all the ongoing pro- 
cesses. Another complication arises due to 
growth in biofilms (see Sec. 4.3.3). The re- 
dox potential in the bulk medium can be 
completely different from the one measured 
in colonies and/or under colonies close to 
the material’s surface. This means that re- 
dox potential measurements do not indicate 
which processes are occurring. Inside colo- 
nies, anaerobic zones (oxygen-free) with 
low redox potentials often exist, where pro- 
cesses such as sulfate-reduction occur, de- 
spite the fact that the bulk milieu is suffi- 
ciently aerated (and possibly causes deteri- 
oration). 

Process Redox potential required Final productslend products 

Nitrate reduction +400 mV 
Manganese reduction +400 mV 
Iron(II1) reduction +300 mV 
Sulfate reduction + 100 mV 
Decomposition of organic compounds - 100 mV 
Methane formation from H2 and C02 -300 mV 
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4.3.1.6 Aerobiosis, Anaerobiosis, 
and Oxygen 

The availability of oxygen is essential for 
the metabolism of many microorganisms. 
Similar to animals or high plants that grow 
aerobically, oxygen-consuming microorgan- 
isms metabolize their nutrients oxidatively 
to carbon dioxide and water. Microorgan- 
isms that only grow in the presence of ele- 
mental oxygen are termed obligately aero- 
bic. If the oxygen is being minimized, e.g., 
due to the slow diffusion of oxygen through 
the surrounding medium, e.g., porous stones, 
soil, sediments, and similar, a large amount 
of the aerobically growing microorganisms 
are also able to grow using oxidants other 
than 02. These oxidants can be nitrate, 
Fe(II1) ions, manganese(1V) ions, or organ- 
ic compounds. While in the first three cas- 
es it is called anaerobic respiration (even 
though there is no oxygen consumption, as 
in the case of Fe(II1) ions), the metaboliza- 
tion of organic compounds is called fermen- 
tation and the growth of the microorganisms 
involved is called facultatively aerobic 
growth (if they grow as well in the presence 
of elemental oxygen). Microorganisms that 
are able to grow better without elemental 
oxygen and are able to respire anaerobical- 
ly (like sulfate-reducing bacteria, i.e., sul- 
fate-reduction) or to ferment are called facul- 
tatively anaerobically growing organisms. 
These organisms are inhibited by traces of 
elemental oxygen, while high concentra- 
tions are deadly for them. This toxicity of 
oxygen is due to a lack of proper detoxifi- 
cation mechanisms. These organisms lack 
enzymes like catalase or peroxidase (glu- 
cose-oxidase, xanthin-oxidase, etc.), which 
convert and decontaminate, e.g., hydrogen 
peroxide formed as a metabolic product of 
H,O and 02. 

Not all microorganisms can grow both 
with and without elemental oxygen. How- 

ever, several bacteria are able to do this. 
Among these organisms, all the mentioned 
pathways of life occur. This is only partly 
valid for fungi. Fungi mostly grow oxidative- 
ly with elemental oxygen; nevertheless, there 
are many species that are able to ferment, as 
has been known for a long time (meat, bread, 
beer, kefir, etc.). Algae and lichens are mi- 
croorganisms that live aerobically. 

This short representation indicates that 
microbial life is possible with or without 
oxygen and is more diverse than the life of 
plants and animals. There are strong links 
between the redox potential and the oxygen 
content of a biotope. Each parameter influ- 
ences the other. This also became clear from 
the explanation of the importance of the re- 
dox potential for microorganisms. 

4.3.1.7 Temperature 

Microbial life is possible and has been 
proven to exist in the temperature range of 
- 10°C to + 1 14°C. The presence of liquid 
water is crucial. This temperature range 
goes a lot higher than the one in which high 
plants or animals may thrive. Nevertheless, 
no microorganism is able to grow over the 
complete temperature range. "Natural" 
ranges cover temperature differences of 
40 "C. Sulfolobus, a bacterium isolated from 
hot volcanic sulfur springs, grows between 
50 "C and 95 "C. At the extreme tempera- 
tures, the organism grows very slowly, 
while it grows very fast at its optimum tem- 
perature of around 70°C. Sulfolobus does 
not grow at temperatures below 50°C or 
above 95 "C. This means that growth of this 
organism can be prevented by appropriate 
changes of the temperature (as far as chang- 
es are possible). Five distinct temperature 
ranges are usually considered as those over 
which organisms can live and grow (Table 
4-3). 
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Table 4-3. Temperature ranges for microbial life and 
growth. 

Temperature range Groups of microorganisms 

- 10°C - + 10°C cryophilic microorganisms 
+ 5 "C - + 40 "C mesophilic microorganisms 
+35"C-+ 60°C moderately thermophilic 

microorganisms 
+50°C - + 95 "C thermophilic microorganisms 
+80°C-+llO°C extremely thermophilic 

microorganisms 

In all groups of microorganisms, mem- 
bers are known that grow in the tempera- 
ture range from -10°C to +70°C. Above 
+70 "C, practically only bacteria are able to 
grow. Usually, these are the so-called ar- 
chaebacteria. They differ from the eubacte- 
ria by their cell wall structure, enzymes, ri- 
bosomes, etc. 

The general chemico-physical rule re- 
garding a doubling of the reaction speed by 
a temperature increase of 10 "C is only part- 
ly valid for microbial processes. Microbial 
activity increases with an increase of tem- 
perature, but the increase is not linear. The 
activity distribution in the suitable temper- 
ature range looks like a Gaussian curve 
(above and below the temperature optimum 
until the maximum and minimum tempera- 
ture extremes). Thus, there is only a very 
small range of temperature in which the rule 
of doubling of the reaction speed is valid. It 
is rather to be expected that in the case of a 
temperature change other organisms which 
have their optimum temperature at the 
changed temperature, become dominant. A 
change in the environmental temperature 
would possibly result in a changed species 
composition instead of a reduced microbial 
activity (provided that the temperature lim- 
its of -10°C or +114"C are not exceed- 
ed). 

4.3.2 Course of Growth 

There are two different types of microbi- 
al growth. If the nutrients are added as a sin- 
gle dose (batch culture), growth occurs in a 
static culture (without any further external 
influence). Accordingly, if the nutrients are 
delivered continuously, it is a continuous 
culture. In natural conditions, due to the 
open system, it must be assumed that there 
are only continuous cultures. However, it is 
often forgotten that the planet Earth and the 
available resources are limited. Maybe the 
growth in open systems can best be ex- 
plained by multiple coupling of batch cul- 
ture growth. Growth in continuous cultures 
is only possible in labs (or pilot plants and 
production facilities), and even there only 
for a limited period. 

There are four main consecutive phases 
in a static (batch) culture (Fig. 4-3): lag 
phase, exponential or log phase, stationary 
phase, and decay phase (for explanations, 
see 4.3). If there is more than one substrate 
in the solution, the microorganisms start 
metabolizing the component that is the most 
easy to decompose. If this one is consumed, 
then enzymes are induced for the decompo- 
sition of the next best substrate. The case of 
two substrates is defined as diauxic growth 
(by analogy, it would be polyauxic for many 
substrates). Figure 4-5 shows the growth of 
one microorganism (in a pure culture) with 
two substrates. 

Under natural conditions, no pure cul- 
tures exist. Therefore different growth peri- 
ods do not occur, since there will always be 
organisms that preferentially decompose 
one or the other substrate. Growth only 
comes to an end (stationary and/or decay 
phase) when no more oxidizable (organic or 
inorganic) compounds are available. In ad- 
dition, it should be considered that all the 
growth parameters mentioned earlier influ- 
ence the course of the growth. 
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Figure 4-5. Diauxic growth, i.e., the growth se- 
quences of a batch culture where two substrates are 
present simultaneously. 

4.3.3 Growth on Surfaces 

Microorganisms can usually be detected 
visually on the surface of trees or buildings. 
Often a vegetation of algae and/or lichens 
is well recognizable. Another example of 
growth on surfaces concerns our teeth. The 
surfaces of teeth that are grown over feel sli- 
my, whereas clean teeth are felt by the tongue 
as blunt. In all cases, surface microbial 
growth is called biofilm. It has been estimat- 
ed that up to 90% of all microbial activities 
take place/occur in biofilms. In the corrosion 
of materials, the microorganisms that grow 
on the surface are of importance and not 
the ones swimming freely in the solution 
(Fletcher, 1996). It is practically unknown 
which processes take place at the interface 
between the materials surface and adhering 
microbial cells. No direct measurements are 
possible because of the small distance be- 
tween the microorganism and the materials 
surface (dimensions in the nanometer 
range) (Busscher and Weerkamp, 1987). 
Chemical analyses (N. N., 1984) of water 
and biofilm samples are always average val- 
ues and thus only deliver clues regarding the 
ongoing processes and the strength of a pos- 

sible attack. A biofilm is formed of living 
and dead cells, extracellular substances 
which are excreted by the cells, e.g., poly- 
saccharides, nucleic acids, lipids, and pro- 
teins, and adsorbed organic and inorganic 
compounds, as well as adsorbed debris (dirt). 
This is schematically presented in Fig. 4-6 
(Gaylarde et al., 1991). Under adequatecon- 
ditions, biofilms can achieve a thickness of 
more than 1 cm (Costerton et al., 1987). The 
thickness depends upon the shearing forces. 
Under constant conditions, an equilibrium 
is reached between the biofilm growth (grow- 
ing in thickness) and the shearing off caused 
by the flow (Flemming and Geesey, 1991). 
There are five phases in the formation and 
development of a biofilm. 

During the first phase, called “condition- 
ing film”, adsorption of dissolved organic 
molecules occurs at the material’s surface. 
This adsorption is irreversible and takes place 
in batches. Original surface characteristics 
like electric charge, hydrophobicity, etc., can 
be masked and changed due to this loading 
of the surface. Usually, a slightly negative net 
charge results. Approaching bacteria meet 
this surface (Van Loosdrecht et al., 1990). 

During the second phase, “reversible ad- 
hesion”, microorganisms make contact with 
the surface due to diverse transport mecha- 
nisms (motility, convection, temperature, 
gravity, and chemotaxis). There they are re- 
tained due to electrostatic or van der Waals 
interactions. The cells show Brownian mo- 
lecular movement and can be washed away 
by the flowing liquid (water). Active de- 
tachment, e.g., by using their flagellae, is 
still possible. The adhesion behavior is in- 
fluenced by many factors: the nutritious 
condition of the cell, the growth phase, the 
ionic strength, and ionic species in the me- 
dium, as well as electric charge conditions. 
This phase may last for minutes up to many 
hours (Gordon et al., 1981; Van Loosdrecht 
et al., 1990; Van Loosdrecht and Zehnder, 
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1990) and leads to the next phase of “irre- 
versible adhesion”. 

The microorganisms now stick firmly to 
the surface of the material. The bonding oc- 
curs chemically/physically (electrostatic 
interactions, hydrogen bonds, dipole inter- 
action, and hydrophobic interaction), and/or 
by covalent bonds via the excretion of extra- 
cellular substances and/or cell organellae 
like pili (“glues”). This excretion of extra- 
cellular, polymeric substances partly ex- 
plains the adhesion; however, they partly ex- 
ist even before the attachment and confer 
“sticking” properties to the microorganisms. 
During this phase of the adhesion, cells can 
no longer be washed off, and Brownian mo- 
lecular movement is also no longer detect- 
able (Characklis and Wilderer, 1989; Doyle 
and Rosenberg, 1990; Ford et al., 1987). 

During the fourth phase, the biofilm is 
formedhilt-up. The sticking microorgan- 
isms grow and multiply/proliferate, and at 
the same time a multiple layered film devel- 
ops, which cells from the surrounding me- 
dium may still invade. The cells are embed- 
ded in huge amounts of extracellular mucus 
which captures passing solids due to its 
stickiness and contributes to the accumula- 
tion of particles (living and dead). By these 
processes, the biofilm becomes thicker and, 
if there are many oxygen-consuming micro- 
organisms, zones of oxygen shortage devel- 
op (Lee and Characklis, 1990). Here anaer- 
obic microorganisms profilerate, e.g., sul- 
fate-reducing bacteria or methanogenic 
ones. Through their excretion products, 
these organisms contribute to the corrosion 
of materials (Hill et al., 1987; Thierry, 
1987). The extrapolymeric substances 
(Gaylarde et al., 1991) influence materials 
due to their electrical and complexing prop- 
erties, and cause microbially influenced 
corrosion. Microorganisms inside the bio- 
film are to a great extent protected against 
biocides. The active agents react with extra- 

cellular substances and dead particles, and 
are to a large extent consumed. Cells locat- 
ed at a depth survive. This means that high 
dose biocide treatments are necessary in the 
case of biofilms. The standardized investi- 
gation of active agents (laboratory test- 
ing/experiments) assumes planktonic, sus- 
pended, free living cells and thus dose lev- 
els obtained for practical use are far too low 
(Costerton and Lashen, 1984; Hill et al., 
1987; Ruseska et al., 1982; von RCge and 
Sand, 1998). In addition, it is important to 
point out that inside the biofilm a sort of “re- 
fugium” or living space is offered to organ- 
isms with multiple metabolic characteristics 
(Lewis and Gattie, 1991). Thus a reservoir 
of multiple metabolic capabilities is creat- 
ed and kept alive. Changes in living condi- 
tions due to external influences shortly lead 
to adaptation of the predominant population 
inside the biofilm, while dominating species 
may quickly be replaced by others. Thus the 
biofilm represents a gene-reservoir for 
metabolic possibilities. 

During the fifth phase, partial detachment 
of the biofilm occurs. Due to continuous 
growth, the thickness reaches a limit at 
which, e.g., the biofilm’s resistance to 
shearing forces, is exceeded. Flakes of the 
biofilm may thus be detached and washed 
away. If the flakes find new sites for adhe- 
sion, they may grow again. In closed systems, 
this causes spreading of the biofilm. 

Biofilms are of great importance for mi- 
crobially influenced corrosion. Unfortu- 
nately, the investigatiodresearch of these 
systems has just begun. Interested readers 
may see Flemming and Geesey (1991). 

4.4 Microbially Influenced 
Destruction of Materials 

By definition, materials are solid goods 
that are able to fulfill certain technical re- 
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quirements due to their mechanical, physi- 
cal, and chemical properties. Three main 
groups can be differentiated: ceramic and 
mineral materials, metallic materials, and 
organic materials (natural materials, plas- 
tics, and hydrocarbons). Composite materi- 
als will not be treated separately, since dam- 
aging processes are described for the indi- 
vidual components. 

Corrosion is of great importance in the 
destruction of materials and thus for mate- 
rial damage (Schweisfurth and Heitz, 1989; 
Widdel, 1990). The reaction of a metallic 
material with its surrounding environment 
causing a measurable change is called cor- 
rosion, and this process may lead to dam- 
age. Mostly, it is of an electrochemical na- 
ture, but chemical processes and/or physi- 
cally determined processes may also be in- 
volved (DIN 50900). Corrosion damage is 
defined as the functional reduction of a me- 
tallic part (or of a whole system) due to cor- 
rosion. This definition does not consider mi- 
crobial damaging processes. The DIN defi- 
nition may be generalized for other materi- 
als as well. A series of different microbial- 
ly influenced phenomena and deterioration 
mechanisms have to be taken into consider- 
ation. The most important ones will be pre- 
sented next. 

- Acid attack by mineral acids: A series of 
specialized microorganisms excrete acids as 
their metabolic end product, e.g., sulfuric or 
nitric acid (Gaylarde et al., 1991; N. N., 
1990a, b, 1991). Ifthese organisms grow on 
a material able to react with the acid, e.g., 
concrete or iron, damage (corrosion) may be 
the consequence. Sulfuric acid is formed by 
bacteria of the thiobacilli group (Bock and 
Sand, 1978; Milde et al., 1980, 1983; Sand, 
1987a, b, Sand and Bock, 1984,1990,1991; 
Sand et al., 1983, 1987, 1989). These bac- 
teria are often acidophilic or at least acid- 
tolerant bacteria. Some species are still vi- 

able in culture media or in natural environ- 
ments at a pH lower than one. These organ- 
isms are not very demanding with respect to 
substrate supply. Reduced sulfur com- 
pounds serve as their energy source. Traces 
of organic compounds are needed for some 
strains. The carbon of the cell is built up 
from the carbon dioxide present in the air. 
Organic compounds are not needed for 
growth; they often even inhibit growth. The 
second big group of the mineral acid form- 
ing bacteria are the nitrifiers (Bock and 
Sand, 1993; Kaufmann, 1952, 1960; Kir- 
stein et al., 1986; Lyalikova and Lebedeva, 
1983; Meincke et al., 1989; Sand and Bock, 
1990, 1991; Sand et al., 1989; Snethlage, 
1995; Spieck et al., 1990; Wolters et al., 
1988). These oxidize ammonia to nitrous 
acid (ammonia oxidizers) and nitrite to ni- 
trate, i.e., nitric acid (nitrite oxidizers). 
These organisms have low demands for their 
living conditions, similar to Thiobacilli. 
Besides trace elements for growth, they only 
need carbon dioxide. Like the sulfuric acid 
forming bacteria, the latter groups are called 
lithothophically growing bacteria (see Ta- 
ble 4-1). 
- Acid attack by organic acids: Practically 
all microorganisms excrete metabolic inter- 
mediates or end products. These are often 
organic acids that may react with materials 
(Eckhardt, 1985 a; Krumbein, 1968; Lewis 
and May, 1985; Palmer et al., 1987; War- 
scheid et al., 1989). Besides “simple” acids 
like acetic acid or citric acid, the microor- 
ganisms also excrete complex molecules 
like proteins or polysaccharides containing 
ionogenic (e. g., sulfonic acids) and other 
similar groups. 
- Attack by hydrogen sulfide (H2S): Under 
anaerobic conditions, bacteria develop which 
excrete hydrogen sulfide as the metabolic 
end product (Gaylarde et al., 1991; Hamil- 
ton, 1985, 1987; Jenneman, 1985; N. N., 
1984, 1990a, b, 1991). Hydrogen sulfide 
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reacts with metal ions, generally forming in- 
soluble metal sulfide precipitates. By the de- 
livery of metal ions according to the solu- 
bility product, the material continuously 
looses metal ions which precipitate as sul- 
fides. In the case of metals, this process 
causes (microbially influenced) deteriora- 
tionkorrosion, since the formation of a pas- 
sivating layer on the materials surface is pre- 
vented (Hill et al., 1987). The corrosion pro- 
cess has not yet been clarified in detail. Two 
mechanisms are discussed in the literature. 
According to one of the theories, via the en- 
zyme hydrogenase the bacteria use the pas- 
sivating hydrogen of the material and in this 
way contribute to the corrosion (theory of 
cathodic depolarization). Other authors sug- 
gest that iron sulfide precipitates cause lo- 
cal galvanic elements which induce a further 
release of metal ions (Iverson and Olson, 
1984). The microorganisms involved are 
called sulfate and/or thiosulfate reducing 
bacteria. They live on the oxidation of short 
chained organic acids and alcohols, as well as 
of hydrogen. Thiosulfate or sulfate is used as 
the oxidizing agent. Water, carbon dioxide, 
and hydrogen sulfide are formed as products. 
Recent data indicate that these organisms pro- 
liferate not only under strictly anaerobic con- 
ditions, but are able to tolerate and use low 
concentrations of elemental oxygen (Dilling 
and Cypionka, 1991). This is supported by the 
observation that the most severe damage oc- 
curs at the interface between the oxygen-free 
and the oxygen-containing milieu. 
- Attack by carbon dioxide (CO,). All liv- 
ing beings excrete carbon dioxide as the end 
product of their metabolism. Despite being 
a weak acid, on some materials, e.g., con- 
crete, damage is possible due to carbon 
dioxide. For example, calcium hydroxide is 
transformed into calcium carbonate and fur- 
ther into calcium hydrogen carbonate by 
carbonization. In this way, concrete looses 
its strong alkalinity, which is necessary for 

the passivation and protection of the steel 
reinforcement. 
- Attack by nitrogen oxides (NO,): Large 
amounts of nitrogen oxide are formed dur- 
ing combustion processes; however, they 
are also released by microbial processes. 
Preliminary stages can be nitrate (nitrate re- 
duction) or nitrite. Recent research (Baum- 
gartner et al., 1990) has shown that nitrify- 
ing bacteria inhabiting natural stones of 
buildings produce and excrete nitrogen ox- 
ides. The importance of this process for the 
deterioration of materials has barely been 
investigated. Nitrogen oxide (NO,) is a strong 
oxidant which may react with several mate- 
rials. It reacts with water to form nitrous acid 
(leading to oxidative attack) and nitric acid 
(leading to acid attack, see earlier). 
- Attack by the formation of complexes: 
Organic acids and complex organic mole- 
cules like exopolymers are characterized by 
their ability to form complexes with metal 
ions. This means that besides acid attack 
these compounds attack materials by the 
complexation of metal ions. This complex- 
ation of the metal ions results in a distur- 
bance of the system from equilibrium, the 
concentration of ions being given by the sol- 
ubility product (Eckhardt, 1985 b). Further 
dissolution of metals and/or their com- 
pounds is the consequence. 
- Attack by salt formation: As a result of 
the interaction between the metabolic prod- 
ucts of microorganisms and the components 
of a material, salt formation occurs. To the 
extent that they are soluble in water, hydra- 
tion causes an increased water content in 
porous materials (Kunzel, 1991). If during 
dryness crystallization occurs, the material 
can be damaged due to the volume expan- 
sion of crystals that takes place by the in- 
clusion of water (resulting in blasting). Ad- 
ditionally, recrystallization may cause a sec- 
ondary change to structures not attacked pri- 
marily by an acid. 



4.4 Microbially Influenced Destruction of Materials 191 

- Damage by biofilms: Microorganisms 
that grow on and in materials (Bell and Som- 
merfeld, Berk et al., 1981; Gaylarde et al., 
1991; Holmes, 1986; Jenneman et al., 1985; 
Jenneman, 1985; Lee and Characklis, 1990; 
Lewis and Gattie, 1991; N. N., 1990a, b, 
1991; Ramsay et al., 1989; Reynold et al., 
1989; Ruseska et al., 1982; Thierry, 1987) 
often excrete exopolymeric substances (see 
Sec. 4.3.3). These substances, as well as me- 
tabolic products and salts, retain water in the 
pores of the materials, e.g., natural stone, and 
partly clogg the pores (Geesey et al., 1987; 
Jack, 1988;Sandetal., 1989;SandandBock, 
1990,199 1 ; Taylor and Jaff6,1990 a, b; Tay- 
lor et al., 1990; Weirich and Schweisfurth, 
1985). As a consequence, the water content 
of the material increases and, in the case of 
freeze-thaw changes, further damage may 
be caused. Additionally, a biofilm inhibits 
the infiltration of protective substances. 
Stone-strengthening substances do not pen- 
etrate or penetrate less deep inside stones 
covered by a biofilm. This may result from 
the shortened reaction time available for in- 
filtration. Often the feared scale formation 
is the consequence, which may later result 
in the loss of extended building surfaces. 
Supplimentary explanations regarding bio- 
film influences can be found in Sec. 4.3.3. 
- Attack by exoenzymes: In many cases, 
bacteria excrete exoenzymes which are able 
to split large, insoluble molecules into 
small, soluble compounds outside the cell, 
and these can be taken up by the cells. Ex- 
amples include starch or cellulose, which 
are decomposed into their basic compo- 
nents, i.e., sugar molecules. This kind of at- 
tack is especially important in the case of 
organic materials, since they are formed 
from molecules that may serve as energy- 
and carbon sources. 

All of the processes briefly reviewed here 
may cause microbially influenced deteriora- 

tion of materials. Many of the processes oc- 
cur concomitantly, so that several mecha- 
nisms are usually involved in a damage- 
causing process. Frequently, the “damag- 
ing” process may be deliberately turned into 
a useful procedure to obtain a desired posi- 
tive effect (microbial leaching/bioleaching 
of ores, removal of iron compounds from 
clay of clay, etc.). The assessment always 
has to consider the aim: valuable material or 
corrosion. 

4.4.1 Mineral Materials 

According to definition, mineral materi- 
als are natural stones (of magmatic origin, 
e.g., granite, basalt, sedimentary rocks like 
limestone and sandstone, metamorphic rocks 
like marble and schists, concrete (also mod- 
ified by synthetic resins), ceramics (also ox- 
ide ceramics and special materials), and 
glasses. Detailed descriptions of these ma- 
terials are given in appropriate textbooks. It 
should be mentioned that all the damaging 
and attack mechanisms presented and dis- 
cussed already for microbially influenced 
material deterioration may also act on min- 
eral materials (Bock et al., 1988; Sand et al., 
1983, 1987, 1989; Sand and Bock, 1984, 
1990,1991; Sand, 1987a, b; VDI-Kommis- 
sion Reinhaltung der Luft, 1989; Vieser, 
1987). Only the importance of exoenzymes 
is negligible, since mineral materials may 
not serve as nutrients for microorganisms. 
However, if mineral materials modified by 
synthetic resins are used, e.g., as mortar, the 
participation of exoenzymes is possible 
(and must be investigated). All microorgan- 
isms are able to damage mineral materials 
(Berthelin, 1971, 1983; Berthelin and Dom- 
mergues, 1972; Bock and Sand, 1978; Eck- 
hardt, 1985a, b; Friedmann, 1982; Goretz- 
ki, 1989; Houghton et al., 1988; Jenneman 
et al., 1985; Jenneman, 1985, Kaufmann, 
1952, 1960; Kirstein et al., 1986; Klausner, 
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1984; Krumbein, 1968, 1983; Lewis and 
May, 1985; Lyalikova and Lebedeva, 1983; 
Meincke et al., 1988; Menther and Muller, 
1984; Milde et al., 1980, 1983; Morton, 
1987; N. N., 1990a, b, 1991; Palmer et al., 
1987; Pochon et al., 1960; Reynolds et al., 
1989; Rose, 1981; Spieck et al., 1990; War- 
scheid et al., 1989; Weirich and Schweis- 
furth, 1985; Wolters et al., 1988). Which 
mechanism plays the major role in a specif- 
ic case cannot be decided ex cathedra, be- 
cause there is a multitude of possibilities. 

4.4.2 Metallic Materials 

Metals are important construction mate- 
rials, which are classified according to their 
properties as light or heavy metals (density 
lowedhigher than 4.5 g cmP3), and pre- 
cious, ferrous, or nonferrous metals. An 
evaluation of metal corrosion resistance can 
be derived from the electrochemical poten- 
tial series. This is valid for metals intro- 
duced under standard conditions into an 
aqueous solution of their ions. Gold is situ- 
ated at the electronegative end and lithium 
at the electropositive one. All the other met- 
als, e.g., aluminum, zinc, iron, copper, sil- 
ver, etc., are situated in-between. Further- 
more, with respect to corrosion resistance, 
the tendency to form passivating layers is 
important. These are generally thin oxide 
layers which confer the metals with an ap- 
parently more noble position in the poten- 
tial series than they really have. 

Microbial corrosion is probably not 
caused by a direct bacterial attack on the me- 
tallic phase. It is affected by metabolic prod- 
ucts which interfere with diverse steps of the 
corrosion process (Gordon et al., 1981; 
Hamilton, 1985; Morton, 1987; N. N., 
1990 a, b, 199 1 ; Rose, 1 198 1 ; Summers and 
Silver, 1978; Thierry, 1987; Weiner et al., 
1988). Taking into consideration the living 
conditions of microorganisms, it appears 

that the corrosion processes are in fact elec- 
trochemical in nature (stimulation of the 
partial anodic and/or cathodic reactions). 
Many of the attack mechanisms mentioned 
earlier are important for microbially influ- 
enced metal corrosion. Only the attack by 
carbon dioxide, nitrogen oxides, or exoen- 
zymes is of minor importance. In general, 
all groups of microorganisms may be in- 
volved in microbially influenced corrosion. 
Which processes occur has to be elucidated 
in individual case studies (Berk et al., 1981; 
Fletcher, 1996). The most important types 
of microbially influenced corrosion of me- 
tallic materials shall be discussed next. 

Local corrosion of metals occurs during 
the formation of aeration or other concen- 
tration elements, which result as a conse- 
quence of settlement of microorganisms and 
build-up of colonies. As described in Sec. 
4.3.3, the continuous growth of a colony 
may create conditions that make the prolife- 
ration of anaerobically growing bacteria 
possible, even in anaerated environment. A 
colony may be considered as a locally lim- 
ited biofilm (Flemming and Geesey, 1991). 

In the case of surface corrosion or pitting 
corrosion not microcolonies but biofilms 
are involved (Kunzel, 1991). Under oxygen 
deprivation in the biofilm, fermentative pro- 
cesses take place and carbonic acids (also 
complexing agents) are formed. Also, sul- 
fate reduction occurs (H2S evolution). 
These processes cause acid corrosion as 
well as attack by hydrogen sulfide. In the re- 
action of H2S with iron(I1) ions, iron sulfide 
is formed, and this speeds up/accelerates the 
oxygen corrosion (cathodic reaction) Cough- 
ton et al., 1988). These processes are pre- 
sented in Fig. 4-6. 

Of great importance are the microorgan- 
isms metabolizing sulfur and/or sulfur com- 
pounds oxidatively and/or reductively. As 
an example, Thiobacilli particularly excrete 
sulfuric acid as a final product of their oxi- 
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Figure 4-6. Biofilm induced surface corrosion or pitting corrosion on metallic materials. 

dative metabolism. The oxidation may oc- 
cur under aerobic or anaerobic conditions. 
Under anaerobic conditions, e.g., nitrate 
serves as a source for an oxidant (electron 
acceptor). In particular, sulfate-reducing 
bacteria metabolize sulfur reductively to 
hydrogen sulfide. Sulfur and/or sulfur com- 
pounds serve as electron acceptors. The 
electrons originate from the oxidation of or- 
ganic compounds or from hydrogen, which 
may be used by the organisms as a substrate 
(Eul et al., 1996; Hamilton, 1985; Hill et al., 
1987; Parkhania et al., 1986a, b). 

4.4.3 Materials of Natural Origin 

The materials wood, cotton, paper prod- 
ucts, wool, and leather are distinguished by 
the fact that they are produced by a treat- 
ment and/or by refining naturally occurring, 
regrowing resources. They can be of plant 
or animal origin. Under aerobic conditions 
all natural or biosynthetically produced 
compounds are fully biodegradable. This is 
the principle of biological omnipotence. 
They are nutrients for microorganisms due 
to their chemical composition (all materials 
consist of the basic compounds sugar, ami- 
no acid, and fatty acid). The most important 
microbially influenced attack is thus per- 
formed by exoenzymes. The other mecha- 
nisms, except for the formation of biofilms, 
probably only have a minor damaging effect 
on these materials. Principially, microor- 
ganisms of all groups may be considered 

Figure 4-7. Wood-degrading fungi in an under- 
ground mine (photograph by Rohde). 

able to attack these materials (Morton, 
1987; Rose, 1981). 

An attack by fungi is presented in Fig. 4-7. 
It involves the wood used for construction 
of a stope in an underground mine. The at- 
tack is enhanced due to the highly humidity 
and constant temperature. 

4.4.4 Plastic Materials 

Plastics are materials that consist mainly 
of highly polymeric, organic compounds. 
These are manufactured by chemical syn- 
thesis and/or by the transformation of natu- 
ral products. Most plastics are moldable and 
formable (thermoplasts). The properties of 
plastics can be modified by mixing them 
with additives of different kinds. 

Synthetic materials have replaced classi- 
cal natural materials in many applications. 
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The main reason is their better stabilityhe- 
sistance against chemical, physical, and 
biological attack. Nevertheless, some of 
these materials are at least partially micro- 
bially degradable (Houghton et al., 1988; 
Morton, 1987; Pankte, 1971, 1973, 1978; 
Schonborn, 1986; Schweisfurth and Heitz, 
1989). As in the case of materials of natu- 
ral origin, the attack mechanisms are main- 
ly based on the action of exoenzymes and 
on the formation of biofilms, which are due 
to almost all microorganisms. Due to the of- 
ten complex composition of plastics, not all 
components are biologically degradable. 
The highly polymeric basic structure of 
PVC is biologically invulnerable, whereas 
monomers, filling materials, and softeners 
are degradable. This is similarly valid for 
other plastics too. It has to be taken into con- 
sideration that an a priori biologically unde- 
gradable polymer may become degradable 
by a combined chemical, physical, and bio- 
logical attack. Discoloration of plastics is 
often a consequence of microbial growth 
(Holmes, 1986). Many microorganisms pro- 
duce and excrete colorants into the medium. 
These colorants are often “soluble” in plas- 
tics and an unesthetical consequence is a 
color change. Plastics are also important for 
medical applications (prostheses, artificial 
heart, blood vessels, etc.). In such applica- 
tions, microbial attack (biofilm!) may often 
provoke fatal situations (Costerton et al., 
1987; Ferreirds et al., 1989). 

The endangerment of individual plas- 
ticskynthetic materials cannot be discussed 
in detail here. Relevant textbooks should be 
consulted (Houghton et al., 1988; Rose, 
1981). 

4.4.5 Hydrocarbons 

This generic term includes crude oils, dis- 
tillation and cracking products (coal tar), as 
well as aqueous emulsions of these sub- 

stances. Around room temperature they are 
of gaseous, liquid, or solid consistency. The 
chemical composition varies from the sim- 
plest hydrocarbon (methane gas, CH,) to the 
highly complicated molecules such as het- 
erocyclic compounds. Principally, all these 
substances are microbially degradable. All 
groups of microorganisms seem to be in- 
volved in these processes. As in the case of 
natural materials, the first attack occurs by 
exoenzymes, since hydrocarbons are natu- 
ral materials resulting from the degradation 
and transformation of materials of plant 
and/or animal origin. They are rarely used 
for constructional purposes, except for as- 
phalt or bitumen (ZoBell and Molecke, 
1978). 

Due to their biodegradability, hydrocar- 
bons are also important with respect to cor- 
rosion endangerment of other materials. 
Since hydrocarbons offer microorganisms 
good living conditions, microbial growth 
often causes damage to surrounding mate- 
rials, e.g., fuel tanks or pipelines (Hill et al., 
1987; May and Neihof, 1980, 1981). An- 
other example is the microbial degradation 
of hydrocarbon compounds of cooling or lu- 
bricating fluids (Haack et al., 1986). This 
may cause a deterioration of the relevant 
properties of these materials along with cor- 
rosion damage (breaking of the emulsion, 
enhanced friction with subsequent abrasion, 
etc.) and a health hazard. Also important is 
microbial growth in crude oil deposits, 
which may cause, e g ,  clogging of the por- 
ous storage rocks by biofilm formation, and 
thus, may impede the extraction. If this pro- 
cess can be employed deliberately, an in- 
crease in productive output may result [tech- 
nical term: microbially enhanced oil recov- 
ery (MEOR)] (Atlas, 1981; Geesey et al., 
1987; Jenneman, 1985; Ramsay et al., 1989; 
Ruseska et al., 1982). 
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4.5 Protection of Materials 

The aim of an efficient material protec- 
tion system is the preservation of it and the 
objects manufactured from it for a suffi- 
ciently long period of time (service life). 
During this time, if possible all damaging 
influences should be eliminated or at least 
weakened so that no detrimental and/or 
functional changes (esthetic) occur. Many 
factors negatively influence the stability and 
the durability of a material. These may be 
physical, chemical, and biological factors. 
Only the possibilities to reduce the influenc- 
es of biological factors are discussed in the 
following sections, where “active” and “pas- 
sive” measures for material protection are 
distinguished. Active measures for materi- 
als protection are procedures that cause a re- 
duction and or elimination of damaging mi- 
croorganisms and their effects due to exter- 
nal intervention. These may be physical 
measures like heating or radiation (see Sec. 
4.5.2. l),  chemical measures like the additi- 
on of biocides or poisons (see Sec. 4.5.2.2), 
as well as (hypothetically) biological meas- 
ures like the use of natural enemies (practi- 
cal examples for materials are unknown). 
Passive protective measures take into con- 
sideration the site, i.e., the microgeography 
and the microclimate (see Sec. 4.5.1.2), the 
selection of materials to be used, as well as 
constructive measures such as the preven- 
tion of dewing, heating, aeration, etc. (see 
Sec. 4.5.1.3). A special kind of the passive 
protection is the simulation of a biogenic 
attack. Simulation allows investigation of 
the materials with respect to their resistance 
towards biological attack and selection 
of the resistant materials by a proper test 
method under nearly practical conditions. 
The results of these simulation experiments 
allow the selection of materials with en- 
hanced passive protection (see also Sec. 
4.5.1.1). 

4.5.1 Passive Protection of Materials 

Passive protection measures of materials 
help a priori to prevent the microorganisms 
that grow on, in, and with materials, and thus 
cause damage. These measures are of great 
importance, since it is always better and of- 
ten easier and cheaper to prevent prolifera- 
tion of a microbial population and its pos- 
sible negative consequences, e.g., by appro- 
priate constructive measures. As well, con- 
siderations regarding protection of the en- 
vironment make the choice towards passive 
measures easier. Principally, the metab- 
olism of all living things is similar. This 
means that poisons against microorganisms 
may also become effective against other liv- 
ing things, including humans. 

4.5.1.1 Selection of Materials 

The choice of the appropriate material is 
decisive for resistance against microbially 
influenced corrosion. This means that be- 
fore the choice of material can be made, 
what kind of impacts is has to resist needs 
to be considered. Microbial influencing fac- 
tors must also be considered. Accordingly, 
in the presence of volatile sulfur com- 
pounds, e.g., in sewage pipelines, it is rec- 
ommended not to use materials like unpro- 
tected concrete which may be destroyed by 
the end product of the microbial degrada- 
tion process (in this case, sulfuric acid 
formed by Thiobacilli). Another example 
would be the choice of a stainless steel or of 
an alloy that cannot be attacked under the 
conditions of a biofilm and the complex 
metabolic processes occurring underneath 
it. If, for instance, a material has to be cho- 
sen for static reasons, this material has to be 
protected by a coating or a liner made of an 
inert material. All these examples are based 
on the consideration that all attack factors 
have been identified by a complete inven- 
tory. 
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4.5.1.2 Consideration of the Site 

The local climate and the location of the 
site are of great importance for the resis- 
tance of materials against microbially influ- 
enced corrosion. Thus, in the case of build- 
ings with a water front (e.g., along rivers), 
increased humidity on that side has to be tak- 
en into consideration. Contamination of ma- 
terials by salts may originate from a salt de- 
posit that is located in the main wind direc- 
tion. Similar considerations are valid for im- 
pacts of exhaust gases coming from facto- 
ries, power plants, etc. Geographical de- 
pression zones, i.e., comparatively low ly- 
ing regions, often show during the year tem- 
peratures some degrees lower than in the 
surroundings. Thus locally the dewpoint 
may be reached; accordingly, due to in- 
creased humidity an enhanced freeze- thaw 
attack is the possible consequence. Of sim- 
ilar significance may be the ground water 
level, the soil properties, light and wind con- 
ditions, as well as many other factors, which 
can only be identified in the specific indi- 
vidual cases. All factors may influence the 
growth of microorganisms on materials by 
the delivery of sufficient nutrients and hu- 
midity. Thus for the reduction or prevention 
of microbially influenced attacks, a precise 
inventory and consideration of all factors of 
influence is necessary, as mentioned with re- 
gard to the choice of materials (Sec. 4.5.1.1). 

4.5.1.3 Constructive Measures 

In many cases, microbially influenced 
corrosion can be reduced or even complete- 
ly prevented by adopting adequate construc- 
tive measures. This is exemplified below for 
a sewage pipeline system. If the atmosphere 
above the sewage contains a large quantity 
of volatile sulfur compounds like H2S, then 
if concrete pipes must be used, they should 
be protected with an inert material that can- 
not be attacked by the microbially formed 

sulfuric acid. In areas with medium contents 
of H,S, it is often satisfactory to use special, 
high quality concrete which may resist the 
biogenic attack for a long time. If only low 
concentrations of sulfur compounds are 
present in the sewage pipeline atmosphere, 
protective measures are not necessary and 
“normal” concrete may be used. Other impor- 
tant constructive measures are, e.g., ventila- 
tion for the removal of humidity (dry surfac- 
es) or nutrients for microorganisms (gaseous, 
like H2S, NH,, etc.), isolation against humid- 
ity, heating to prevent dew point condensa- 
tion, impregnation, coating, use of hydro- 
phobic compounds reinforcement, and so on. 

Through the contribution of these and 
many other constructive measures, the 
growth conditions for microorganisms on 
materials become unsuitable, and thus dete- 
riorative processes can be prevented. Gen- 
erally, all constructive measures that may 
change the growth influencing parameters 
mentioned in Sec. 4.3 are appropriate to re- 
duce the importance of the microbially in- 
fluenced attack on materials. 

4.5.1.4 Simulation of Biogenic Attack 

If the attack mechanism on materials is 
known and microorganisms are causally in- 
volved, additional possibilities for the pas- 
sive protection of materials exist. By simu- 
lation of the damaging process in an accel- 
erated test procedure in conditions that are 
suitable and optimized for the microorgan- 
isms involved, the most suitable/adequate 
(corrosion-resistant) material can be select- 
ed from many other different materials. Two 
examples shall explain this statement. 

The postulates named after the microbi- 
ologist Robert Koch concerning the proce- 
dures for proving the damaging (sickness- 
causing) effects of microorganisms are 
valid. The damaging microorganism must 
be recognized and identified, and the same 
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damage must be reproduced by the inocula- 
tion of the identified microorganism into un- 
damaged materials. Subsequently, from the 
damaged material the same microorganism 
must be re-isolated. 

The causality of concrete deterioration in 
partly filled sewage transport pipelines by 
biogenic sulfuric acid could be clarified ac- 
cording to this procedure (Bock and Sand, 
1978; Milde et al., 1980, 1983). It could be 
established that concrete deterioration is 
caused by bacteria of the genus ThiobaciZ- 
Zus (Bock et al., 1982,1983; Bock and Sand, 
1986). These are bacteria that transform 
sulfur and/or reduced sulfur compounds 
by producing and excreting sulfuric acid. 
The latter reacts with the cement [Ca(OH),, 
CaC03] to form gypsum (CaSO,), which 
can be washed out (Fig. 4-8). In this way, 
sewage pipelines made of concrete are de- 
stroyed. After the mechanism had been elu- 
cidated, a simulation system could be con- 
structed, which allowed the conditions ex- 
isting in sewage transport pipelines to be re- 
produced (Sand et al., 1983, 1987; Sand, 
1987a, b). For this purpose the temperature 
was increased to 30°C (in sewage systems 
it is generally around 16"C), hydrogen sul- 
fide was continuously delivered to the gas 

reducing 
conditions 

phase of the chamber (22 mg m-3), and the 
test specimen was incubated in a nearly wa- 
ter saturated (>98% relative humidity) at- 
mosphere (Fig. 4-9a, b). After inoculation 
of the test specimen with the bacteria 
(Thiobacilli from sewage transport pipe- 
lines), within a time period of approximate- 
ly nine months visually evident and measur- 
able corrosion damages appeared. The ex- 
tent of corrosion of the test specimen was 
different for the different concrete types. 
Surprisingly, these differences could not be 
reproduced in simultaneous chemical ex- 
periments using comparable sulfuric acid 
solutions (Fig. 4-1O).This means that the bi- 
ological simulation test cannot be replaced 
by a chemical laboratory test. An explana- 
tion for these discrepancies between the two 
test methods is the fact that microorganisms 
interact with their environment (e.g., with 
the material they adhere to in the form of 
a biofilrdmicrocolony in crevices and/or 
pores, see Sec. 4.3.3). These interactions 
cannot be reproduced in a chemical test. It 
is also important to note that in the (biolog- 
ical) simulation test under optimal condi- 
tions, the attack of materials is much faster 
than under natural conditions. In case of bi- 
ogenic sulfuric acid corrosion, the simula- 

bioaenic 

oxidative 
conditions 

suliuric acid 
corrosion 

concrete 

sewage 

mud and 
sediment 

i 
Figure 4-8. Sulfur cycle in sewage 
systems - biogenic sulfuric acid 
corrosion. 
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Figure 4-10. Two concrete specimens of different re- 
sistance from the test chamber after exposure to two 
test cycles of biogenic sulfuric acid corrosion, where 
PC is Portland cement (left) and HC is blast furnace 
cement (right). 

Figure 4-9. a) Principle of the simulation device for 
testing the resistance of concrete and other building 
materials to biogenic sulfuric acid corrosion. b) View 
of the open test chamber filled with test blocks. 

tion test was at least eight times faster than 
in the natural environment of a sewage pipe- 
line. Because of its speed up effect, nation- 
al and international companies continuous- 
ly make use of this simulation system for the 
testing and development of materials (Bock 
et al. 1989b). 

A similar procedure was also successful 
in the case of biogenic nitric acid corrosion 

of concrete in cooling towers. An invento- 
ry of the flora on the inside walls of cooling 
towers has shown that nitrifying bacteria 
were often present and formed nitric acid, 
which reacted with the concrete to form sol- 
uble calcium nitrate (Kirstein et al., 1986). 
Because of the limited wall thickness of 
these buildings, even a small material loss 
might have severe/serious consequences. A 
simulation system was developed to inves- 
tigate this probledquestion. The biogenic 
attack of concrete by nitrifying bacteria was 
reproduced under optimal conditions: tem- 
perature of 28"C, relative air humidity 
above 98%, and ammonium chloride solu- 
tion sprayed by nozzles, which served as the 
nutrient. After a relatively short time (ex- 
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periment duration of about one year), dif- 
ferent grades of corrosion became visible on 
the concrete specimen (Bock et al., 1989a). 

Besides concrete of different composi- 
tions (with and without a coating), sand- 
stones were also investigated in this experi- 
ment (carbonaceous Schlaitdorfer sand- 
stone from the dome of Cologne). These were 
also attacked by biogenic nitric acid. While 
the corrosion on concrete was visually evi- 
dent, i.e., dissolution of cement, gradual re- 
lease/disclosure of the gravel, increasing ab- 
rasivity and crumbling, the natural stones 
seemed to have remained unchanged. How- 
ever, chemical analysis of the run-off water 
showed a significant wash-out of calcium in 
the form of calcium nitrate. After some time 
(loss of binding compounds), the stone 
specimen were weakened so much that even 
a small mechanical stress resulted in a ma- 
terial loss. This was not detectable on the 
control specimen. On average, the nitrifiers 
formed 0.2 moles of nitric acid per speci- 
men. The strength of the biogenic nitric ac- 
id corrosion is approximately equal to the 
sulfuric acid corrosion caused by ThiobaciZ- 
Zi. Again, the biological simulation test 
could not be replaced by chemical experi- 
ments because the interactions between or- 
ganisms and materials cannot be repro- 
duced. 

Such tests, as exemplified for concrete 
and natural stone, should also be conceived 
for many other materials. However, it is nec- 
essary to know the damage mechanisms, 
and such facilities have to be constructed ac- 
cording to each individual case. Teamwork, 
including experts of different disciplines, 
e.g., mechanical engineers, materials scien- 
tists, electrochemists, as well as microbiol- 
ogists, is indispensable. If all difficulties are 
overcome and the simulation system is func- 
tional, the user has a valuable tool to dis- 
cover unknown interactions between the 
living environment and the technical mate- 

rials, and can select corrosion-resistant ma- 
terials (Eul et al., 1996; Kearns et al., 1994; 
von Rkge and Sand, 1996). 

4.5.2 Active Protection of Materials 

If microbially influenced attack on mate- 
rials cannot be avoided, and/or is inevitable 
due to the location or due to constraints re- 
garding the choice of material, the biogen- 
ic attack may be reduced and (temporarily) 
even fully stopped by a series of physical 
and/or chemical countermeasures. Often 
only “low level” equilibrium between coun- 
ter measures and biogenic attack may be 
achieved. 

4.5.2.1 Physical Countermeasures 

Well known physical procedures to de- 
stroy microorganisms, e.g., on foodstuffs or 
surgical instruments, are heat or radiation 
treatments ( WallhauBer, 198 8). 

The removal of living microorganisms 
and/or of their hibernating or persisting 
stagedphases from materials is called ster- 
ilization. Microorganisms are differently 
susceptible to the destruction measures ap- 
plied. Besides species-dependent, individu- 
al differences, milieu conditions like pH, 
cell age, water activity, etc., play an impor- 
tant role. The sterilization success of a 
given procedure is often characterized by 
the D10-value. This indicates how much 
time is necessary to kill 90% of the popula- 
tion ( 1  0% of living cells remain). Complete 
sterilization or partial sterilization can be 
achieved by heat treatment, radiation, or fil- 
tration procedures. 

In the case of heat treatment, humid or 
dry heat may be used. Humid heat means 
that a material is treated for a certain time 
period in an autoclave at an overpressure of 
0.5-2 bar (50-200 kN m-*) (accordingly 
105 “C to 130 “C) with overheated water va- 
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pors in order to kill the cells of existing mi- 
croorganisms, as well as their persistent 
forms like spores. While living cells die at 
60 "C, temperatures around 120 "C are nec- 
essary to kill fungal spores. The duration of 
the autoclave treatment depends upon the 
quantity of matrial to be sterilized (and the 
existing number of germs). Usually 15 min 
to 2 h is enough to free a material of living 
microorganisms. Humid heat treatment is 
more gentle than a dry heat procedure. In 
the case of dry heat, materials are incubat- 
ed for hours at temperatures between 160 "C 
and 180 "C in order to kill all living cells and 
the persisting forms (coagulation of pro- 
teins). This procedure is especially adequate 
for the sterilization of inorganic materials 
(mineral materials and metals). In the case 
of organic materials, dry heat is only appli- 
cable for compounds showing sufficient 
temperature resistance. 

Principally, three types of radiation are 
adequate for the sterilization of materials: 
ultraviolet and gamma radiation. In the case 
of the radiation treatment of materials with 
ionizing (mostly gamma) radiation, a high 
exposure dose is necessary. Often a "cobalt 
bomb" (radioactive 6oCo) is used for this 
purpose. The efficiency depends on the 
penetration depth. This procedure is ade- 
quate for the sterilization of plastics and 
other sensitive materials (e.g., for surgical 
purposes), as well as for foodstuffs (in Ger- 
many, only for spices). Metals or mineral 
materials only become germfree on the sur- 
face. 

Another type of radiation is ultraviolet ra- 
diation. This is often used for the disinfec- 
tion of rooms or material's surfaces (surgery 
rooms/operating theatres, sterile rooms, etc.). 
UV lamps emit radiation of a wavelength 
around 254 nm, which is preferentially ab- 
sorbed by the nucleic acids of (micro)organ- 
isms. Deterioration of the nucleic acids 
carrying the genetic information results in 

death. Again, bacterial cells die fast, while 
(fungal) spores are only killed slowly. 

The third important physical procedure is 
filtration. This can be used, for example, for 
the elimination of cells or spores from solu- 
tions, or for the sterilization of air for ster- 
ile rooms (surgery rooms/operating thea- 
tres, filling and packaging of foodstuffs, 
manufacturing of electronic parts like semi- 
conducting chips, etc.). The filters are made 
of organic and inorganic materials which are 
designed to let gases and/or solutions pass, 
but retain particles. If thermo-labile, dis- 
solved substances are sterile-filtered, usual- 
ly, the so-called bacteria-tight filter materi- 
als with a pore size of maximally 0.2 pm are 
in use. Since bacteria are the smallest living 
beings, all other microorganisms are also re- 
tained by this filter (but not viruses). 

The procedure of dry sterilization is 
based on the fact that microorganisms need 
a minimal water content for growth (see Sec. 
4.3.1.3). If materials do not contain water, 
or if the water availability is at least tempo- 
rarily reduced (dew point) - this includes 
the elimination of air humidity, e.g., by a 
ventilation system - microbial growth and 
subsequent microbial attack on materials 
may be inhibited. Similar conditions are 
persistent in the case of cooling. At temper- 
atures around -20 "C and below, microbial 
growth is so slow that no visible damage is 
caused. Since many microorganisms sur- 
vive these temperatures, microbial growth 
(and attack) becomes possible when an in- 
crease in temperature occurs. 

4.5.2.2 Chemical Countermeasures 

If physical sterilization procedures can- 
not be applied, e.g., because a contamina- 
tion source is located inside a machine or a 
production cannot be run under sterile con- 
ditions due to cost reasons, several chemi- 
cal measures are available for the reduction 
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and/or elimination of microbial growth 
(WallhauBer, 1988). These means are used 
as solutions, e.g., biocides and antibiotics, 
or gas (e.g., ethylene oxide, O,, SO2). The 
effect may be very specific, e.g., some anti- 
biotics, or nonspecific, like ethylene oxide 
and biocides. 

The most common chemical procedure 
for the sterilization of materials is the appli- 
cation of biocides (Haack et al., 1986; Ru- 
seska et al., 1982). Even low concentrations 
of active agents kill living cells and their 
persistent forms (spores) (Emmel et al., 
1988; Hill et al., 1987). Depending on the 
target organisms, bactericides (active 
against bacteria), algicides (algae), and fun- 
gicides (fungi) have to be distinguished. 
These terms are often summarized as micro- 
bicides. The simplest biocide is a solution 
of ethanol in water (70%). The active agents 
destroy the function of the cell membranes 
by locking onto and/or by insertion into the 
membrane lipids and/or denaturate func- 
tional proteins. Due to this action, microbi- 
cides are usually unspecific. Their applica- 
tion must occur under controlled conditions, 
since all substances may also have a toxic 
effect on other living beings (Eul et al., 
1996). 

In the medical sector, often substances 
acting very specifically, like antibiotics, are 
used for killing microorganisms. These sub- 
stances often specifically block metabolic 
processes, which may cause the death of 
the microorganisms. Based on the differ- 
ence between prokaryotes and eukaryotes 
(see Sec. 4.2. l) ,  antibiotic compounds exist 
that act specifically on one of the groups 
(Zahner, 1979). 

Another chemical procedure for killing 
microorganisms is the application of heavy 
metals. Well known is the pressure-impreg- 
nation of wood with chromium and copper 
salts. Wood is then protected against micro- 
bial attack due to the toxicity of these met- 

als. Other highly effective heavy metals are 
mercury and silver, just to mention a few 
which are best known. However, the appli- 
cation of these metals should be well 
thought over since it is always linked to en- 
vironmental pollution (Summers and Silver, 
1978). There are some known microorgan- 
isms that solubilize heavy metals and con- 
vert them partly into volatile compounds via 
reduction or methylation reactions (arsine, 
methyl-mercury). Thus, heavy metals be- 
come biologically available and may endan- 
ger other organisms. 

Other procedures are the application of 
hydrogen peroxide, hypochlorite, acidifica- 
tion to pH values below 5, smoking, salting 
(15-25% NaCl), sugaring (up to 50% sac- 
charose), sulfurization (sulfurous acid), pre- 
servatives (e.g., benzoates, salicilic acid), 
and others. 

Common also is the application of gase- 
ous compounds for the killing of microor- 
ganisms. The use of sulfurous acid has been 
known since ancient time. Sulfur is burned 
in closed containers, or its gaseous products 
are led into closed containers. In swimming 
pools, the effect of ozone is used to kill mi- 
croorganisms. For the sterilization of food- 
stuffs, pharmaceuticals, equipment, and in- 
struments, ethylene oxide is extensively 
used. It only has an effect in the presence of 
water (5-  15% water content). Ethylene ox- 
ide is very useful for the sterilization of heat- 
sensitive materials. The application of an 
ethylene oxide treatment is strictly regulat- 
ed (security measures and complex instru- 
mentation), due to its toxicity and carcino- 
genic properties. Thus, its general applica- 
tion is restricted to special fields only. 

As a principle, the application of chemi- 
cals is an introduction of toxic compounds 
(poisons). Thus, it is necessary to search for 
constructive measures to achieve similar 
success. With respect to the dose it is im- 
portant to keep in mind that, compared to 
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the free living cells, microorganisms en- 
closed in biofilms can only be destroyed by 
relatively high concentrations of active 
agents (see Sec. 4.3.3) (Costerton and La- 
schen, 1984; Costerton et al., 1987; Eul et 
al., 1996; Ruseskaet al., 1982; vonR&ge and 
Sand, 1996). 

4.6 Summary and Outlook 

As a resumC, it has to be pointed out that 
microorganisms are usually involved in de- 
terioration processes. The importance of mi- 
croorganisms is only known in some cases, 
in the majority of cases it has yet to be prov- 
en. 

An important problem is the fact that mi- 
croorganisms are “nonimaginable” due to 
their extremely small size. It is hard for peo- 
ple thinking in technical dimensions to 
understand that the smallest living beings (1 
pm in diameter) are able to cause damage to 
materials. It is often forgotten that only the 
occurrence of large numbers of microorgan- 
isms may cause appreciable damage. A sin- 
gle bacterium is of no importance; howev- 
er, when lo7 cells come together they be- 
come important by virtue of their number. 
It is often hard to prove that the presence of 
microorganisms has caused a certain dam- 
age. Microorganisms often just have a pre- 
paring function, due to which damage by 
physico-chemical processes becomes pos- 
sible (see freeze-thaw change in Sect. 4.4). 
An elucidation of the causality is very dif- 
ficult. It is important that experts try to solve 
the interdisciplinary problems in collabora- 
tion with microbiologists. Probably, many 
cases of damage caused by the involvement 
of microorganisms are still unrecognized as 
yet. Of possible help may be the application 
of simulation facilities. It is, however, nec- 
essary to know about the causality of the mi- 
crobially influenced attack on a material. 

The U.S.A. has a leading role with regard 
to the detection and clearing up of MIC pro- 
cesses, as well as the economic impact in- 
cluding specific process applications. NACE 
(National Association of Corrosion Engi- 
neers) acknowledged many years ago the 
microbially influenced corrosion of materi- 
als (MIC), and supports research and inves- 
tigations (Dexter, 1986). In each sympo- 
sium, various lecturing groups deal with this 
matter. There are active interdisciplinary ef- 
forts within Europe, like the COST projects 
(511, 520, and El), as well as national ac- 
tivities in the Netherlands, France, Great 
Britain, Spain, etc. In Germany, DECHEMA 
(Frankfurtmain) takes care of this area 
(Schweisfurth and Heitz, 1989). Within 
their biotechnology section, a working group 
is dedicated to this problem. Also, the 
GfKORR needs to be mentioned, which al- 
so treats problems related to this topic. In 
general, it has to be concluded that in Ger- 
many a deficit in this area exists in research 
and development in universities, in govern- 
mental organizations, as well as in facilities 
related to industry. Taking into considera- 
tion the importance of the topic - which is 
last but not least economically well found- 
ed - this working area should be institution- 
alized. 
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5.1 Introduction 

In certain circumstances, a corrosive en- 
vironment may induce brittle-like failure in 
materials submitted to mechanical loads too 
low to cause any significant damage in the 
absence of the environment. This includes 
at least five different phenomena, usually 
referred as “environmentally assisted crack- 
ing” (EAC) or “environment induced crack- 
ing”: 

Stress corrosion cracking (SCC) results 
from the simultaneous action of an envi- 
ronment and a static load regime with at 
least one tensile component. 
Corrosion fatigue (CF) is due to mechan- 
ical loading with a cyclic component in 
the presence of a corrosive environment. 
Hydrogen embrittlement (HE) is a degra- 
dation of the mechanical properties of a 
material due to hydrogen absorption. It 
can lead to failures under static or cyclic 
loading but, contrary to SCC, the mate- 
rial may be damaged before mechanical 
loading. Hydrogen embrittlement occurs 
in aqueous environments when the ca- 
thodic reaction that balances the dissolu- 
tion or oxidation processes is the reduc- 
tion of water. 
Liquid metal embrittlement (LME) in- 
volves fast cracking, generally intergran- 
ular, promoted by contact with certain 
metals in a liquid state or close to their 
melting point. 
Hot corrosion cracking occurs in hot gas- 
eous atmospheres on materials under 
creep or fatigue conditions. 

Stress corrosion cracking and corrosion 
fatigue may have common features and 
there is a continuum of morphology and 
mechanisms between the two phenomena, 
CF becoming similar to SCC as the loading 
frequency is decreased. In the same way, the 
distinction between HE and SCC or CF is 

often very difficult or even meaningless, be- 
cause it is likely that the hydrogedmetal 
interaction near the crack tip is the control- 
ling process of SCC or CF crack propaga- 
tion. 

This chapter is devoted to aqueous stress 
corrosion cracking, corrosion fatigue, and 
hydrogen embrittlement phenomena which 
are the most important practical problems. 
Its main goal is to show how the interaction 
between environmental effects and plastic- 
ity is at the root of these subcritical failure 
phenomena. Section 5.2 presents some 
phenomenological aspects of EAC with spe- 
cific insights to the role of surface films and 
the crack tip chemistry. Since both anodic 
dissolution and hydrogen are involved in 
EAC, Sec. 5.3 deals with anodic dissolu- 
tion-plasticity interaction, and Sec. 5.4 with 
hydrogen-plasticity interactions. They form 
the basis of the EAC models which are pre- 
sented in the Sec. 5.5, followed by a gener- 
al conclusion. 

5.2 Phenomenology 
of Environmentally Assisted 
Cracking (EAC) 

5.2.1 Examples of EAC 

The following examples illustrate some 
particular characteristics of the SCC and CF 
phenomena which may be helpful in under- 
standing the mechanisms involved. These 
examples often refer to slow strain rate tests, 
which are tensile tests performed in the EAC 
environment at very low strain rates (usual- 
ly 10-4-10-8 s-’). The comparison of ten- 
sile curves in corrosive and noncorrosive 
environments shows the loss of mechanical 
properties due to EAC. 

1. Stress corrosion cracking in nitrogen- 
containing austenitic stainless steels: 
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Figure 5-1 (Magnin et al., 1996) shows 
the influence of the strain rate and the elec- 
trochemical potential (free and highly ca- 
thodic potential) on the tensile properties of 

the worst situation corresponds to propaga- 
tion at a highly cathodic potential of the 
cracks initiated at free potential. 

a 3 17 LN alloy in a 153 "C MgC12 solution. 
Note that (1) a marked reduction of the el- 

2. sCc in Zircaloy 4 in iodine solution: 

ongation to fracture due to the development 
of deep stress corrosion cracks occurs at low 
strain rates (less than 5 x s-'), and (2) 

Figure 5-2 (Frkgonese, 1997) shows the 
fracture surface of a Zircaloy 4 specimen af- 
ter a tensile test at a strain rate of 5 x s-l 

Test in air after 3 days 
at E = -1O~tnv / SCE 

Test under cathodlc potential a t  
E = - l000mV / SCE 

600 - 

I Free potential I I 

32 33 
* 

Figure 5-1. Slow strain rate 

ing stainless steel in boiling 
magnesium chloride. 

STRAIN (%) test on nitrogen-contain- 
Free potential before Rp 0.2 

and cathodlc potential after Rp0.2 

Figure 5-2. Fracture of Zir- 
caloy 4 in methanol-iodine 
solution in a slow strain rate 
test at 5 x 1 0 - ~  s-'. 
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in 5 x lop6 g/g iodine-methanol solution. 
Cracks initiate at the top surface; the first 
propagation stage is intergranular, and then 
transgranular cracking occurs with cleav- 
age-like features and the formation of duc- 
tile ligaments between brittle facets by a 
prismatic slip process. 

3. SCC of nickel-base alloys in high tem- 
perature aqueous environments: 

In nuclear PWR plants, Alloy 600 suffers 
intergranular SCC problems in near neutral 
water and strongly caustic solutions. In both 
cases, cracking occurs over a limited range 
of corrosion potentials, but this range de- 
pends on the pH of the environment, as 
shown in the Fig. 5-3 (Combrade, 1996). 

4. SCC versus CF behavior in Al-Zn-Mg 
alloys in 3% NaCl solution: 

Figure 5-4 shows that CF is generally 
more deleterious than SCC for 7020 Al-Zn- 
Mg alloys in 3% NaCl solution at free 
potential (Magnin and Rieux, 1987). A 
marked reduction of the fatigue life is ob- 
served, whatever the strain rate is. Intergran- 
ular SCC, which is only observed at low 
strain rates, also decreases the fatigue resis- 
tance. 

5.2.2 Phenomenology of Stress Corro- 
sion Cracking (SCC) 

5.2.2.1 MateriaVEnvironment Systems 

As previously mentioned, SCC is not spe- 
cific to a material or an environment, but to 
a material/environment system. In addition, 
in SCC systems slight variations of materi- 
al composition or structure, or slight mod- 
ification of the environment composition or 

Figure 5-3. Potential range of cracking of Alloy 600 in near neutral and caustic solutions at 320°C (1 bar = 1 x 
lo5 N m-*). 
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Figure 5-4. SCC versus CF on 7020 Al-Zn-Mg alloys: Effect of the strain rate. 

redox potential, may drastically change the 
sensitivity to cracking (see Sec. 5.2.2.7) 

Some material/environment systems giv- 
ing rise to SCC phenomena and of practical 
importance are listed in the Table 5-1. 

5.2.2.2 Crack Morphology 

Stress corrosion cracks may be transgran- 
ular (Fig. 5-5) or intergranular (Fig. 5-6), 
but in all cases they look macroscopically 
brittle. 

On materials with the same crystallo- 
graphic structure, the fracture surfaces of- 
ten exhibit very similar aspects, with crys- 
tallographic facets and specific directions of 
propagation. Figure 5-7 (Magnin, 1996) 
shows a sketch of the typical crystallograph- 
ic features of a crack surface for an auste- 
nitic stainless steel in magnesium chloride 
solution with { 1 1 1 ] microfacets and a (1 12) 
direction of crack propagation. On hexago- 
nal structures such as zirconium, microfa- 
cets are parallel to the base plane (0001 } 
and joined by “fluted” areas due to some 
ductile failure (Fig. 5-2). 

5.2.2.3 Mechanical Stress 

SCC occurs when the mechanical stress 
is high enough. According to several SCC 
models (Sec. 5 . 9 ,  the macroscopic stress 
level is not necessarily the mechanical pa- 
rameter that controls the cracking process. 
However, from an engineering point of 
view, it is accepted that the stress corrosion 
cracks initiate when the stress exceeds a 
threshold q,  and propagate when the stress 
intensity factor is in excess of a threshold 

KI.,cc values lie typically between 10 
and 25 MPa mP2 and oI is usually of the or- 
der of 60- 100% of the yield stress. But even 
lower threshold values can be found occa- 
sionally for example, K,-,c, values as low 
as 4 MPa mP2 and a, as low as 75 - 150 MPa 
are reported for 304 stainless steels exposed 
to solutions of boiling magnesium chloride 
at 154°C. 

It is worth nothing that oI is in the range 
of residual stresses, which are the main 
cause of SCC on industrial apparatus. 

Kl-SCC . 
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Table 5-1. Some SCC systems of practical importance. 

Material Environment Temperature 

C-steels 

Austenitic stainless steels 

Nickel-base alloys 

Nickel-base alloys (Cr<30%) 

“Sensitized austenitic stainless 
steels and nickel-base alloys 

Copper alloys 

Aluminum alloys 

Titanium alloys 

Zirconium alloys 

- caustic solutionsa 
- carbonate-bicarbonate solutions 

- nitrate solutions 
- phosphate solutions 

- liquid ammonia (with water traces) 

- aerated neutral chloride solutions 
- very acidic chloride solutions 

hydrogen sulfide +chloride solutions‘ 
- caustic solutions 

- caustic solutions 

- High temp. water with dissolved H,d 

- oxygen containing “pure” watere 
- polythionates and thiosulfatesf 

- ammonia containing solutionsg 

- chloride solutions 

- chlorides in alcohol solutions 

- nitric acid 

>80°C 
250/60 “C 
2 50/60 “C 
25O/6O0C 

RT 

> 80/100 “C 
2 RT 
2 RT 

280/120°C 

> 100/200 “C 

>25O/28O0C 

> = l o o o c  
2 RT 

RT 

RT 

RT 

RT 

a SCC occurring in boilers; usual problems on heating or cooling circuits; environments typical of oil and gas 
industry; the main corrosion problem of PWR nuclear plants using alloys 600 and X750; the main problem 
of BWR nuclear plants in HAZ of austenitic stainless steels welds; problem during shut down of desulfurizing 
units in oil refineries; “season cracking”; often due to hydrogen embrittlement. 

Figure 5-5. Transgranular stress corrosion cracks on 18-1 0 austenitic stainless steels in chloride solutions: a) 
100 ppm CI-, 8 ppm O,, 200”C, optical microscopy on metallographic section; b) MgCI, boiling at 154”C, SEM 
of crack face. 
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Figure 5-6. Intergranular stress corrosion crack on austenitic stainless steel in caustic solution at 200°C: a) Op- 
tical microscopy on metallographic section; b) SEM of crack faces. 

system A 

Figure 5-7. Typical crystallographic features of FCC 
stress corrosion crack surfaces (Magnin, 1996). 

5.2.2.4 Initiation Versus Propagation 

When the loading conditions are fulfilled, 
it is usually accepted that cracks initiate af- 
ter a so-called “initiation period”. This tends 
to separate crack initiation from crack prop- 
agation. In fact, it is not clear whether they 
involve different mechanisms, even though 
they often occur under very different envi- 
ronmental conditions (see Sec. 5.2.4.2). In 
practice, the initiation period is the time re- 
quired for a crack to become detectable. Thus 
it depends on the sensitivity of the observa- 

tion device or procedure and should be re- 
ferred as the “apparent crack initiation time”. 

Most of the SCC systems exhibit short 
“apparent initiation times”, ranging from 
minutes to weeks, and cracking occurring 
after a long service time is often due to some 
change in the environment rather than to a 
very long initiation time. An exception is the 
case of Alloy 600, in high temperature wa- 
ter, which may exhibit very long apparent 
initiation times, which are very dependent 
on the temperature and stress regime and can 
reach several years. 

5.2.2.5 Crack Propagation 

Stress corrosion crack growth rates are 
usually between lo-’’ and lop6 m s-’. The 
fastest growth rates are met in systems such 
as stainless steels in acidic chloride, or cop- 
per alloys in concentrated ammonia solu- 
tions. Alloy 600 exhibits the slowest crack 
growth rate, in high temperature water. 

Crack growth rate usually increases with 
the mechanical load, but this often exhibits 
a plateau (Fig. 5-8) or quasi-plateau behav- 
ior over a large range of stress intensity fac- 
tors. 



21 8 5 Environment Sensitive Fracture 

0 
lo.” 

I I I I 
0 10 20 30 40 50 60 

5 
Figure 5-8. Influence of stress intensity factor on the 
crack growth rate of Alloy 600 in high temperature 
water: plateau behavior (Vaillant et al., 1997). 

Traces of crack arrest on the crack sur- 
faces, discontinuous acoustic emission and 
crystallographic structure of the crack sur- 
faces strongly suggest that transgranular 
stress corrosion crack propagation is often 
discontinuous on the microscopic scale and 
occurs by periodical “jumps” of the order of 
a micrometer, occurring on limited zones of 
the crack front. Intergranular cracks are be- 
lieved to propagate continuously or discon- 
tinuously, depending on the system. 

5.2.2.6 Temperature 

Many SCC phenomena occur when the 
temperature exceeds a critical range. For ex- 
ample, in chloride environments, austenitic 
stainless steels suffer cracking at room tem- 
perature at a very acidic pH (around 0- l),  
above 40/50 “C in a mildly acidic pH (3 -4), 
and above 8O/12O0C in near neutral envi- 
ronments. In addition, increasing the tem- 
perature generally lowers the threshold for 
cracking (q and K,-,,,) and increases the 
crack growth rate. 

5.2.2.7 Material Composition 
and Structure 

Alloying and also residual elements may 
drastically change the behavior of a materi- 
al in a given environment. For example, in 
brasses, increasing the zinc content increas- 
es the sensitivity to cracking in ammonia- 
containing solutions, while low amounts of 
tin, lead, or arsenic improve their resistance. 
The addition of molybdenum to austenitic 
stainless steels improves their resistance to 
cracking in a chloride environment, but is 
deleterious in a caustic solution. High resid- 
ual contents of phosphorus, carbon, or ni- 
trogen degrade the resistance of ferritic 
stainless steels in chloride environments. 

However, the behavior of a material is al- 
so very dependent on its thermo-mechani- 
cal history and on the resulting microstruc- 
ture. The nature of phases, the presence of 
precipitates (particularly intergranular), lo- 
cal variations of composition, and cold work 
are the main structural parameters that can 
modify the sensitivity of a material to crack- 
ing. For example, the presence of p phase 
in brasses increases their sensitivity to 
cracking in ammonia-containing solutions. 
In austenitic stainless steels and nickel-base 
alloys, the presence of a semi-continuous 
network of intergranular, coherent, chromi- 
um rich carbide precipitates increases the 
resistance to intergranular cracking in hot 
caustic solutions, but the related chromium 
depletion of grain boundaries (usually re- 
ferred to as “sensitization”) promotes inter- 
granular cracking in hot, aerated, “pure” wa- 
ter or in polythionates. 

5.2.3 Phenomenology of Corrosion 
Fatigue 

As opposed to stress corrosion cracking, 
corrosion fatigue is not specific to material/ 
environment systems: most materials suffer 
a degradation of their fatigue properties 
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(w, 

when exposed to an aqueous environment. 
Corrosion fatigue depends upon two types 
of damage: 

1. Mechanical damage that is cycle but not 
time-dependent: it usually prevails when 
the load and/or the frequency are high. 

2. Corrosion damage that is time- and cy- 

b ’  
0 -- a 

cle-dependent: it becomes important or 
dominant at an intermediate load and/or 
frequency. In such conditions, cracking 
may be transgranular or intergranular, 
and its morphology may become very 
similar to SCC crack morphology. 

Consequently, the parametric response of 
material to corrosion fatigue loading may 

Bt 

so 

be quite complex, and the description of cor- 
rosion fatigue behavior must take into ac- 
count not only the level of mechanical load- 
ing but also the load frequency and the shape 
of the cycles. Results should be expressed 
in terms of time related crack growth rate 
(daldt) rather than the more frequently used 
cycle dependent crack growth rate (daldn). 

5.2.3.1 Crack Initiation 

The effect of the environment on crack 
initiation is to decrease or even eliminate the 
fatigue limit. In Fig. 5-9 a comparison of re- 
sults obtained in NaCl and H,SO, solutions 
shows how the fatigue strength of an auste- 
nitic stainless steel decreases as the disso- 
lution rate increases in an aqueous environ- 
ment. Localized corrosion (pitting) also 
strongly favors fatigue crack initiation, both 
due to stress concentration and local acidic 
environment. 

5.2.3.2 Crack Propagation 

The effect of the environment on crack 
propagation is to increase the crack growth 
rate for a given load range AK.  This leads 
to different types of behavior which have 

been separated (McEvily and Wei, 1972) 
into three classes (Fig. 5-10): 

(i) Behavior A is usually referred to as 
“true corrosion fatigue”. The crack 
growth rate obeys a Paris law with an 
increased crack growth rate and a de- 
creased fatigue threshold compared to 
the behavior in air. 

(ii) Behavior B is characterized by a pla- 
teau region which prevails above a de- 
finite threshold Kth. It is often referred 
to as “stress corrosion fatigue” because 
SCC systems usually exhibit this be- 
havior, and the most common theory as- 
sumes that the crack growth rate results 
from the addition of SCC and pure fa- 
tigue crack advance. In fact, this behav- 
ior may be observed in systems that are 
not sensitive to SCC, for example, fer- 
ritic stainless steels in sea water under 
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Figure 5-10. The different types of behavior of a crack under corrosion fatigue conditions (McEvily and Wei, 
1972). 

cathodic polarization (Amzallag et al., 
198l), and it is often associated with 
hydrogen embrittlement. It is likely that 
the plateau behavior corresponds to 
control of the crack growth rate by non- 
mechanical processes, for example, 
transport processes. 

(iii) Behavior C combines the environment 
effects of behaviors A and B. 

The examples of Fig. 5-1 1 show types A 
and C corrosion fatigue on similar steels 

under different potential conditions, type C 
behavior being clearly associated with the 
cathodic potential and thus with hydrogen 
embrittlement. The figure also shows a typ- 
ical effect of loading frequency: lowering 
the frequency usually increases the cycle 
based crack growth rate daldn and decreas- 
es the threshold for cracking, although more 
complex behavior may occur [see the case 
of low alloy steels in high temperature wa- 
ter (Sec. 5.2.2.1)]. 

Figure 5-11. Corrosion fa- 
tigue of structural steels in 
3% NaCl solution at room 
temperature: a) Type A be- 
havior at the free corrosion 
potential; b) Type B behav- 
ior under cathodic polariza- 
tion (Vosikovski, 1975). 
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5.2.4 Role of Surface Films 
in Environmentally Assisted Cracking 

1b 

5.2.4.1 The Effect of Surface Films 
on the Fatigue Behavior in Air 

Well-documented studies have been per- 
formed to compare the fatigue behavior in 
air and under vacuum at low or moderate 
temperature of copper (Wang et al., 1984; 
Bayerlein and Mughrabi, 1992) and auste- 
nitic stainless steels (Gerland et al., 1988; 
Mendez et al., 1993). As an example, Fig. 
5-12 shows the marked effect of an air en- 
vironment at room temperature, even for a 
corrosion-resistant alloy. High cumulative 
plastic strain amplitudes can be reached 
under vacuum. The oxygen partial pressure 
controls the nature of the surface oxide and 
localization of the crack initiation process 
in persistent slip bands formed by cyclic 
straining. 

Moreover, the effect of coatings on the 
fatigue behavior of a 3 16L austenitic stain- 
less steel is clearly emphasized in Fig. 5-13, 
as well as the effect of the thickness of the 
amorphous, deposited NiTi film on the spec- 
imen surface (Mendez et al., 1993). The 

A ~ ~ i i  

1 

Figure 5-13. Coffin-Manson curves of uncoated 
and NiTi-coated 316L stainless steel in air at 20°C 
with different film thicknesses. 

films, which can accommodate high strains, 
impede the cyclic displacements induced by 
the slip band activity in the subsurface re- 
gions of the substrate. This allows homog- 
enization of the cyclic deformation in the 
substrate, delaying and even suppressing 
crack initiation. A strong improvement of 
fatigue resistance is then obtained. 

These results emphasize both the role of 
the surface films and the importance of tests 
under vacuum. Nevertheless, the mechani- 
cal properties of surface films, which clear- 
ly play a marked role in crack initiation, are 
difficult to determine, even if some interest- 
ing studies have been carried out in this field 
(Dabosi et al., 1994). 

5.2.4.2 The Effect of Protective Surface 
Films in Stress Corrosion Cracking 

It has been recognized for a long time that 
SCC mostly occurs on passive surfaces, and 
this has led to the consideration that the ex- 
istence of a protective film is a prerequisite 
for cracking to occur. However this point is 
not clearly established since, for example, 
copper alloys suffer cracking in nontarnish- 
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ing solutions where the existence of a pas- 
sive film is not clear (Cassagne, 1992). 

In many systems, cracking occurs for a 
limited range of electrochemical conditions. 
As an example, Fig. 5-14 shows the poten- 
tiallpH domains for cracking of mild steel 
in different environments, as established by 
Congleton et al. (1985). 

In general, three main types 0s SCC po- 
tential range can be identified (Fig. 5-15): 

(i) Low potential regions, where water re- 
duction produces significant amounts 

of hydrogen: the absorption of hydro- 
gen into the material results in general 
or local modifications of the mechani- 
cal properties of the material. 

(ii) Passive regions close to active/passive 
transitions, for example, for Alloy 600 
in caustic solutions (Fig. 5-16 (Pessall, 
1980). 

(iii) Regions close to the critical potential 
for localized corrosion; this is the case 
for austenitic stainless steels in near 
neutral chloride solutions (Cragnolino 
et al., 1981). This case deserves more 
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Figure 5-14. Potential 
range for cracking of mild 
steel in different corrosive 
environments (Congelton 
et al., 1985). 

Figure 5-15. Typical po- 
tential ranges for SCC: 
a) low stability of passive 
films, b) stable passivity 

( a )  (b) (Ford, 1982a). 
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Figure 5-16. SCC potential range for Alloy 600 in 
10% NaOH solution at 316°C (Pessall, 1980). 

attention, because it is not completely 
clear whether the crack initiates on the 
passive surface or, more probably, in a 
localized corrosion site. This site may 
be a conventional pit initiated, for ex- 
ample, on an inclusion, or a corrosion 
“trench” initiated on slip steps which 
caused local breakdown of the protec- 
tive film. Such trenches have been ob- 
served by Silcock and Swann (1979) on 
austenitic stainless steels and by Hehe- 
mann (1985) on austenitic and ferritic 
stainless steels exposed to conventional 
magnesium chloride solutions. When a 
crack initiates on localized corrosion 
sites, it is no longer possible to consider 
that the electrochemical conditions for 
cracking correspond to those for pas- 
sive surfaces, but the fact that the (salt) 

film may provide some protection to 
the surfaces inside the pits cannot be 
excluded. 

In addition, SCC may be related to the na- 
ture of the surface film. For example, Par- 
kins (1992) noticed that the SCC of C-steels 
is related to the presence of magnetite in 
several “low” temperature environments 
(around 9OoC), except when pitting is in- 
volved in crack initiation process, as in ni- 
trates or in high temperature water. 

Thus the surface films appear to play a 
major role in the initiation of SCC, since 
three of the four potential ranges for crack- 
ing are directly related to surface film prop- 
erties. More precisely, they correspond to 
situations of relatively poor film stability. 
Surface films may also contribute to hydro- 
gen embrittlement effects. 

Most of the EAC mechanisms assume 
that the main role of the surface film is to 
localize, directly or indirectly, the damage 
inflicted to the material by the environment, 
i.e., general or selective dissolution, vacan- 
cy injection, modification of the interaction 
of dislocations with surface layers (image 
force effects), and hydrogen absorption. 

At least two mechanisms are possible for 
this localization: (i) mechanical breakdown 
or damage of the protective film by slip 
steps, and (ii) electrochemical breakdown of 
the passive films. 

Mechanical Breakdown of Surface Films 

Plastic strain causes local discontinuity 
of the metal surfaces due to slip-step forma- 
tion. The protective films cannot instanta- 
neously accommodate these very high local 
strains and suffer local damage or even 
breakdown. Consequently, the local weak- 
ening or destruction of the barrier between 
the base metal and the solution favors local 
anodic and often cathodic reactions and the 
related damages to the base metal. This is 
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illustrated by Fig. 5- 17 (Combrade and Fou- 
cault, 1989), which shows the effect of con- 
tinuous strain on the anodic current of a low 
alloy steel exposed to high temperature wa- 
ter under a controlled potential: The current 
changes very little during elastic straining 
of the material and increases suddenly when 
the yield stress is reached and slip steps be- 
gin to form. Thus, on strained material, lo- 
cal damage to protective film will induce a 

local loss of metal by an excess of anodic 
dissolution. 

An estimation of such a metal loss on slip 
steps may be done by experiments measur- 
ing the current transients on surfaces bared 
by mechanical or electrochemical tech- 
niques. Figure 5-18 (Combrade and Fou- 
cault, 1989) shows, on the same system, 
how the current evolves on a surface bared 
by the cathodic reduction of oxides: after a 

Strain 

0.001 0.01 0. I 1 10 IW 1WU 

Figure 5-17. Effect of 
plastic strain on the 
anodic dissolution cur- 
rent of a low alloy steel 
in high temperature wa- 
ter: Note that the cur- 
rent increases when the 
material suffers plastic 
yield (Combrade and 
Foucault, 1989). 

Figure 5-18. Film re- 
pair transients on low 
alloy steel in high tem- 
perature water: poten- 
tial step test (Combrade 

T i  (5) and Foucault, 1989). 
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short period of very high current density, 
which is likely to be the time required for a 
protective film to be nucleated, the current 
decay period corresponds to the build up of 
protective film. In this particular case, the 
transient may be quite well represented by 
an exponential equation 

-n  

i = i o [ k )  (5-1) 

where io is the plateau current density, to is 
the plateau duration, and n is a coefficient 
which depends on applied potential and very 
often lies in the range 0.5-0.7, which is gen- 
erally attributed to a diffusion-controlled 
process. Another usual form of the film re- 
pair current transient is 

i=io exp(-Pt) (5-2) 

The Faraday law allows the total amount 
Am of material oxidized during the film re- 
pair transient to be related to the electrical 

charge Q = i dt passed through the corre- 

sponding surface 

t r  

0 

M 
z F  

h=-Q (5-3)  

where z is the average oxidation level of the 
metal constituents, M the metal's molar 
weight, and F the Faraday constant (9.648 x 
lo4 c mol-'). 

In many systems, such as Alloy 600 in 
caustic solutions [Fig. 5-19 (Combrade and 
Scott, 1997)], the film repair kinetics, char- 
acterized by the parameter Q, exhibit good 
correlation with the SCC behavior. This pa- 
rameter is at the root of the so-called "film 
rupture-slip dissolution" model which may 
be considered as the simplest kind of corro- 
sion-deformation interaction that can result 
in SCC (but also in localized corrosion). 

We will see in Sec. 5.5 that damage to sur- 
face films and the consequent dissolution 
are considered in several SCC models either 
as responsible for crack advance or as the 
prerequisite for mechanical damage in the 
substrate. In many cases, it can be the pro- 
cess that controls the EAC kinetics. 

Electrochemical Breakdown 
of Protective Films 

The presence of a protective film is a pre- 
requisite for most localized corrosion phe- 
nomena. The electrochemical breakdown 
usually occurs at a high potential (i.e., in ox- 
idizing environments) and leads to local dif- 
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Figure 5-19. Correlation be- 
tween film repair kinetics, char- 
acterized by the amount of cur- 
rent required to build up a pro- 
tective film and the sensitivity to 
SCC of Alloy 600 in 10% NaOH 
solutions at 300/316"C (Com- 
brade and Scott, 1997). 
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ferences in the dissolution and cathodic re- 
action rates. Anodic dissolution may be 
strongly enhanced, particularly if galvanic 
coupling with free surfaces is significant. 
This also causes large changes in the local 
environment (which usually becomes much 
more acidic than the bulk) and the local po- 
tential (which is usually lower than on free 
surfaces). In some cases, such as stainless 
steels in near neutral aerated chloride solu- 
tions, water reduction may occur inside lo- 
calized corrosion sites, even though it is 
thermodynamically impossible on the sur- 
rounding free surfaces (see Sec. 5.2.5). 

5.2.4.3 Dealloyed Surface Films 

Surface films other than protective layers 
may be of importance for SCC. This is the 
case for dealloyed surface layers which are 
built up on certain copper alloys in ammo- 
nia-containing environments and are be- 
lieved to cause SCC (Sieradzki et al., 1987). 
In this case, the relevant characteristic is the 
mechanical response of the surface film and 
particularly its brittleness (see Sec. 5.5.2). 

Dealloyed films build up on a surface 
when the less noble element of the alloy is 
in excess of a threshold concentration which 
allows a continuous path of dissolution with 
no or slight dissolution of the main compo- 
nent. Figure 5-20 (Sieradzki et al., 1989) 
shows this threshold effect for aluminum in 
Cu-A1 alloys and the correlation with their 
sensitivity to SCC. 

5.2.5 Crack Tip Environments 

One important feature of cracks is their 
crevice type geometry with a very high as- 
pect ratio between their depth and their 
opening. This has quite similar consequenc- 
es to what occurs in crevice corrosion: 

(i) Local changes of the environment chem- 
istry within cracks, due to the accumu- 

lation of corrosion products, lack of re- 
actant, and possibly lack of water. 

(ii) Local change of corrosion potential al- 
lowed by the ohmic drop inside the 
crack medium. 

For example, on stainless steels in aerat- 
ed neutral chloride solutions, the local 
change of environment inside cracks is first- 
ly due to local oxygen depletion with con- 
sequent inhibition of the cathodic reaction. 
Thus the dissolution reactions inside the 
crack are balanced by an excess of cathod- 
ic reaction on the free surfaces surrounding 
the crack. Figure 5-21 summarizes the main 
reactions and transport processes which 
lead to a decrease in the pH and potential in- 
side the cracks. The saturation of dissolved 
metal cations leads to hydrolysis reactions 
that generate H+ ions which cannot be “con- 
sumed” by the cathodic reaction. Thus the 
electrical neutrality inside the crack re- 
quires that cations flow out from the crack 
and/or anions migrate towards the crack tip, 
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Figure 5-20. Effect of aluminum content on the sen- 
sitivity to dealioying and SCC of Cu-A1 alloys in am- 
monia-containing solutions. 
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which results in a net current flowing from 
the crack tip towards the mouth of the crack. 
The very elongated shape of the crack results 
in a large resistance of the solution. Thus a 
potential difference between the crack tip and 
the crack mouth is required for the current 
to flow through a resistive solution. Conse- 
quently, since the potential of the metal is gen- 
erally uniform, the potential of the solution 
becomes higher and thus the corrosion poten- 
tial becomes lower near the crack tip com- 
pared to at the free surfaces. In chloride solu- 
tions, chloride anions, which have the largest 
activity compared to OH- and H+ ions, con- 
stitute the main part of the flowing current and 
accumulate inside the crack together with the 
H+ ions produced by metallic cation hydrol- 
ysis. This can lead to a severe drop of the pH. 

Finally, as the pH and the potential drop 
inside a crack, water reduction may become 
possible, even if it is not thermodynamical- 
ly possible on free surfaces. Thus the effect 
of hydrogen on crack propagation cannot be 
ruled out even in oxidizing environments; 
this is likely to be the case for the SCC of 
stainless steels in aerated chloride solutions 
(Magnin et al., 1997). 

Figure 5-21. Main processes 
leading to decrease of pH and 
potential inside a crack (or a 
crevice) in aerated chloride so- 
lution. 

Thus crack propagation may occur under 
conditions of chemistry, pH, and potential 
quite different from those that prevail on 
free surfaces, even in systems where no lo- 
calized corrosion is likely, for example, in 
strongly caustic solutions. 

In summary, crack tip chemistry and po- 
tential conditions are controlled by (i) the 
electrochemical reactions (dissolution and 
cathodic reactions) at the crack tip and on 
the crack faces, (ii) the hydrolysis reactions 
of dissolved cations inside the crack, and 
(iii) the transport phenomena which tend to 
drain the corrosion products out of the crack 
and, very often, to feed the crack tip envi- 
ronment with anions from the bulk environ- 
ment. 

5.2.5.1 Corrosion of Crack Faces 

One quite general observation is that 
stress corrosion faces suffer very low cor- 
rosion, even in solutions that cause some 
damage to the free surfaces. As an example, 
Fig. 5-22 shows very little corrosion of a 
transgranular fracture surface of a stainless 
steel in a caustic solution at 200°C, while 
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Figure 5-22. Mixed cracking of an austenitic stainless steel in deaerated caustic solution at 200°C (SEM exam- 
ination): a) thick oxide layer on the free surfaces, b-c) no visible traces of dissolution on the crack faces. 

significant general corrosion affected the 
free surfaces. 

A similar observation can be done in the 
case of stainless steels in aerated chloride 
solutions where almost no traces of dissolu- 
tion are visible on the crack faces. On the 
other hand, crevice or pitting corrosion 
leads to a very high dissolution rate. Thus, 
even though the driving force for environ- 
ment modification is the same, there must 
be a “drastic” difference between crevice 
and crack environments, since they lead to 
very different behavior in regards to anod- 
ic dissolution. This is still more striking 
when cracks initiate on localized corrosion 
areas where an occluded cell effect leads to 
high dissolution rates. Thus, even in the case 
of initiation on localized corrosion areas, the 
local environments for crack initiation and 
propagation should be different. 

This suggests that the processes that con- 
trol the environment evolution inside cre- 
vices and propagating cracks are different. 
One assumption to account for this differ- 
ence may come from the very high shape ra- 
tio of the cracks, which could be responsible 
for limited transport of water towards the 
crack tip and saturation of the local environ- 
ment, which should be considered as made 

of hydrated salts and oxy-hydroxides rath- 
er than a liquid solution. Thus, at least for 
SCC phenomena, low water activity and en- 
vironmental saturation near crack tips could 
limit anodic and cathodic reaction rates and 
participate in the control of crack growth 
rates. 

All of these points apply to corrosion fa- 
tigue cracks, but the cyclic loading may con- 
tribute to limit the variation of crack tip 
chemistry due to a “pumping effect” which 
promotes some convective transport and 
tends to increase the rate of transport pro- 
cesses inside the crack (Van der Vekken, 
1990). 

5.2.5.2 Modeling the Crack Tip 
Environment 

Modeling of crack tip environments has 
been performed by different authors, and 
particularly by Turnbull, with special em- 
phasis on the pH and potential variations as 
a function of the external potential in corro- 
sion fatigue (Turnbull and Ferris, 1987). 

Such models include the transport equa- 
tions between the crack tip and free surfac- 
es, the Poisson equation (or, as a first ap- 
proximation, the electrical neutrality) to de- 
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Figure 5-23. Modeling crack environment for corrosion fatigue in sea water (Turnbull and Ferris, 1987) - com- 
parison with experimental measurements: a) crack tip potential, b) crack tip pH. 

scribe the potential field inside the crack, 
the hydrolysis reactions (which are unfortu- 
nately poorly known), and surface reaction 
kinetics or equilibria. At least for stress cor- 
rosion cracks, water diffusion should also 
be included in the transport equations to ac- 
count for a possible lack of water near the 
crack tip, but this is not usually the case. 

Figure 5-23, which summarizes the re- 
sults of the Turnbull model for corrosion fa- 
tigue in sea water, shows that inside a crack 
the pH may either drop to a low value if the 
external surfaces are anodically polarized as 
is the case in oxidizing bulk environments 
or, alternatively, increase under cathodic 
protection. In either case, a significant oh- 
mic drop may shift the crack tip potential to 
values significantly different to those of free 
surfaces. 

5.2.5.3 An Example of Corrosion Fatigue 

The corrosion fatigue of low alloy steels 
in high temperature water is an example 
where modification of the crack tip chemis- 
try has been identified as the main cause of 
an EAC phenomenon. In some instances, 
high temperature water may cause a drastic 
increase of the fatigue crack propagation 

rate on low alloy steels (Bamford, 1977). 
However, this effect only occurs if the sul- 
fur content of the steel exceeds a critical val- 
ue which lies between 100 and 150 ppm in 
the case of wrought steels (Fig. 5-24). 

10-41--t-i PWR. R= 0.2 -Triangle f = 1 pm 
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Figure 5-24. Effect of sulfur content on the corrosion 
fatigue behavior of a low alloy steel in high tempera- 
ture water (290°C) (Amzallag et al., 1984). 
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The cause of EAC has been identified as 
the accumulation, in the crack tip environ- 
ment, of sulfide ions resulting from the dis- 
solution of the MnS inclusions bared by the 
crack advance (Atkinson et al., 1985; Com- 
brade et al., 1985). 

In aerated environments, the potential 
gradient inside the crack tends to inhibit out- 
ward diffusion of sulfide and this leads to 
EAC over a larger range of loading condi- 
tions, particularly at lower frequencies [Fig. 
5-25 (Van der Sluys, 1988)l. Indeed, recent 
experiments have provided direct evidence 
of this mechanism by analysis and con- 
trolled modification of the crack tip envi- 
ronment (Young and Andresen, 1995). 

5.3 Review of Localized 
Corrosion - Deformation 
Interactions 

5.3.1 Influence of Dissolution 
on the Mechanical Behavior 

The enhancement of creep by anodic dis- 
solution was pointed out a long time ago, as 
shown on Fig. 5-26 for copper in acetic ac- 

Figure 5-25. Effect of oxygen dissolved 
in the water on the corrosion fatigue 
crack growth rate of a low alloy steel at 
290 "C. 

6 

id (Revie and Uhlig, 1974). As soon as dis- 
solution is applied (current on) the creep rate 
increases, and this process is reversible with 
a delay when the current is off. Such behav- 
ior also occurs with industrial materials such 
as austenitic stainless steels and nickel-base 
alloys in PWR environments [Fig. 5-27 for 
Alloy 690 (Boursier et al., 1993)l. 

It has been suggested that vacancies pro- 
duced by the anodic dissolution at slip steps 
(Staehle, 1987) are injected in the material 
and increase the dislocation motion near the 
specimen surface, as discussed elsewhere 

Time. minutes 

Figure 5-26. Enhanced creep for pure copper in ace- 
tic acid (Revie and Uhlig, 1974). 
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Figure 5-27. Enhanced creep of Alloy 690 in PWR 
environment (Boursier et al., 1993). 

(Revie and Uhlig, 1974). The initial vacan- 
cy injection from the surface is followed by 
vacancy attraction to the inside dislocations, 
which promotes easier glide, climb, and 
crossing of microstructural barriers. 

These examples clearly illustrate the cor- 
rosion-enhanced plasticity. The stress envi- 
ronment interaction modifies the disloca- 
tion configuration in the vicinity of a crack 
tip in such a way that the dislocation den- 
sities are higher; the deformation is then 
more localized [more planar arrangements 
as shown for copper in NaNO, solutions 
(Fig. 5-28) (Yan et al., 1985)]. 

Under fatigue loading, modification of 
the number of persistent slip bands (PSBs) 
in fatigue and of the slip offset height in 
PSBs has been observed, in comparison to 
air, for nickel single crystals in 0.5 N H,SO, 
(Gangloff and Duquette, 1987) and in cop- 
per single crystals (Yan et al., 1985) accord- 
ing to the applied potential. Such influenc- 
es of the environment on the PSB distribu- 
tion will modify the crack initiation condi- 
tions. Moreover, cyclic softening effects 
under anodic dissolution can occur in aus- 
tenitic and ferritic stainless steels in NaCl 
solutions (Magnin, 1993). 

Figure 5-28. Dislocation arrangement next to a stress 
corrosion microcrack in pure copper (Yan et al., 1985). 

A side effect of the anodic dissolution is 
often, particularly at crack tips (see Sec. 
5.2.5), the production of hydrogen by the re- 
duction of water. Some studies have shown 
that hydrogen absorption can favor local 
plasticity, due to enhanced dislocation ve- 
locities with hydrogen. In the presence of a 
crack, accelerated hydrogen penetration can 
occur very near to the crack tip region by 
stress-assisted diffusion and dislocation 
transport. These effects will be discussed 
later. 

Whatever the process (vacancies due to 
dissolution and/or diffusion of hydrogen), 
Van Leeuwen's equations (Van Leeuwen, 
1974) can be used to describe the corre- 
sponding stress-assisted damage. For the 
diffusion of divacancies, it leads to 

(5-4) 
ac, = Dv ac; - ~ &vV ~ ao - ac, 

a RT ax ax at 

where II denotes divacancies and Vv is their 
equivalent partial molar volume. When ap- 
plied to the stress corrosion cracking of a- 
brass, in ammonia by assuming typical val- 
ues such as the incubation time for crack ad- 
vance of 1 min and the plastic zone size of 
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6 pm, the transient concentration profile of 
divacancies can be determined by solving 
the previous equation. Figure 5-29 illus- 
trates the calculation for stress-free (10 min) 
and stress-assisted (1 min and 10 min) dif- 
fusion. The presence of stress significantly 
promotes diffusion. For a typical 1 min in- 
cubation time, the divacancies diffusion 
zone extends about 1 pm in front of the 
crack tip (which corresponds to the average 
crack jump for discontinuous SCC propaga- 
tion). The same kind of approach can be pro- 
posed for hydrogen penetration. 

Macroscopical softening effects can be 
observed during corrosion fatigue under 
localized anodic dissolution on 3 16L alloys 
in a 0.5 N H,SO, solution. As shown in 
Fig. 5-30: 

(i) a cyclic softening effect is observed at 
the free potential in comparison to the 
air behavior 

(ii) this softening disappears when a ca- 
thodic potential is applied (and the 
anodic dissolution is markedly re- 
duced), 

(iii) the softening effect is restored when the 
free potential is re-established, 

Transient Profile ---__ t = 6 O s  
t = 600 s .. ....... . .... . 
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Figure 5-29. Transient divacancy concentration pro- 
files (C,=concentration at the surface) (Meletis et al., 
1993). 
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Figure 5-30. Evolution of the peak stress A012 dur- 
ing cycling in 0.5 N H2S0, at the free potential with 
A ~ / 2 = 4 x 1 0 - ~  and s-' in a 316L stainless 
steel. 

(iv) a delay in the evolution of the flow 
stress according to the number of cy- 
cles is observed after the potential 
changes. It can correspond to the time 
during which vacancies due to dissolu- 
tion are still acting on the dislocation 
mobility. Such macroscopic effects show 
that it is quite relevant to take into ac- 
count the local corrosion-deformation 
interactions to study environment sen- 
sitive damage mechanisms. 

5.3.2 Influence of Plasticity 
on Dissolution Processes 

Significant phenomena occur when plas- 
tic strain is applied to materials protected by 
a surface film which strongly reduces anod- 
ic dissolution and, in many circumstances, 
cathodic reaction kinetics. In the Sec. 
5.2.4.2, the emergence of slip steps on the 
surface of a strained material was shown to 
cause localized damage to the protective 
film. The following example shows the ev- 
olution of dissolution transients during cy- 
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cling of ferritic and austenitic stainless 
steels in NaCl solutions under a controlled 
potential. Figure 5-3 1 shows the curves 
JT= f ( N ) ,  where JT is the peak current den- 
sity related to the film breakdown process 
due to cyclic plasticity and N the number 
of cycles. During the first few cycles the 
amount of excess dissolution increases, par- 
ticularly at a high strain rate. One of the fer- 
ritic steels exhibits twinning, which induc- 
es a more marked film breakdown in com- 
parison to the behavior of the second ferrit- 
ic steel which deforms by pencil glide. This 
figure clearly illustrates the influence of the 
deformation mode on the electrochemical 
reactions and the evolution of such electro- 
chemical transients as a function of N. Af- 
ter the first few cycles, the localization of 
plastic deformation results in a decrease of 
JT, and then the formation of microcracks 
causes, until fracture, a new increase of JT 
due to enhanced dissolution at the crack tip. 

PSB and intense slip bands are very prone 
to preferential dissolution, not only for pas- 
sivated alloys but also in conditions of gen- 
eralized dissolution, as shown on Fig. 5-32 
for copper single crystals in NaC10, solu- 
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Figure 5-31. Evolution of excess dissolution current 
JT for stainless steels during corrosion fatigue in a 
3.5% NaCl solution under a controlled potential. 
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Figure 5-32. Influence of the formation of PSB on 
dissolution for copper single crystals (Yan et al., 1985). 

tion (Yan et al., 1985). As soon as the PSB 
form, the anodic current increases although 
the applied plastic strain remains constant. 
This effect is not only related to the local- 
ization of the cyclic plasticity but also to the 
influence of the dislocation microstructure 
of PSB on the free enthalpy of dissolution 
(-AG) and the energy of activation (AG"). 

Finally, the cyclic plasticity has been 
shown to promote localized pitting well be- 
low the pitting potential without stress. For 
example, on a ferritic Fe-26% Cr-1% Mo 
stainless steel in 3.5% NaCl solutions, a 
high strain rate promotes strain localization 
at grain boundaries (Lardon, 1986) which 
induces intergranular pitting at an electro- 
chemical potential 400 mV lower than the 
pitting potential measured without any ap- 
plied stress. This is the cause of early crack 
initiation. When the strain rate is low, the 
cyclic plasticity is more homogeneous and 
pitting does not occur so easily. 

5.3.3 An Example of Mechanical 
and Electrochemical Coupling Effects 

The aim of the present paragraph is to an- 
alyze the cyclic plastic deformation behav- 
ior of a duplex [50% ferrite ((r)-50% aus- 
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tenite ( y ) ]  stainless steel in air and in a 3.5% 
NaCl solution, in terms of mechanical and 
electrochemical coupling effects between 
the two phases. This study was performed 
using a duplex steel and two experimental 
alloys with the composition respectively of 
its a and y phases (Magnin et al., 1985). 

5.3.3.1 Cyclic Deformation Mechanisms 
in Air 

One of the main mechanical test results 
is given by Fig. 5-33 which shows the Cof- 
fin-Manson curves of three different mate- 
rials. The following points can be observed 
at &= 2 x ~ O - ~  s-l (irrespective of the applied 
strain rate). 

(1) At low plastic strain amplitudes (A&,/ 
2< the cyclic deformation behav- 
ior of the two-phase alloy seems to ap- 
proach that of the austenitic phase (the 
Nickel values are very similar for both 
materials). 

(2) At high plastic strain amplitudes (A&,/ 
L?>~O-~) the behavior of the two-phase 
alloy seems to approach that of the fer- 
ritic phase. 

The different deformation modes of the 
two phases and the observation of crack in- 

itiation sites account for this behavior. It has 
been shown (Mughrabi, 1983; Magnin et al., 
1984a, b) that plastic deformation of the 
softer f.c.c. austenitic phase of the duplex 
alloy is accommodated by planar configu- 
rations of dislocations in contrast with the 
harder b.c.c. ferritic phase for which screw 
dislocations control the deformation (with 
twinning and pencil glide). This leads to 
quite different cyclic properties in each 
phase. 

At low plastic strain amplitudes (he,/ 
2<2 x ~ O - ~ ) ,  the deformation is mainly ac- 
commodated by the softer austenitic phase 
of the duplex alloy. Movement of the screw 
dislocations in the a-phase is very difficult 
because of the low temperature behavior of 
this phase at 300 K. Cyclic deformation of 
the austenitic phase then controls the fatigue 
properties of the duplex alloy. Because of 
the large reversibility of the cyclic strain, de- 
layed transgranular crack initiation occurs 
in this phase (Fig. 5-34a). This explains the 
good fatigue resistance of the two-phase al- 
loy at he,/2< as shown in the Coffin- 
Manson curve (Fig. 5-33). 

At high plastic strain amplitudes (he,/ 
2>2xlOW3), both the y- and a-phases ac- 
commodate the plastic deformation. Twin- 
ning and pencil glide occur in the a-phase, 
and, due to the slip asymmetry between ten- 
sion and compression, early crack initiation 
takes place in the ferritic phase either trans- 
granularly or at a - a grain boundaries (Fig. 
5-34b). This explains the change in slope of 
the Coffin-Manson curve of the a- y alloy 
and the reduced fatigue resistance of this al- 
loy at ~ ~ , / 2 > 1 0 - ~ .  

10 102 103 lo4 105 106 

Ni 

Figure 5-33. Coffin-Manson curves of the two- 
phase ( a - y )  alloy and its individual a- and y-phas- 
es at & = 2 ~ l O - ~  s-' in air. (Each point represents an 
average of three to five tests.) 

5.3.3.2 Influence of 3.5% NaCl Solution 

Electrochemical Behavior of the a - y Alloy 

The polarization curve E= f ( J ) ,  where E 
is the electrochemical potential and J the 
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Figure 5-34. Crack initiation in duplex stainless steel at d = 2  x 
b) in the a phase at A&J2=4 x 

s-’ in air: a) in the yphase at Aep/2= 3 x 

corrosion current density, has been deter- 
mined for the water-quenched a - y alloy in 
3.5% NaCl solution at pH 2 and AE/At= 
90 mV h-’ (Fig. 5-35). 

On this figure, the free corrosion poten- 
tials EOd of the a- and y-phases considered 
separately are also indicated (EOd= E when 
J = O  at AE/At=90 mV h-I). It can be seen 
that, at the free corrosion potential, an elec- 
trochemical coupling effect occurs between 
the two phases of the a - y  alloy with ca- 
thodic protection of the y-phase by the a- 
phase (Desestret and Oltra, 1980). 

Figure 5-35 also shows that the pitting po- 
tential E, of the a - y  alloy is about 400 
mVSCE- 
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Figure 5-35. Polarization curve of the a - y  alloy in 
3.5% NaCl solution, pH 2 at AElAt=90 mV h-’. 

Corrosion Fatigue in the Passive Region 

Corrosion fatigue tests under a controlled 
potential have been conducted in the pas- 
sive region at the rest potential of the du- 
plex alloy (E,= - 120 mVsCE) and at a more 
anodic potential (Eanod,= + 150 mV,,,) for 
a given strain rate &= s-’. This strain 
rate has been chosen because it corresponds 
to the more marked corrosion fatigue life re- 
duction at both applied potentials. The Cof- 
fin-Manson curves under such conditions 
are given in Fig. 5-36. The following fea- 
tures can be observed: 

(i) At E = Eanod., the corrosive solution 
strongly reduces the fatigue life in com- 
parison with both air and the behavior 
at E=E, ,  particularly at low strain am- 
plitudes. N is reduced by a factor of ten 
at A E ~ / ~ =  7 x104 in comparison with 
that in air. Crack initiation is observed 
from pits that are formed in the y-phase. 
This pitting is induced below the pitting 
potential E, by the cyclic deformation 
and the cyclic “depassivation”. Thus E, 
decreases when the alloy is cyclically 
deformed. 

(ii) At E= E,, the reduction in the fatigue 
life is only significant at high strain am- 
plitudes ( A E J ~  > lo-’)); reduction by a 
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Figure 5-36. Coffin-Manson curves of the a-y al- 
loy at E=10-2 s-’ under two different applied poten- 
tials: free corrosion potential Eo and more anodic po- 
tential Eanod.= 150 mV,,,. 

factor of two is observed at A E ~ / ~ =  
4 x lo”, but no reduction is observed at 
AcP/2= At low strain amplitudes, 
the a-phase is not plastically deformed. 
So mechanical “depassivation” only 
takes place in the y-phase, which is ca- 
thodically protected by the a-phase. 
Therefore dissolution in the y-phase is 
minimized and no corrosion fatigue of 
the a- y alloy is then observed at 
A E J ~  c lop3. This infers that some min- 
imum corrosion rate is needed for cor- 
rosion fatigue. 

Finally, the crack initiation mechanisms 
at E = Eo are very similar to those observed 
in air. No pitting occurs, but cracks in- 
itiate in the a-phase at high strain ampli- 
tudes and in the y-phase at low strain am- 
plitudes (sometimes also at a - y bound- 
aries). 

These results clearly show that the corro- 
sive dissolution at E = E, only reduces the 
fatigue resistance of the two-phase alloy 
when the a-phase is plastically deformed. 
To confirm this influence of the plastic de- 
formation behavior of the a-phase, cor- 
rosion fatigue tests have been conducted 
at E=Eo on specimens aged at 400°C for 

2 h. This heat treatment promotes twinning 
in the a-phase at 300 K. Tests at Asp/2= 
4 x 1 0-3 and .G = s-l indicate that the cor- 
rosion fatigue resistance of the aged a- y 
specimens is half the resistance of the non- 
aged ones. However, no difference is ob- 
served at Aep/2 c when the a-phase is 
not plastically deformed. 

Finally, it was observed that the fatigue 
lifetimes of the a - y alloy are always long- 
er than those of the a- and y-alloys under 
the same conditions, irrespective of the ap- 
plied electrochemical potential and the im- 
posed strain rate (Lardon, 1986; Magnin et 
al., 1985). 

Corrosion Fatigue in the Cathodic Region 

To analyze the effect of the hydrogen 
reaction on the fatigue resistance of the 
a - y  alloy, tests were conducted at E= 
-500 mVscE (Magnin et al., 1985). Figure 
5-37 shows the Coffin-Manson curves at 
.G = s-’. At E=-500 mVscE, areduction 
in the fatigue life (in comparison with the be- 
havior at E = Eo) is observed only for Acp/ 
2 i.e., when the hydrogen-sensitive 
a-phase is plastically deformed. In fact, it 
has been shown elsewhere (Magnin and 
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Figure 5-37. Coffin-Manson curves at B = lo-’ s-’ 
for duplex alloy at a free corrosion potential and at 
E = -500 mV,,, . 
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Coudreuse, 1987) that, when microcracks 
are formed in the a-phase (which occurs 
very early with twinning and pencil glide), 
hydrogen entry into the a-phase is favored. 
This effect induces a strong decrease in the 
fatigue resistance of the a-phase (Magnin 
and Coudreuse, 1987). This explains the re- 
duction in the a - y alloy fatigue resistance 
in the cathodic region at E=-500 mVsc, 
when the a-phase is plastically deformed. 
At lower strains, the behavior at E=-500 
mVsc, is similar to the behavior at E = E,; 
in this case, only the y-phase which is not 
sensitive to hydrogen in the applied electro- 
chemical conditions is plastically deformed. 
These results emphasize the role of the a- 
phase. 

In this example, the mechanical and elec- 
trochemical coupling effects between the a- 
and y-phase have been shown to be the key 
for understanding the cyclic deformation 
behavior of the duplex alloy under various 
electrochemical conditions. 

5.4 Hydrogen-Dislocation 
Interactions 

5.4.1 Introduction 

Hydrogen is often invoked in SCC mod- 
els because of the similarities observed be- 
tween the fracture surfaces in SCC and in 
hydrogen-assisted cracking (Troiano, 1962; 
Oriani and Josephic, 1974; Lynch, 1984b; 
Birnbaum et al., 1997; Beachem, 1972). 
Interactions between hydrogen and disloca- 
tions are shown to be of major importance 
in embrittlement, particularly through the 
hydrogen enhanced localized plasticity pro- 
cesses (Birnbaum et al., 1997; Beachem, 
1972). In the following sections, the role of 
mechanical stress on the diffusion of hydro- 
gen is reviewed, then a model of hydrogen 
interaction with one and then two edge dis- 

locations is presented, and finally the hydro- 
gen effect on the cross slip ability which 
controls the plastic deformation mode is dis- 
cussed. All these results are mainly applied 
to FCC alloys, and most calculations are 
made for austenitic stainless steels. 

5.4.2 Stress-Assisted Diffusion 
of Hydrogen 

Hydrogen diffuses in the material in 
interstitial sites (octahedral sites in austenit- 
ic steel at room temperature). Its small size 
allows for a higher solubility and a greater 
mobility than other elements. However, its 
atomic radius is larger than the interstitial 
sites: rH=0.53 A (0.053 nm) to be com- 
pared with ri=0.19 A (0.019 nm) for octa- 
hedral sites in austenitic steel. This induces 
a distortion of the host lattice. The resulting 
stress and displacement fields interact with 
other defects. This is expressed by hy- 
drogen's partial molar volume, i.e., the un- 
constrained volume dilatation of the metal 
containing one mole of hydrogen. A typical 
value is V *  = 2 cm3 mol-' for f.c.c. materi- 
als (Chene and Brass, 1990). An isochore 
introduction of hydrogen into a metal creates 
a hydrostatic compression stress. Hence the 
presence of hydrostatic stress fields in the 
material modifies the hydrogen diffusion, 
which is enhanced by the presence of hydro- 
static dilatation stresses and lowered by hy- 
drostatic compression stresses. 

The chemical potential of hydrogen is the 
energy required to move a hydrogen atom 
from infinity into the lattice. Let (I be the 
total stress tensor, H the expansion tensor 
of one hydrogen atom, C, the volumetric 
concentration (mol mP3) in the initial refer- 
ence state, and C the concentration in the 
current state. The primary cause for the elas- 
tic interaction between hydrogen and hydro- 
static stress fields is a first-order dilatation- 
al interaction, which gives rise to the chem- 
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ical potential per hydrogen atom 

where ,uo is the chemical potential at an in- 
itial concentration equal to C,, k is the 
Boltzmann’s constant, and T the tempera- 
ture. ,u is lowered by the elastic energy re- 
sulting from the interaction between the 
deformation induced by hydrogen and the 
stress field in the material. If H is the ex- 
pansion tensor of one hydrogen atom, the 
strain due to a local hydrogen concentration 
C is defined by 

(5-6) 

where NAv is Avogadro’s number. When a 
concentration C of hydrogen is introduced, 
the unconstrained dilatation volume is 

eH= CV* (5-7) 
This induces hydrostatic deformations 

and the corresponding strain tensor is 

(5-8)  

where 6 is Kronecker’s symbol. By inject- 
ing (Eqs. (5-6) and (5-8) into Eq. ( 5 - 9 ,  the 
chemical potential becomes 

(5-9) 

The local flux (in mol m-2 s-l) is ex- 
pressed by 

DC 
k T  

J = - -  vp (5-10) 

where D is the diffusion coefficient of hy- 
drogen at temperature T.  Hence injecting 
into Eq. (5-10) leads to a modified first 
Fick’s law 

(Jkk C V- J = - D  VC+- D V* 
RT 3 

(5-1 1) 

where R is the ideal gas constant. By diffe- 
rentiation, the second Fick’s law becomes 
Eq. (5-12) 

D V* -=D v 2 C - -  
at RT 
ac 

3 

Equation (5-9) means that the energy nec- 
essary to introduce a hydrogen atom in the 
lattice is increased by the presence of pre- 
vious hydrogen and decreased by the pres- 
ence of hydrostatic dilatation stress. In other 
words, the interaction between deformations 
induced by hydrogen and a hydrostatic stress 
(J rises to a binding energy Wint=-u V* per 
hydrogen mole. 

Equation (5-1 1) is used to study the dif- 
fusion of hydrogen through the stress fields 
induced by other defects. It is identical to 
those used by Van Leeuwen (1974) to study 
hydrogen diffusion at a loaded crack tip. The 
local flux does not only depend on the con- 
centration gradients but also on the stress 
gradients. Hydrogen diffuses towards zones 
in tension and relaxes the hydrostatic 
stress. The local hydrostatic stress akk/3 in 
Eq. (5-1 1) is the sum of the stresses due to 
all sources in the material, including hydro- 
gen. Equation (5-8) and Hooke’s laws give 
the expression for the hydrogen induced hy- 
drostatic stress when no volume dilatation 
is allowed 

2 E  v*c  Okk 

3 9 ( 1 - ~ )  
(5-13) 

Equation (5-13) is taken into account in the 
expression for the total hydrostatic stress in 
Eq. (5-1 l ) ,  which is computed numerically 
in the simulation. 

In addition to this first order elastic inter- 
action, a second-order term arises from a 
change in the elastic moduli caused by the 



5.4 Hydrogen-Dislocation Interactions 239 

presence of hydrogen. If c&l and c i j k l  are 
the elastic constants, respectively, with and 
without hydrogen, the second-order interac- 
tion gives a binding energy (Sofronis and 
Birnbaum, 1995; Hirth and Lothe, 1982) 

(5-14) 
1 w' =-(C! ykl -c.. ykl ) & . . &  q kl 

Int 2 

This second-order interaction has been 
shown to have a very small effect on the 
interactions between hydrogen and disloca- 
tions (Sofronis and Birnbaum, 1995) and 
will be neglected. 

5.4.3 Hydrogen Interaction 
with One Edge Dislocation 

5.4.3.1 Steady State Repartition 
of Hydrogen 

The first step is to calculate the diffusion 
of hydrogen around a single dislocation. 
Only dislocations having an edge compo- 
nent induce hydrostatic stress. Thus the re- 
partition of hydrogen around a perfect edge 
dislcjcation placed in an initially uniform 
concentration C,, is modeled. The space 
around the dislocation is meshed with 
square boxes of a few nanometers in size 
(Fig. 5-38). Two methods can be used to 
study the diffusion of hydrogen around the 
dislocation (Chateau et al., 1999): 

diffusion, 
box 

10b 

Figure 5-38. Diffusion grid for hydrogen around an 
edge dislocation. 

- Transient diffusion: By introducing a 
time increment, it is possible to model the 
transient diffusion of hydrogen using the 
expressions of the local fluxes. At each 
time increment, the variation of the hy- 
drogen quantity in each box is evaluated. 
In plain strain, Eqs. (5-11) and (5-13) 
give the expressions of the fluxes 

ac D V * ~  
axj RT 

Jxi = - D - + - (5-15) 

( I + ~ )  a(a,d++a&) 2 EV* ac 
axi 9(1-v) axi 

where od is the stress induced by the dis- 
location [see Lin and Thomson (1986)l. 
C and od are calculated at the center of 
the boxes. The stress relaxation due to 
hydrogen diffusion is taken into account 
and actualized at each time step. This 
method can be applied when dislocations 
are moving or when a flux of hydrogen 
enters the material at the crack tip. 

- Steady state concentration: When the 
diffusion time tends to infinity, the distri- 
bution of hydrogen around the disloca- 
tion reaches a steady state. Integrating 
Eq. (5-11) for J = O  and xi varying from 
infinity to the current position, and using 
Eq. (5-13) leads to 

dC V* j-=- 
c, C 3 R T  

(5-16) 

C 

[%do& - 2EV* I d C ]  
9U-y) c, 

at xi==, C =  C,, and okk=O. This gives 
for the steady state concentration 

(5-17) 

2 EV* - 
9 ( 1 - ~ )  
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The value of the concentration C satisfy- 
ing this equation at the center of each box is 
computed numerically by iteration. This ex- 
pression is the classical one for the segrega- 
tion of solute atoms given by Cottrell and 
Jawson (1949) 

(5-18) 

where c is the atomic concentration. In this 
simulation, Wint takes into account the inter- 
action between hydrogen atoms, which can- 
not be neglected for high amounts of hydro- 
gen. 

Figure 5-39 shows the hydrostatic stress 
field around an edge dislocation in a 316L 
austenitic stainless steel and the resulting 
steady state repartition of hydrogen. Box 
size h is taken equal to 10 b (b =Burgers’ 
vector of the dislocation). The simulated 
surface is a square of 20 boxes per 20 
boxes, centered at the dislocation position. 
The numerical data used were: p= 75 GPa, 
v=0.275, b=2.55 A (0.255 nm), D = 2 x  

cm2 s-l, V*=2 cm3 mol-’, and T =  
390 K (which corresponds to the experi- 

mental conditions presented for the SCC 
of 316L in an MgC1, solution). Hydrogen 
segregates in the zone in tension “below” 
the dislocation, while its concentration is 
lower in the “above” compression zone. The 
transient diffusion method was actually seen 
to converge on the steady state when the 
time tends to infinity. 

5.4.3.2 Temperature Dependence 

Temperature plays a role in the transient 
diffusion of hydrogen. It increases its kinet- 
ics through the increase of the diffusion co- 
efficient. It also has an influence on the 
steady state segregation of hydrogen. In the 
steady state, Eqs. (5-1 1) and (5-13) can be 
written as 

-C- D V* ( l+v)  V((a;1+0;2) 
RT 3 

-[D+ 
9 ( 1 - ~ )  RT 

The first term is the driving force for hy- 
drogen segregation. It only depends on the 

Figure 5-39. a) Hydrostatic stress around an edge dislocation, b) steady state distribution of hydrogen around 
the dislocation. 
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hydrostatic stress of the dislocation. The 
second term tends to homogenize hydrogen 
in the bulk. It has a component due to chem- 
ical gradients and a component due to stress 
relaxation gradients. In the steady state, 
equilibrium is reached between the two 
terms. But only the terms expressing elastic 
interactions depend on temperature. 

At a high temperature, the steady state 
tends to 

vc=o (5-20) 

The elastic effects become negligible and 
only a homogenizing term remains. Hydro- 
gen segregation decreases when the temper- 
ature increases. 

At a low temperature, the steady state 
tends to 

(5-21) 
2GV" VC V(Ofl + 0&) = ___ - 
(1-Y) c 

The initial hydrostatic stress is totally re- 
laxed if the initial amount of hydrogen is 
sufficient. 

By using Eq. (5-19) we can study the ev- 
olution of the segregation efficiency on the 
dislocation with temperature. At a distance 

of 5 b under the dislocation in a 316L steel, 
the hydrostatic stress is 2800 MPa. Using 
the previous conditions, integration of Eq. 
(5-19) gives 

, -  

(5-22) 
1.68 x 3.97 x 

T T 
In (x) = + CO (1 - X )  

where x = C/Co is the segregation ratio at the 
distance 5 b. This relation is shown graphi- 
cally in Fig. 5-40a for an initial amount of 
Co=0.002. The segregation ratio is shown 
to be more than 150 at 100 K, while it is only 
3 at 600 K. At 100 K, dislocations are satu- 
rated with hydrogen for the more efficient 
hydrostatic stress relaxation. At 600 K, seg- 
regation tends to disappear. When the initial 
amount of hydrogen is increased to Co= 0.1 
(Fig. 5-40 b), the segregation ratio varies 
from 3.4 to 4.8. The temperature effect dis- 
appears. As the stress relaxation is propor- 
tional to the local concentration, with a high 
initial amount of hydrogen, a small segre- 
gation ratio is sufficient to relax the hydro- 
static stress. 

This shows that at a low temperature, all 
the hydrogen atoms are concentrated on the 
dislocations: The slip bands are saturated 

316L, q=C/Co at2b 316L, q=C/Co atZb 
ndnM = 0,l 2 0  
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Figure 5-40. Evolution with temperature of the segregation ratio on a dislocation at 5b: a) C,=IO wtppm, 
b) Co= 1000 wtppm. 
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with hydrogen. Decreasing the temperature 
enhances the hydrogen/dislocation interac- 
tion mechanisms. On the other hand, at a 
high temperature, these mechanisms are ex- 
pected to disappear. This may be one reason 
for the existence of a critical temperature 
above which there is no hydrogen-assisted 
fracture. 

5.4.3.3 Stress Induced in the Slip Plane 
by Hydrogen 

The asymmetrical distribution of hydro- 
gen from side to side of the slip plane relax- 
es the stress induced by the dislocation. The 
increase of the concentration below the slip 
plane induces compression stresses, while 
the decrease of the concentration above the 
slip plane induces tension. This is expected 
to create shear stresses at the interface be- 
tween the two asymmetrical zones, i.e., the 
slip plane. 

The stress due to hydrogen is calculated 
by assuming that each box is equivalent to 
a linear defect, i.e., by considering that the 
amount of hydrogen present in the box is 
concentrated at its center, along a dilata- 
tion line. Hydrogen atoms are placed along 
these lines, parallel to the normal of the 
simulation plane. The field of such a defect 
has cylindrical symmetry and is in agree- 
ment with the plane strain assumption used 
for the crack and the dislocations. In linear 
elasticity, the total stress due to hydrogen is 
evaluated as the sum over all the dilatation 
lines. 

The determination of a dilatation line 
stress field is detailed elsewhere (Chateau 
et al., 1999). The expressions are presented 
in the same form as by Lin and Thomson 
(1986), to allow the same use as for dislo- 
cations (complex potentials, interaction 
forces, boundary conditions). Expressed in 
the complex plane, the stress field at a po- 
sition z of the dilatation line associated with 

boxj, is given by 

(5-23) 

p V* Cj h2 

2n (1 - Y) 
where Bj = , Ej  is the complex 

position of the line, Cj is the local concen- 
tration in the box, and h is the box size. 
The stress field of a dilatation line scales like 
1 / 3  and decreases rapidly. Note that in 
Eq. (5-23), the hydrostatic stress is zero. 
This shows that there is no interaction be- 
tween the dilatation lines and validates the 
assumption used in Eq. (5-13), that the hy- 
drostatic stress relaxation in a box only de- 
pends on the local hydrogen concentration. 

By using this method, the stress due to the 
distribution of hydrogen around the dislo- 
cation can be calculated. Figure 5-41 shows 
the shear component induced in the slip 
plane. Hydrogen induces a resolved shear 
stress opposite to the dislocation's one. In 
other words, segregating hydrogen decreas- 
es the resolved shear stress of the disloca- 
tion. A parallel can be determined between 
the effect of emitted dislocations on a crack 
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Figure 5-41. Shear stress induced in the slip plane by 
the dislocation and its associated hydrogen cloud. 
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and the effect of segregating hydrogen on a 
dislocation. Dislocations shield the crack tip 
from an external load; in the same way, hy- 
drogen shields the dislocation from shear 
stresses applied in its slip plane. 

5.4.4 Hydrogen Interaction 
with Two Edge Dislocations 

If a second edge dislocation is placed in 
the slip plane, by using Peach and Kohler’s 
relation it can be seen that a decrease of the 
resolved shear stress leads to a decrease of 
the interaction force between the two dis- 
locations. Two edge dislocations with the 
same Burgers vector and slip plane are 
placed in an initially uniform repartition of 
hydrogen. At the steady state, the segrega- 
tion of hydrogen is stronger than in the case 
of a single dislocation. Indeed, as the dislo- 
cations have the same Burgers vector, their 
hydrostatic stress fields have the same 
asymmetry from side to side of the slip 
plane. The hydrostatic stresses add and the 
maximum concentration near a dislocation 
increases as the distance between the dislo- 
cations decreases. 

Hydrogen segregates around the two dis- 
locations and the total glide force on one 
of them is plotted versus the distance in Fig. 
5-42. The force exerted by one dilatation 
line on a dislocation is detailed in Chateau 
et al. (1999), and the total force due to the 
distribution of hydrogen is computed as the 
sum over all the dilatation lines. The total 
force exerted by n dilatation lines at posi- 
tions Ej  with a local concentration Cj, on a 
dislocation at position c with the complex 
Burgers vector be, is given by 

wheref& is the conjugate of the force. The 
total glide force in the presence of hydrogen 
decreases when the initial concentration in- 
creases. When the dislocations are separated 
by more than three boxes, the relative de- 
crease in the interaction force is shown to 
remain constant with distance. For initial 
proportions of hydrogen rising from 0.01 to 
0.1, 6-23% of the interaction is shielded. 
This mechanism leads to a softening effect 
by decreasing middle and long range inter- 
actions between dislocations. 

Figure 5-42. Equilibrium hydrogen dis- 
tribution around coplanar edge disloca- 
tions of the same sign. 
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5.4.5 Hydrogen Effect 
on the Cross Slip Ability 

A peculiar situation of dislocation inter- 
actions is the dissociation of a screw dislo- 
cation that governs cross slip. The corrosion 
enhanced plasticity model (Sec. 5.5.5) in- 
volves the formation of a strong pile-up, 
which requires planar glide. In particular, 
high dislocation densities cannot be reached 
if the obstacle is overlapped by double cross 
slip of the screw part of the dislocations. A 
perfect screw dislocation dissociates into 
two mixed partials, separated by a stacking 
fault ribbon. Only the perfect screw dislo- 
cation can cross slip. This mechanism is 
thermally activated and the cross slip prob- 
ability depends on the work necessary for 
recombination. Each partial is subjected to 
two forces: repulsion due to the other par- 
tial (00 llr) and attraction due to the stack- 
ing fault [ y ,  the stacking fault energy 
(SFE)]. In the absence of an external stress, 
the partials are in equilibrium at a distance 
where the two forces cancel. 

A decrease in the SFE means an increase 
in the equilibrium distance and in the recom- 
bination work, and favors planar glide. It has 
been observed experimentally that hydro- 

gen promotes planar glide. The reason gen- 
erally given is a decrease of the SFE (En- 
gelmann et al., 1996). It can be explained by 
a geometrical effect of hydrogen, where re- 
partition on the stacking fault ribbon accom- 
modates the misfit (Hirth and Lothe, 1982). 
It also plays a role in the interaction between 
the partials, which can be stronger. Since 3 16 L 
steel has a low SFE value (y/pub = 1.5 x 
and naturally exhibits planar glide, this ef- 
fect was studied in copper which has an 
intermediate SFE value at room temperature 
(ylpub = 3.9 x ~ O - ~ ) .  

Hydrogen only interacts with the edge 
parts of the partials and decreases their inter- 
actions (Fig. 5-43). As their Burgers vectors 
have opposite edge components, they attract 
each other (the global repulsion is due to the 
leading repulsion between the screw parts). 
Thus hydrogen induces supplementary re- 
pulsion. Figure 5-44 shows the forces on one 
partial versus the width of the stacking fault 
ribbon for an initial amount of hydrogen 
nH/nCu = 0.1, where do and dH are respective- 
ly the equilibrium distances in the absence 
and in the presence of hydrogen if we ne- 
glect the decrease of the SFE. Hydrogen in- 
creases the ribbon width, which corresponds 
to an apparent SFE y’  lower than y .  The re- 

Figure 5-43. Hydrogen 
distribution around two 
mixed partial dislocations 
of edge component 1/6 
[I  121. The initial dissocia- 
tion width corresponds to 
the case for copper (r = 
45 mJ m-’). 
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Figure 5-44. Forces of one partial dislocation versus 
the stacking fault width and equilibrium distance for 
copper (dH and do are the equilibrium dissociation dis- 
tance with and without hydrogen). r' is the equiva- 
lent stacking fault energy which would give a disso- 
ciation width d, in the absence of hydrogen elastic ef- 
fects. 

combination work is represented by the 
hatched areas between the curves. In the 
presence of hydrogen, the relative increase 
of the recombination work is 75%. By as- 
suming a diminution of the SFE correspond- 
ing to the distance d,, the increase would 
only be 20%. The elastic effect of hydrogen 
decreases the recombination work and pro- 
motes planar glide. Increasing the equilib- 
rium distance has a stronger effect on the re- 
combination work by elastically decreasing 
the pair interactions rather than by decreas- 
ing the SFE. A restriction to this study must 
be added; the cross slip process is a three- 
dimensional process. Cross slip occurs by 
constriction of the faulted ribbon, so that re- 
combination occurs at one point, instead of 
along an infinite distance in two-dimension- 
al model. The dislocation develops in the 
cross slip plane from the constriction, by 
zipping the ribbon. But, as only the edge 
parts are shielded, the relative decrease of 

the constriction work can be expected to be 
of the same order as the two-dimensional 
model gives. 

Planar slip is favored by hydrogen-dis- 
locations interactions. This is quite impor- 
tant when applied to SCC analysis, as will 
be discussed in Sec. 5.5.5.  

5.5 Environmentally Assisted 
Cracking (EAC) Models 

Among the numerous SCC models which 
are used to explain the brittle-like cracking 
of ductile materials, none may account for 
all aspects of this phenomenon, which ex- 
hibits rather different features according to 
the considered system. Thus it is more like- 
ly that SCC is not due to a unique mecha- 
nism. 

In addition, crack advance occurs in en- 
vironmental conditions that may be very 
different from those that prevail on free 
surfaces, and this is to be considered when 
evaluating the relevance of a SCC mecha- 
nism. 

Finally, many elemental processes are in- 
volved in crack propagation (Fig. 5-45) and 
the crack growth rate is not necessarily con- 
trolled by the elemental process which is re- 
sponsible for crack advance. For example, 
it is often assumed that, in the plateau ob- 
served in the daldt versus KI plots, the crack 
growth rate is controlled by a diffusion pro- 
cess. 

The SCC mechanisms presented in the 
following sections are those that are pres- 
ently considered to have the greatest inter- 
est from a mechanistic point of view, or, in 
the case of the slip dissolution model, to give 
some quantitative prediction, at least in spe- 
cific cases. 
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5.5.1 Film Rupture/Slip Dissolution 
Model 

The film rupture model is the most pop- 
ular SCC model for at least two reasons: 

- Firstly, in the 1970s and, to a lesser ex- 
tent in the 1980s, SCC phenomena were 
considered to be separated into two irre- 
concilable classes, i.e., “anodic SCC” by 
the slip dissolution/film rupture mecha- 
nism and “cathodic cracking” due to hy- 
drogen embrittlement. Thus the film rup- 
ture model was the only model available 
to account for cracking in environments 
where hydrogen was not supposed to be 
the embrittling factor. 

- Secondly, the film rupture model is still 
the only model that rather easily provides 
quantitative or semi-quantitative predic- 
tions of crack growth rates in different 
SCC systems, mainly in high temperature 
water in nuclear power plants. 

5.5.1.1 Film Rupture/Slip Dissolution 
Mechanism 

The film rupture-slip dissolution mech- 
anism applies to materials protected by a 

Figure 5-45. Main types of pro- 
cess that may be involved in the 
environmentally assisted crack 
advance. 

stable surface film with some self-repair 
capability. The initial ideas of Champion 
and Logan developed by Vermilyea, Par- 
kins, and Staehle (see Magnin 1996), Ford 
and co-workers (Ford, 1982b, 1990; Ford 
et al., 1987), and then Andresen and co- 
workers (Ford et al., 1987; Andresen, 1993) 
gave a very sophisticated formulation and 
developed extensive applications of the 
model. 

When the applied stress causes some 
plastic strain and dislocation creep, the pe- 
riodical emergence of slip steps promotes 
local excess dissolution. Crack advance is 
attributed to this metal removal, with no me- 
chanical rupture events even at a microscop- 
ic level. Thus the crack propagation rate 
daldt may be estimated by calculating the 
metal loss by dissolution at the crack tip. In 
general, two different situations are consid- 
ered: 

(i) If the strain events are too frequent for 
a protective film to be formed, dissolu- 
tion takes place on bare metal with an 
active current io; thus 

(5-25) 
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where M is the molar weight of the 
alloy, Q is the alloy density, z is the 
average number of electrons involved 
in the dissolution of one mole of alloy, 
and F is the Faraday constant (9648x 
lo4 c mol-'1. 

(ii) If the strain events are less frequent, a 
protective film can be formed at the 
crack tip between two successive strain 
events. But this film is periodically dam- 
aged (or destroyed) by the slip events 
occurring with the period tf [Fig. 5-46]. 

If Qf = i dt is the amount of anodic 

current that flows through the crack tip 
surface between two successive plastic 
strain events (see Sec. 5.2.4.2), then 

ff 

0 

(5-26) 

Assuming that a critical strain Ef is re- 
quired to damage this film, and that the 
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Figure 5-46. Film rupture/slip dissolution mecha- 
nism: periodical film ruptures and dissolution transi- 
ents (Lacombe and Parkins, 1977). 

crack tip strain rate is iCT, tf is usually ex- 
pressed as 

Ef tf = 7 
&CT 

(5-27) 

and Eq. (5-26) becomes [Fig. 5-47 (Ford, 
1982 b)] 

(5-28) da - M .c& 
- - -Qf-  
dt Q Z  F Ef 

In many cases, the anodic current decay 
during film repair can be expressed as 

-n 

i=io (B) for t < t ,  (5-29) 

where t, is the time required for film repair. 
In this case, the crack propagation rate be- 
comes 

(5-30) 
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Figure 5-47. Film rupture/slip dissolution mecha- 
nism: Evaluation of crack advance using Faraday's 
law (Ford, 1982b). 
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Indeed, such a dependence of the crack 
propagation rate on the strain rate was ob- 
tained for many systems by using constant 
strain rate tests, and this has often been con- 
sidered as a strong argument in favor of the 
film rupture-slip dissolution mechanism. 

5.5.1.2 Applying the Model to Practical 
Problems 

In this model, the two main parameters 
controlling the crack propagation rate are: 

- the dissolution rate of bare metal and the 
film repair kinetics which control Q,, 

- the strain rate of the metal at the crack tip, 
which controls the frequency of the slip 
step emergence. It is worth nothing that 
the applied stress is not the relevant me- 
chanical parameter. 

To measure the current transient of film 
repair on bare metal, a lot of specific experi- 
ments have been designed where bare met- 
al can be obtained by cathodic reduction, by 
a scratching technique, or by fast straining 
(see Sec. 5.2.4.2, Fig. 5-17). Each of these 
techniques has mechanical or electrochem- 
ical drawbacks, but the main difficulty, 
which makes many results questionable, is 
to perform the measurements in environ- 
ment and electrochemical conditions repre- 
sentative of a crack tip. Nevertheless, Fig. 
5-48 from Lacombe and Parkins (1977) 
shows good correlation between the bare 
surface dissolution rate measured by a fast 
strain rate technique and the crack growth 
rate on a series of different materials. 

The evaluation of the crack tip strain rate 
usually results from models. The more so- 
phisticated model (Shoji, 1985) considers 
that the crack tip strain rate results from 
three terms: (i) the plastic strain due to load 
variations, which is usually the main term 
in corrosion fatigue and in CERT, provided 
that the applied strain rates are high enough, 

6' lo-2 lo-' loo 
AVERAGE CURRENT DENSITY ON STRAINING SURFACE Acm-' 

Figure 5-48. Correlation between crack growth rate 
and anodic current during fast strain rate testing of dif- 
ferent materials (Lacombe and Parkins, 1977). 

(ii) the creep rate due to the high stress lev- 
el at the crack tip, (iii) a strain rate related 
to the crack advance. This last term is due 
to the formation of the plastic region ahead 
of the crack tip as it goes through unstrained 
material. Under a static load, this term may 
become the main contribution to the crack 
tip strain rate. However, a drawback of all 
these models is to consider a continuous, 
uniformly distributed crack tip strain while 
it involves discontinuous and localized strain. 
Table 5-2 (Lidbury 1984) gives the results 
of some of these models and shows how dif- 
ferent they can be from each other. In prac- 
tice, the crack tip strain rate is a more or less 
implicit fitting factor of the model. 

EAC of Sensitized Stainless Steels 
in High Temperature Water 

The film rupturehlip dissolution model 
has been proposed for many systems, in- 
cluding stainless steels in chloride solu- 
tions, Fe-Ni-Cr steels, low alloy steels, and 
mild steel in caustic environments, etc. But 
the SCC and CF of sensitized stainless steel 
in BWR nuclear plants is probably the most 
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Table 5-2. Results of different models for crack tip strain rate evaluation. 

Equation Expression Strain Rate, s-' 

R=0.5 R=0.8 

2.2 10-3 3 . 4 ~  lo4 1 
T 

- - In [ I  - 1/2 (1 - R)* 1 

1.ox 10-4 2.2 x 10-4 

4.1 x lo4 8.6 x lo4 2 Yo  
~ [I + In ( I  + 1/2 In E ) ]  

T 

4.9 x lo4 1 . 6 ~  1 0 - ~  2 Yo  - E  T 

4.2 x 10-3 4.2 10 -~  

successful case of the application of this 
model. Grain boundary sensitization results 
from the chromium depletion of grain 
boundary regions due to the precipitation of 
intergranular chromium carbides, mainly 
during welding or thermal stress relief op- 
erations. Thus dissolution and film repair 
rates were extensively measured as a func- 
tion of the chromium content of the steel, by 
using both a potential step technique (which 
includes cathodic reduction of the oxide 
film prior to transient measurement under 
potentiostatic control) and a fast strain rate 

'O-gb 

tensile test under potentiostatic control. 
Crack tip strain rates were modeled under a 
static load, a constant strain rate, and fatigue 
conditions. Figure 5-49 (Ford, 1990) shows 
an example of modeling: owing to some fit- 
ting, the model is able to give a fairly good 
description of the crack growth rate ob- 
tained in different kinds of tests. The mod- 
el is also able to predict quite accurately the 
effect of potential on cracking. 

This model has also proved to provide 
valuable predictions for the management of 
BWR plant. It can be used to predict the 

Figure 5-49. Example of the application of a film rupture model to sensitized stainless steels in high temper- 
ature water (Ford, 1990): a) effect of crack tip strain rate, b) effect of corrosion potential. 
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more sensitive areas and to evaluate the ef- 
ficiency of countermeasures, such as the use 
of low carbon stainless steels, the improve- 
ment of welding procedures, and the addi- 
tion of hydrogen into the water. 

5.5.1.3 Limitations of the Film 
Rupture-Slip Dissolution Model 

Whatever its success may be, this model 
fails to account for different features of en- 
vironmentally assisted cracking and partic- 
ularly SCC in the absence of protective film 
(if any), the discontinuous character of the 
crack propagation, and the morphology of 
crack faces which have specific crystallo- 
graphic features and do not exhibit signifi- 
cant traces of dissolution. 

In addition, this model is unable to pre- 
dict the specificity of the SCC systems, 
since in many systems, periodic film break- 
down by plastic strain or creep does not lead 
to any crack initiation or propagation. 

Today, the general trend is to consider 
that transgranular crack propagation in- 
volves mechanical rupture and that the dis- 
solution process may account for some 
intergranular cracking phenomena, particu- 
larly when the anodic behavior of grain 
boundaries is very different from the bulk 
material (for example, in sensitized stain- 
less steels). 

The fairly good correlation of the model 
with the observed phenomena, and particu- 
larly the predicted and observed depen- 
dence of the crack growth rate both on ma- 
terial strain rate and film repair kinetics has 
been considered in the past as proof of crack 
advance by dissolution. More likely, this 
suggests that anodic processes triggered by 
strain are at the root of many EAC phenom- 
ena and that they may be the processes con- 
trolling the crack growth rate. In the mech- 
anisms presented in the following sections, 
it will appear that the formation and break- 

down of surface films are involved either to 
promote crack advance [film induced cleav- 
age model (Sec. 5.5.2)], or to localize dam- 
age to the substrate [corrosion assisted 
cleavage model (Sec. 5.5.3) and the corro- 
sion enhanced plasticity model (Sec. 
5.5.5)]. Even hydrogen-induced cracking 
may involve such processes, which may 
contribute to increase and localize hydrogen 
evolution. In all these mechanisms, the dis- 
continuous crack propagation events may 
require some critical damage, related to a 
critical amount of dissolution at the crack 
tip, and the film rupture/slip dissolution 
model may provide an estimation of this 
damage. In this way, this model can still be 
useful, provided it is accepted that it repre- 
sents at best a controlling step, and that the 
development of criteria for critical damage 
adapted to each mechanism must be under- 
taken. 

5.5.2 Film Induced Cleavage Model 

This model (Sieradzki and Newman, 
1985) is based on the role of dealloyed (or 
other nanoporous) surface layers which can 
initiate a microcracking process in some 
materials such as Cu-Zn alloys. From an in- 
itial arrest position (Fig. 5-50a), the crack 
advances by cleavage for a few microme- 
ters (Fig. 5-50b), due to brittle cracking of 
the surface dealloyed layer. Then the crack 
becomes progressively blunted by plastic 
deformation (Fig. 5-50c), until the build up 
of a new surface layer leads to a new prop- 
agation stage. Figures 5-50d to 5-50f show 
how local microcracking events spread out 
along the crack front leading to macroscop- 
ic crack advance. 

The present status of film-induced cleav- 
age rests largely on the behavior of f.c.c. 
systems that exhibit dealloying (Sieradzki 
et al., 1987; Cassagne et al., 1987; Newman 
and Mehta, 1988; Newman et al., 1989; Kel- 
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Figure 5-50. Schematic illustration of 
successive events during the propaga- 
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tion of transgranular stress corrosion 
cracks by cleavage. Figures 5-50d to 

----_ 5-50f represent a plan view of a semi 
circular crack radiating from the initi- 
ation site. 
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ly et al., 1993; Saito et al., 1993). These in- 
clude a-brass, which was the subject of fine 
earlier work by Edeleanu and Forty (1960) 
and Pugh and co-workers (Beavers and 
Pugh, 1980; Pugh, 1985). Gold alloys, such 
as Au-Ag and (especially) Au-Cu (Cassagne 
et al., 1986, 1987), are the most suitable of 
all, as their dealloying is very easy to con- 
trol and study. But these alloys tend to show 
intergranular cracking. To study transgran- 
ular cracking they need to be prepared in 
single crystal form. 

Recent results on Au-Ag and Au-Cu al- 
loys emphasized the importance of the film 
induced cleavage model. They showed that 
while annealed material foils failed in a duc- 
tile manner both at room and low (-196°C) 
temperature, foils with dealloyed layers 
formed in 1 M KC104 solution at 1050 
mVScE and aged for short times at 0 mVscE 
suffered complete brittle intergranular fail- 
ure. However, ductile failure of the base 
metal (but not of the dealloyed layer) was 
restored after longer aging times (90 min). 
On thicker foils, a 2 pm layer formed in 
about 20 s could inject at 30 pm crack after 
a short period of aging at 0 V, refuting any 
suggestion that the brittle cracking is due to 
very fast penetration of dealloying along the 
grain boundaries (and in any case such an 

intergranular layer would remain weak in 
aged samples, so no transition to ductile 
fracture would occur). 

The importance of dealloyed layers lies 
in their nanoporous morphology. According 
to the computer simulations of Sieradzki et 
al. (1989), this morphology arises naturally 
from the cluster structure of the more reac- 
tive alloying element in the disordered lat- 
tice. Dealloying thresholds ( p * )  or “parting 
limits” are akin to site percolation thresh- 
olds. Surface self-diffusion of the more no- 
ble element establishes the nanoporous 
structure and eventually coarsens it via 
kinetics (Kelly et al., 1993). For a given al- 
loy composition above p* ,  gross dealloying 
occurs above a critical potential (E,) which 
is associated with the competition between 
dissolution and the blocking or smoothen- 
ing action of surface diffusion. E, may al- 
so involve the cluster structure in a more 
subtle way in that a reactive element atom 
will have a lower equilibrium potential 
when it is present as part of a block of sim- 
ilar atoms than when it is mainly surround- 
ed by the noble element. Much more experi- 
mental work needs to be done on the latter 
topic, which is closely linked with the phe- 
nomenon of underpotential deposition (Op- 
penheim et al., 1991). 
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When a crack forms in a nanoporous 
layer, it can reach the substrate at a high ve- 
locity and with a very small average tip ra- 
dius. If the nanoporous layer has a distribu- 
tion of pore/ligament sizes, the crack can 
“select” the finer sizes provided these are 
present at a high enough volume fraction. 
Under the right circumstances, such a crack 
can then penetrate the f.c.c. substrate as a 
“brittle cleavage” event. Much is still mys- 
terious about the dynamics of such process- 
es, but the original analysis of Sieradzki and 
Newman (1983, remains reasonably valid 
today. In this analysis crack arrest occurred 
by exhaustion due to the periodic emission 
of dislocations from a dynamic crack with 
a time-averaged tip radius of 2-3 atomic 
spacings. 

The key feature of such processes is clear- 
ly the dealloyed nanoporous layer, its 
growth kinetics, its morphology, and the ev- 
olution of this morphology with time. 

5.5.3 Corrosion Assisted Cleavage Model 

This model (Flanagan et al., 1991; Lich- 
ter et al., 1991) works on pre-cracked spec- 
imens and for the same kind of alloys ad- 
dressed by the film induced cleavage mod- 
el. The main idea is that localized dissolu- 
tion strongly modifies the crack tip stress in- 
tensity factors (and their critical values) as 
follows: First, it provides initially the sharp 
cracks which can propagate at critical crack- 
opening stresses which are smaller than 
those required to generate gross crack-tip- 
shielding or blunting dislocations. Second, 
it provides a mechanism for abruptly break- 
ing the ligaments (by dissolving the shear 
bands) in the wake of migrating cracks which 
have caused the cracks to be arrested. The 
subsequent decrease of the anodic potential, 
once the sharp cracks are present, raises the 
stress required for an adequate ligament shear. 
This slows down the damaging process. 

This presumes that the value of the “glo- 
bal” critical stress intensity factor for dislo- 
cation generation, KID, is slightly higher 
than that for the initiation of a relatively 
sharp crack, KT,, which is much lower than 
that required for the initiation of a relative- 
ly blunted crack (usually produced by fa- 
tigue) K,, . When the stress intensity factor 
falls below KR, a growing atomically sharp 
crack will arrest. As the restraining liga- 
ments in the wake of the arrested crack “re- 
lax”, the COD increases and the crack ex- 
tends slightly. During this time, some crack- 
tip dislocations are generated, slightly 
blunting the crack and raising the stress in- 
tensity factor for continued crack extension 
from KR to K;, . 

In the corrosion assisted cleavage model, 
dissolution along the “active path” of pile- 
ups (mechanically formed against Lomer- 
Cottrell locks near the crack tip) results in a 
build-up of stress on the lock, causing it to 
fail catastrophically, forming a (1 10)(001) 
crack (Fig. 5-5 1). The extent of cracking is 
limited by the resulting COD, which is pro- 
portional to the pile-up strength. Such a 
crack stops growing when the local stress 
intensity drops below KR as the crack grows. 
Many such parallel, but not coplanar, cracks 
are auto-catalytically initiated along the in- 
itial arrested crack front. Subsequent dislo- 
cation generation opens up the crack, but 
such action is resisted by the micro-liga- 
ments which intervene between neighbor- 
ing coplanar cracks. The onset of ligament 
shear, abetted by anodic dissolution, allows 
the stress intensity at the tip of the micro- 
crack to rise until the relatively sharp crack 
is reactivated when the stress intensity fac- 
tor rises above KT, (Fig. 5-52). Such effects 
progress auto-catalytically along the crack 
front, and in this way the overall crack pro- 
ceeds to grow in roughly micrometer steps, 
producing a “cobble stone” appearance. 
There is a geometrical requirement for crack 
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Figure 5-51. CAC model illustrating the processes during re-nucleation at major crack arrests. 
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Figure 5-52. CAC model illustrating the dynamics of 
crack advance between major crack arrests. 

arrest arrest 

arrest in that the crack tip must be co-planar 
with the slip plane or else the resulting 
shear band must cross the crack path and op- 
erate to blunt the crack tip as it intersects it. 

5.5.4 Hydrogen Assisted Cracking 
Models 

5.5.4.1 Decohesion Models 

Hydrogen-assisted cracking is often in- 
voked, particularly for b.c.c. materials but 
also together with anodic dissolution for 
f.c.c. alloys (Lynch, 1989). Figure 5-53 
schematizes a hydrogen assisted cracking 
event. Interactions between a localized 
dislocation array and the crack tip under an 
applied stress produce a maximum stress 
ahead of the crack tip to which hydrogen is 
driven under the stress fields from behind 
the tip. When the hydrogen concentration 
reaches a critical value, a microcrack is nu- 
cleated because either the local cohesive 
strength is reduced, dislocation motion is 
blocked in the hydrogen-enriched zone, or 
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Figure 5-53. Schematic illustration of hydrogen as- 
sisted decohesion cracking. 

both. The microcrack arrests about 1 pm 
ahead of the original location of the tip and 
these processes then repeat, leading to dis- 
continuous microcracking. 

Gerberich and co-workers (Chen and 
Gerberich, 1991; Gerberich et al., 1992) 

have proposed an interesting representation 
of the hydrogen assisted cracking process 
through the Rice-Thompson model and a 
competition between cleavage and disloca- 
tion emission at a crack tip. The basic hy- 
pothesis is that there is an emitted disloca- 
tionkleavage envelope (Fig. 5-54). The en- 
velope is taken perpendicular to the mode I 
axis with a magnitude equal to the true Grif- 
fith value of the local stress intensity factor, 
klG. If we consider that the local ktip value 
increases with the applied stress, ktip can 
reach kIG or k,, the value for emitting dis- 
locations. If k, c k,, , blunting will occur, 
while if ke>kIG,  cleavage will occur. Such 
an analysis has been improved to also take 
into account dislocation emission before 
cleavage. The important fact is that the en- 
vironment may affect the local ktip for cleav- 
age with hydrogen such that kyG< kIG where 
kpG is the Griffith value of k, with hydro- 
gen. Thus, in mode I, a given material might 
have the local k, for dislocation emission 
kIe< kIG with ductile fracture, but if kIe> kpG 
local brittle fracture will occur. Hydrogen 
would shift the failure envelope for cleav- 
age in Fig. 5-54 to the left. This has been 
confirmed by Vehoff and Neuman (1983), 

Emission Surface 
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kl 

Figure 5-54. Extensions of the Rice-Thompson model suggest a) how modes I1 and I11 components can trans- 
late the mixed mode line down the dislocation emission surface until it intersects with the cleavage surface giv- 
ing fracture, and b) how hydrogen might translate the cleavage surface until it intersects the load line, produc- 
ing embrittlement after substantial emission (Gerberich et al., 1992). 
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with critical experiments showing blunting 
versus sharp crack growth in an Fe-3 wt.% 
Si alloy without and with a hydrogen envi- 
ronment. 

5.5.4.2 Hydrogen Induced Plasticity 
Models 

Another approach is related to the fact 
that hydrogen has been shown to locally en- 
hance plasticity (Sec. 4.3). Two models have 
been proposed in this field, taking into ac- 
count (i) the adsorption and (ii) the absorp- 
tion of hydrogen. 

The Adsorbed Hydrogen Induced 
Plasticity Model 

This model (Lynch, 1981, 1982, 1984a, 
1988) is schematically shown in Fig. 5-55. 
Absorbed hydrogen atoms weaken inter- 
atomic bonds at crack tips and thereby fa- 
cilitate the injection of dislocations (alter- 
nate slip) from crack tips. Crack growth oc- 
curs by alternate slip at crack tips, which 
promotes the coalescence of cracks with 
small voids nucleated just ahead of the 
cracks. In comparison to the behavior in 

Stress 
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Dislocation Injection ’ ”””’ 
from Crack Tip 

Figure 5-55. Schematization of adsorbed hydrogen 
induced plasticity model for CF cleavage-like crack- 
ing. 

neutral environments, the crack growth re- 
sistance decreases as the proportion of dis- 
location injection to dislocation egress in- 
creases. More closely spaced void nuclei 
and lower void nucleation strains should al- 
so decrease the resistance to crack growth 
in corrosion fatigue. This mechanism is pro- 
posed for Al-Zn-Mg alloys and is highly 
supported by observations that environmen- 
tally assisted cracking can occur at high 
crack velocities in material with low hydro- 
gen diffusivity, and that the characteristics 
of cracking at high and low velocities are 
s i mi 1 ar. 

The Absorbed Hydrogen Enhanced Local 
Plasticity Mechanism (HELP) 

The first suggestion for such a mecha- 
nism was given by Beachem (1972) who 
showed that hydrogen embrittlement of 
steels is in fact associated with locally en- 
hanced plasticity at the crack tip. The hy- 
drogen-plasticity interactions have already 
been noted (Sec. 5.4), after the first obser- 
vations of Bastien and Azou (195 1). 

The basic idea of the HELP mechanism 
(Birbaum 1990) is that the local decrease of 
the flow stress by hydrogen leads to local- 
ized plasticity and to highly localized fail- 
ure by ductile processes, while the total 
macroscopic deformation remains small. 
Shear localization results from local hydro- 
gen absorption, giving a macroscopically 
“brittle” fracture related to microscopic lo- 
calized deformation. 

Continued localization of shear is expect- 
ed to lead to fracture by the various plastic 
failure processes, although the exact mech- 
anism by which shear localization causes 
fracture is not known (Birbaum, 1990; Mag- 
nin et al., 1990). Moreover, it was shown in 
Sec. 5.3 that a high hydrogen concentration 
can be reached near dislocation pile-ups, 
which can favor cracking. 
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One consequence of the HELP mecha- 
nism is that the fracture surface is predict- 
ed to be that along which shear localization 
occurs. In general, this is the slip plane 
({  11 1) microcracking in f.c.c. materials, for 
instance). In cases where cross slip is prev- 
alent or where special constraints are im- 
posed, the fracture plane may differ from the 
slip plane. The author (Birbaum, 1990) 
claims that the HELP mechanism is opera- 
tive for hydrogen in solid solution and for 
gaseous hydrogen environments, both for 
trans- and intergranular cracking (nickel al- 
loys in particular). For intergranular crack- 
ing, it is suggested that HELP can in fact oc- 
cur in the vicinity of grain boundaries. 

5.5.5 Corrosion Enhanced Plasticity 
Model 

5.5.5.1 Modeling 

The corrosion enhanced plasticity model 
(CEPM) was proposed several years ago by 

Magnin (1990) and confirmed by SCC re- 
sults on monocrystalline and polycrystalli- 
ne austenitic stainless steels (Chambreuil- 
Paret et al., 1997). It is based on a localized 
softening effect at the very crack tip, due 
to corrosion. The following steps are con- 
sidered (Fig. 5-56): 

1) The activation of dislocation sources at 
the crack tip breaks the passive film and 
a localized dissolution takes place on the 
activated slip plane. 

2) Vacancies and hydrogen produced by the 
electrochemical reactions at the crack tip 
diffuse along this plane and induce en- 
hanced mobility of the dislocations. As 
localization along one plane occurs, 
blunting is reduced. 

3) During deformation, the material is hard- 
ened. Further away from the crack, the 
emitted dislocations interact with the for- 
est obstacles previously formed. Hence, 
two zone form: a diffusion zone (en- 
hanced plasticity) near the crack tip and 

t 

Figure 5-56. Different stages of the corro- 
sion enhanced plasticity model. 
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a hardened zone further away. The inter- 
face between these two zones can be de- 
scribed as a mobile obstacle. Due to the 
difference of dislocation mobility in the 
two zones, a pile-up forms at the mobile 
obstacle, where a significant part of the 
crack tip stress concentration is trans- 
ferred to. 
Due to the presence of hydrogen segre- 
gating on the dislocations, the local kIc 
decreases and can be reached at the head 
of the pile-up. A crack embryo forms by 
a kind of Stroh mechanism (1954). 
Hydrogen lowers the decohesion energy 
of the slip plane and the crack opens 
along this plane under the normal stress. 
Dislocations are emitted on a symmetri- 
cal plane, shielding the new crack tip. De- 
pending on the crystallographic orienta- 
tion, cracking can occur along { l l l ) or 
{ 110) facets. 
This process is expected to lead to 
periodic changes of crack planes. A zig- 
zag microcracking can occur involving 
{ 11 1 ) planes. 

This model has been extended to inter- 
granular SCC through the same corrosion- 
deformation interactions in the vicinity of 
grain boundaries (Magnin, 1996). The grain 
boundary is believed to become the most fa- 
vorable crack path when its angle with the 
principal stress is close to 90 ’. 

Note that, in this model, the role of dis- 
solution is essential, but indirect. First, va- 
cancies can enhance the plasticity at the 
crack tip and, second, hydrogen absorp- 
tion requires the existence of a critical de- 
fect in passivated metals. This defect is 
created by dissolution at the slip band emer- 
gence, which is often experimentally ob- 
served as the crack initiation step. Vacan- 
cies may also act as hydrogen trapping 
sites, thus increasing its crack tip concen- 
tration. 

In this model, fracture occurs because of 
the enhanced plasticity along one slip sys- 
tem, inducing the formation of a pile-up and 
a local decrease of the cohesion energy due 
to the presence of hydrogen. To use this 
model in a predictive way, a quantitative 
fracture criterion is required. The main dif- 
ficulty is that the fracture mechanism oper- 
ates at the scale of the dislocations. At this 
scale, the results of fracture mechanics can- 
not be applied directly, because they involve 
macroscopic parameters (applied stress in- 
tensity factor, energy dissipation in the plas- 
tic zone, etc.). It is necessary to introduce a 
local Griffith criterion for crack propagation 
(Gerberichet al., 1993; Roberts et al., 1993). 
When a dislocation is in the presence of the 
crack, it exerts a force GD on the crack tip. 
The total propagation force is 

G = G,+ GD (5-3 1) 

where G, is due to the applied load. When 
a dislocation is emitted, stress is relaxed by 
plastic deformation, which is expressed in 
this formulation by G < G, : an emitted dis- 
location shields the crack. We can introduce 
the corresponding stress intensity factors 

k =  K,+ KD (5-32) 

where K, is the macroscopic stress intensity 
factor and k is the local stress intensity fac- 
tor at the crack tip. When the dislocation 
shields the crack, the local (or effective) 
stress intensity factor k is lower than the ap- 
plied one K, . The local Griffith criterion for 
crack propagation becomes 

(5-33) 

where E is the Young’s modulus, Y is the 
Poisson’s ratio, and y is the energy per free 
unit surface. The case of a ductile f.c.c. ma- 
terial, in which dislocation sources are nu- 
merous and easily activated, is considered. 
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Indeed, screening dislocations will multiply 
by the activation of Franck-Read sources 
in the vicinity of the crack. Lin and Thom- 
son (1986) gave a model for the competition 
between crack propagation and dislocation 
emission based on the homogeneous nucle- 
ation of dislocations at the crack tip. It has 
been adapted to the activation of a source. 
k,,, kIIe, and kIIIe are the threshold values of 
the stress intensity factor at which a dislo- 
cation loop placed at the source extends, re- 
spectively, in pure modes I, 11, and 111. k,,, 
k,,,, and kIIIe depend on the position of the 
source and the pre-existing dislocation mi- 
crostructure. For a given applied load in 
mixed mode (k , ,  kII , k,,,), the local criterion 
for activating the source is: 

(5-34) 

Then, this criterion has to be applied to 
the CEPM with the pile-up formation. Con- 
sidering the crack loaded in pure mode I, the 
inclined slip plane at the crack tip is loaded 
in mixed mode I+ I I  (Fig. 5-57). The re- 
solved local stress intensity factor ( k )  has 
components along the mode I and the mode 
I1 axes. The fracture criterion [Eq. (5-33)] 
is represented by the vertical line at kI=k, ,  

(decohesion surface) (Roberts et al., 1993). 
The emission criterion of pure edge dislo- 
cations [Eq. (5-34)] is represented by the 
horizontal line at kII= kIIe (emission sur- 
face). Before the CEPM process (stage l) ,  
the material is ductile. The representative 
point k' is above the emission surface and 
below the decohesion surface: Stress relax- 
ation occurs by the emission of edge dislo- 
cations instead of crack propagation. 

During the CEPM process: 

(i) The dislocation source emits loops with 
a shielding part pushed away along the 
slip plane and forming the pile-up, and 
an anti-shielding part which is absorbed 
by the crack. Only the shielding parts 
remain: the shear component of the load 
decreases to k2. 

(ii) All the dislocations have the same Bur- 
gers vector and repulse each other. The 
formation of a pile-up makes the source 
activation more difficult: kIIe increases 
because of the pile-up back stress. 

(iii) Hydrogen segregates along the slip 
plane and lowers its cohesion: k,, de- 
creases. 

In the final stage [Eq. (5-32)], the repre- 
sentative point k2 is above the decohesion 
surface and below the emission surface: the 

Figure 5-57. Evolution of the decohe- 
sion criterion and the source activation 
criterion in the slip plane for the CEPM. 
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fracture criterion is satisfied. The material 
become brittle along the slip plane. Such be- 
havior must be now quantitatively modeled. 

5.5.5.2 Numerical Simulation 
of the Mobile Obstacle 

This simple description only tests the 
fracture criterion at the crack tip. The CEPM 
brings into play the possibility of micro-de- 
cohesion at the head of the pile-up. A first 
simulation has been set up to discuss the 
possibility of forming a moving pile-up, due 
to a local softening effect and a mobile ob- 
stacle, as suggested in the model. This sim- 
ulation is based on the theory of dislocations 
in the presence of the crack. It has to be com- 
pared to those used to study the brittle-to- 
ductile transition (BDT) (Roberts et al., 
1993), in which the possible effects of cor- 
rosion on the dislocations is introduced. 

A crack with a slip plane inclined at an 
angle of 35 O is considered. This corresponds 
to the situation of alternate cracking along 
(111) planes, forming an average (110j 
crack. A distribution of Franck-Read 
sources along the crack is modeled in two 
dimensions by two parallel edge disloca- 
tions with opposite Burgers vectors. The 
anti-shielding dislocation is instantaneous- 
ly absorbed by the crack, so that the sourc- 
es are modeled by a virtual dislocation 
placed in the slip plane at a distance of 50 b 
(Burgers vector) from the crack tip. Under 
a pure mode I load, straight edge disloca- 
tions are emitted (the virtual dislocation is 
submitted to a positive force). The hardened 
region is modeled by a square array of point 
obstacles which pin the dislocations. The 
obstacle resistance is estimated through the 
classical relation for hardening. The pos- 
sibility to move the dislocations through the 
array is related to their line tension and the 
total force applied on them (forest model). 
This force is calculated through the expres- 

sions given by Lin and Thomson (1986). As 
an example, this force takes a simple form 
in the case of edge dislocations moving in 
the plane of a crack loaded in pure mode I1 
(the simulation is actually run in mode I) 
[Eq. (5-331 

where K,, corresponds to the applied load, 
p the shear modulus, Y the Poisson’s ratio, 
i andj  the indexes of the dislocations in the 
slip plane, b their Burgers vector, andx their 
distance to the crack tip. It contains three 
terms: the repulsion due to the loaded crack, 
the attraction due to the presence of free sur- 
faces (image force), and the summed inter- 
actions with the other dislocations, whose 
sign depends on the dislocation’s position in 
the pile-up. 

A diffusion zone of vacancies and hydro- 
gen produced by the electrochemical reac- 
tions at the crack tip is introduced along the 
slip plane and gets a sequential advance. In 
the diffusion zone, the resistance of the ob- 
stacles is neglected, simulating a local sof- 
tening effect of corrosion. At each sequence 
of the diffusion advance, the dislocations in 
the slip plane are moved until they reach an 
equilibrium position. Figure 5-58 shows se- 
quences of the computer simulation. The dif- 
fusion zone is in light gray, the hardened zone 
in black, the dislocations in white. Disloca- 
tions in the diffusion zone are repelled by the 
dislocations pinned in the hardened zone. A 
pile-up forms ahead of the diffusion front. 

When the diffusion front gets a new se- 
quence of advance, the resistance of a new 
row of obstacles is neglected and the dislo- 
cations move to get a new equilibrium po- 
sition. There is competition between the 
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Figure 5-58. Numerical simulation of the mobile obstacle. 

stability of the pile-up and the diffusion ad- 
vance. The applied stress (0,) and the stress 
at the head of the pile-up (q) can be calcu- 
lated (Fig. 5-58) .  The stress concentration 
at the crack tip is transferred to the moving 
obstacle, as for a fixed pile-up, where hy- 
drogen can promote decohesion. 

In this simulation, a softening effect by 
decreasing the flow stress at the crack tip 
has been modeled. It is composed of two 
terms: the forest resistance (dislocation 
intersections) and the internal stress (elas- 
tic interactions). A decrease of the forest re- 
sistance is usually attributed to vacancies by 
annihilating jogs and junctions (Chateau et 
al., 1999). Hydrogen is expected to have an 
effect on the internal stress by lowering the 
pair interactions. The CEPM considers the 
formation of a dislocation pile-up, for which 
the possibility of fracture is related to the 
dislocation density and the repulsion be- 
tween the dislocations. In a first step, the 
corrosion-deformation interactions prob- 
lem in terms of hydrogen-dislocation inter- 
actions has been studied. In the model, sev- 
eral assumptions are made concerning the 
interactions between hydrogen and disloca- 
tions. The aim is to reproduce the elemen- 
tary mechanisms with numerical simula- 
tions and to quantify them in the model, i.e., 
by simulating hydrogen: 

- segregation on the dislocations and local- 

- softening effect, 
- assisted fracture at the head of a pile-up. 

In that frame, numerical simulations have 
been developed for the evaluation of the 
elastic interactions between three kinds of 
defect: a crack, dislocations, and interstitial 
hydrogen (Chateau et al., 1999). This con- 
firms the validity of the CEPM steps. 

ization in the slip planes, 

5.6 Conclusions 

In this chapter, some phenomenological 
aspects of EAC have been presented, in par- 
ticular the fact that the presence of an aque- 
ous environment may cause macroscopical- 
ly brittle fracture of materials under levels 
of mechanical stress well below those that 
could lead to significant damage in the ab- 
sence of an environment. 

Then, it was shown that EAC arises from 
complex interactions between the mechan- 
ical loading conditions (stress, strain, strain 
rate), electrochemical behavior (particular- 
ly anodic dissolution), and hydrogen ab- 
sorption. At least during the propagation 
stage, these interactions occur under local 
conditions which are usually very different 
from those that prevail on free surfaces. 
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The main mechanisms proposed to ac- 
count for EAC have been reviewed, and it 
is now clear that the “classical” opposition 
between anodic dissolution and hydrogen 
embrittlement is not relevant, since: (i) very 
often the crack advance is probably not di- 
rectly due to anodic dissolution but to peri- 
odical micro-ruptures, even though anodic 
dissolution is often an important or even 
controlling process, (ii) anodic dissolution 
and hydrogen may simultaneously play a 
role in the same system, the localization of 
hydrogen absorption often being a conse- 
quence of local dissolution, (iii) absorbed 
hydrogen may not only cause local or bulk 
embrittlement, but it can also promote plas- 
ticity. 

However, present knowledge of EAC still 
suffers from severe limitations, which re- 
quire more work to be overcome: 

(i) Crack initiation has rarely been inves- 
tigated in detail; it is not always clear 
whether the mechanisms of crack initi- 
ation and propagation may be the same, 
and many models are not able to de- 
scribe initiation. Indeed, in systems 
such as Alloy 7 18 exposed to high tem- 
perature water, crack propagation is 
very easy while crack initiation is al- 
most impossible in the absence of sur- 
face defects. In other instances, initia- 
tion seems easier than propagation and 
short cracks may form and either stop 
or change in morphology to propagate. 
In systems such as stainless steels in 
chloride solutions, localized corrosion 
may create the local conditions prone to 
crack development. But in systems with 
no localized corrosion, it is very diffi- 
cult to understand how a crack can start 
in electrochemical conditions so differ- 
ent from those that cause the propaga- 
tion stage. More work is clearly needed 
in this area. 

(ii) The local environments leading to 
crack propagation are not well known, 
particularly in SCC phenomena where 
the transport of water to the crack tip 
could be an important (and possibly 
controlling) process, which has rarely 
been considered up to now. 

(iii) Except for the customary slip dissolu- 
tion model, the EAC models are not yet 
able to provide a quantitative prediction 
of the crack propagation rate, and this 
is clearly a limitation, not only to the 
prediction of EAC kinetics, but also to 
discrimination among the possible 
mechanisms of cracking. Thus an effort 
is required to quantify the models, par- 
ticularly through numerical simula- 
tions, to predict propagation rates and 
to derive criteria of sensitivity to EAC. 
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6.1 Chapter Overview 

To introduce the multiphase flow-en- 
hanced corrosion problem, the effect of mul- 
tiphase flow on corrosion is illustrated in 
the present chapter using the example of car- 
bon steel pipelines. Emphasis is placed on 
the petroleum industry, but other industrial 
needs are mentioned as well. Multiphase 
flow regimes are then discussed with em- 
phasis on three-phase oil/water/gas flows. 
Two-phase oil/water flows are also briefly 
outlined. 

The rest of the chapter focuses on slug 
flow. Details of the flow mechanisms in- 
volved in slug flow and the causes for the 
dramatic increases in corrosion in this re- 
gime are explained. The mixing zone in the 
slug and bubble collapse is discussed and 
the Froude number is introduced as a gov- 
erning parameter. Slug flow characteristics 
are then quantified with a discussion of tur- 
bulence and its measurement, along with a 
discussion of the damage to corrosion prod- 
uct films due to bubble impact and collapse. 
Finally, some results are given showing the 
severely enhanced corrosion in slug flow, 
and the effect of multiphase flow variables 
on the corrosion rate is quantified. These in- 
clude pressure drop across the slug (Froude 
number), gas density, slug frequency, and 
water cut. The chapter is then concluded. 

6.2 Introduction 

One of the frequent and major problems 
encountered in oil and gas production is the 
internal corrosion of carbon steel pipelines. 
Carbon steels are used extensively as mate- 
rials of construction in many industries. 
These include the oil and gas industry, 
the chemical process industry, and power 
plants. These steels are cheap construction 
materials for many applications and there- 

fore involve less capital investment. How- 
ever, they usually exhibit poor corrosion re- 
sistance properties, and pipelines construct- 
ed of carbon steel can experience severe 
internal corrosion problems in multiphase 
flow environments. 

Multiphase flow is now a common occur- 
rence in offshore oil and gas production and 
in remote areas such as Alaska. For offshore 
installations, a platform is often used to sep- 
arate the oil and gas. The different phases 
are often transported onshore in single- 
phase pipelines. However, many marginal 
oil fields are now being discovered, and it 
is economical to transport the gas-liquid 
mixture from several wells to a central gath- 
ering station in large diameter pipes, where 
separation takes place. These are usually 
horizontal multiphase flow lines. As more 
oil is discovered offshore in deeper waters, 
long distance multiphase flow lines are 
becoming increasingly common. These are 
expected to be hundreds of miles long in 
the near future. They can traverse diverse 
topographies and can involve inclination 
changes from horizontal and near horizon- 
tal (inclination up to & lSo) flowlines to ver- 
tical risers. 

Phase changes during the transportation 
of crude oil or natural gas results in two- 
phase oil/gas flows. When the hot fluid from 
the reservoir rises to the sea floor, the ex- 
treme temperature changes can cause lique- 
faction of the gas. Also, due to the long dis- 
tances used in multiphase flowlines, pres- 
sure drop can cause flashing and a change 
of phase. 

As the well gets depleted, enhanced oil 
recovery methods, involving the injection of 
carbon dioxide and seawater into the reser- 
voir, are used. This helps maintain the pres- 
sure within the reservoir. However, the car- 
bon dioxide and brine then flow with the oil 
and gas, and the resulting multiphase mix- 
ture can cause severe internal corrosion of 
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the pipelines. Many wells operate at water 
cuts as high as 98%. The carbon dioxide dis- 
solves in the seawater and forms weak car- 
bonic acid. This acid is corrosive and leads 
to higher corrosion rates in carbon steel 
pipelines. The multiphase mixture may al- 
so contain waxes, hydrates, hydrogen sul- 
fide, and sand. 

If the pipelines are located in deep water 
or inaccessible places, maintenance and/or 
replacement of pipes and clean-up of oil 
spills is difficult and expensive. The use of 
expensive stainless steel or other alloys is 
not a viable solution due to the required cap- 
ital costs, which are not economically fea- 
sible in many cases. Hence the strategy to 
combat corrosion problems is to use carbon 
steel pipes, but reduce and, if possible, pre- 
vent the rate of material losses. An impor- 
tant method of corrosion reduction prac- 
ticed in the oil and gas industry is the use of 
corrosion inhibitors. The inhibitors act by 
bonding to the metal surface and forming 
a protective film. The performance of the 
inhibitor depends on the metal surface, the 
inhibitor composition, and fluid flow con- 
ditions. Some of the inhibitors are not effec- 
tive because of the multiphase flow condi- 
tions in the pipelines. When selecting an in- 
hibitor, it is essential to know its effective- 
ness in the specific service environment. 
Detailed knowledge of the metal surface 
conditions, the operating temperature and 
pressure, the fluid properties, the solution 
pH, and the multiphase flow conditions is 
essential. 

6.3 Multiphase Flow 

Multiphase flow mvolves the simultane- 
ous flow of more than one phase within a 
pipe. This includes two-phase oil/gas and 
oillwater flows, and three-phase oil/water/ 
gas flows. 

Several flow patterns exist in multiphase 
flows. It must be noted that the flow is sel- 
dom homogeneous and, in most cases, differ- 
ent velocity and phase fractions exist at any 
given location within the pipe. This is funda- 
mentally different from single-phase flow. 
Also, in most cases, the flow is turbulent. 

6.3.1 Three Phase Oil/Water/Gas Flows 

Figure 6-1 shows a schematic diagram 
of three-phase oil/water/gas flow patterns. 
Two phase oil-gas flow patterns are similar. 
At low gas and liquid velocities, a stratified 
layer of liquid flows under the gas, the inter- 
face between the two layers is smooth, and 
this regime is called smooth stratified flow. 
The oil and water are also segregated and 
flow in separate layers. An increase in the 
gas velocity leads to the formation of regu- 
lar two-dimensional waves at the gas-liquid 
interface. This regime is called wavy strat- 
ified flow. In this regime, some entrainment 
of oil in water or water in oil begins to take 
place and large droplets can be seen at the 
oil/water interface. With a further increase 
in the gas velocity, the two-dimensional 
waves grow in height and begin to roll over, 
acquiring a three-dimensional character. 
This is called the rolling wave. Further mix- 
ing of the oil and water is also seen. 

At a higher liquid velocity, there is a tran- 
sition from stratified to an intermittent flow 
pattern. The waves on the liquid layer grow 
to bridge the pipe and block the gas. This 
results in the flow of intermittent pockets of 
gas separated by lumps of liquid. Two types 
of intermittent flows are possible: plug flow 
and slug flow. At low gas velocities, the 
waves form lumps of liquid called plugs. 
The plug flows over the liquid film intermit- 
tently between elongated gas bubbles, with 
very little turbulence. 

It should be noted that a separate water 
layer is always present at the bottom of the 
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Figure 6-1. Schematic diagram 

pipe in all the flow regimes described so far. 
This layer exists even at water cuts as low 
as lo%, and measurable corrosion can oc- 
cur in multiphase flow. Oil-water flow char- 
acteristics are presented separately later. 

At higher gas velocities, the front of the 
plug begins to overrun the liquid film and 
assimilates it in the process. This results in 
acceleration of the front and a highly turbu- 
lent slug is formed. This regime is called 
slug flow and is the most important flow re- 
gime from a corrosion viewpoint. With a 
further increase in the gas velocity, large 
three-dimensional roll waves start to appear 
on the liquid film between slugs. The slugs 
are highly aerated at this point and this re- 
gime is called pseudo-slug flow. On further 
increasing the gas velocity, the slugs are not 
able to hold the gas, blow through occurs, 
and the gas flows in the central core of the 
pipe, with a thin layer of liquid flowing in 
the annulus around it. This regime is called 
annular flow. A flow regime map depicts the 
type of flow pattern present in a pipeline at 
a particular liquid and gas velocity. 

of horizontal three phase (gas- 
Smooth Stratified oil-water) flow patterns. 

Wavy Stratified 

Rolling Wave 

Plug 

Slug 

Annular 

6.3.2 Flow Regime Map 

Figure 6-2 shows a flow regime transi- 
tion map for three-phase oil/water/gas 
flow in a 10 cm (4 in) diameter pipe under 
atmospheric conditions with 50% water in 
the liquid phase. The oil viscosity is 2 CP 
(2 g m-* s-'). Carbon dioxide is used in the 
gas phase. It is seen that slug flow occurs at 
liquid velocities greater than 0.2 m s-l for 
gas velocities less than 12 m s-I. With in- 
creasing pipe diameter, the transition from 
slug flow to annular flow may not occur 
under the normal range of velocities seen in 
petroleum production. Figure 6-3 shows the 
flow regime map in a 30 cm (12 in) diame- 
ter pipeline. No slug/annular flow transition 
is seen. Hence, over the range of velocities 
normally occurring in petroleum produc- 
tion, the dominant flow regime is slug flow. 

Also, most pipelines will experience 
some slight changes in inclination. Inclina- 
tion has a dramatic effect on multiphase 
flow regimes. Figure 6-4 shows a flow re- 
gime transition map for a 2" upward inclined 
pipe. It is seen that within the range of ve- 
locities normally seen in industrial pipes, 
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Figure 6-2. Froude number iso- 
clines in a 4 in (10 cm) horizontal 
pipe at atmospheric pressure. The 
oil viscosity is 2 CP and the water 
cut is 50%. (1 P = 1.000 x 10-I kg 
m-' s-I). 

Figure 6-3. Froude number iso- 
clines in a 12 in (30 cm) horizon- 
tal pipe at 100 psi (690 kN m-'). 
The oil viscosity is 2 CP and the 
water cut is 50%. 

Figure 6-4. Flow regime 
map for 40% ASTM sea- 
water at 2" inclination 
and 0.27 MPa. 
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the most dominant flow regime is slug flow. 
In fact, an inclination of even +0.5” elimi- 
nates stratified flow and slug flow predom- 
inates. This is important from a corrosion 
point of view, since slug flow results in dra- 
matic increases in corrosion rates. 

6.3.3 OiVWater Flow 

Oil-water flow patterns observed by 
Oglesby (1979) are shown in Fig. 6-5. At a 
low velocity, the flow is stratified. The flow 
of the liquid is in two distinct layers, with 
no mixing at the interface. As some mixing 
occurs at the interface by increasing the 

mixture velocity, the flow pattern is called 
semi-segregated flow. Semi-mixed is de- 
fined as segregated flow of a dispersion and 
a ‘free’ phase, and the dispersion volume is 
less than half the total pipe volume. When 
the oil-water dispersion occupies more than 
half the pipe volume, mixed flow occurs. At 
a high mixture velocity, the flow pattern is 
termed semi-dispersed and with a further in- 
crease in velocity the flow pattern is homo- 
geneous flow. There is a steep concentration 
gradient in semi-dispersed flow, while ho- 
mogeneous flow, has no appreciable change 
in concentration. 

Segregated - no mixing at the interface 

Semi-segregated - some mixing at the interface 

Semi - mixed - segregated flow of a dispersion 
and “free” phase. Bubbly interface, Dispersion 
volume less than half of the total pipe volume. 

Mixed - same as the above coding but with the 
dispersion occupying more than half the total 
pipe volume 

Semi - dispersed - some vertical gradient of fluid 
concentration in the mixture 

Fully dispersed homogenous flow 

F b ~ D i r c d a n  - 
Figure 6-5. Flow patterns in oil/water flows (Oglesby, 1979. 
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6.3.4 Industrial Concerns 

Multiphase environments can also occur 
in other industries. Changes in pressure and 
temperature in process equipment and the 
mixing of various streams can force a mix- 
ture into two- and three-phase situations. 
The associated corrosion is an issue of con- 
cern in nuclear and thermal power plants, 
chemical process industries, and in waste 
management. 

Slug flow can occur sooner in smaller di- 
ameter pipe, where the coalescence of bub- 
bles can cause a transition from bubble flow 
to slug flow. This situation can occur in the 
industries mentioned here. 

6.4 Slug Flow Characteristics 

6.4.1 Profile of Slug 

Slug flow exists in pipelines carrying oil 
and gas when a high production of oil and 
gas is required. Slug flow is characterized 
by the appearance of intermittent liquid 
slugs that propagate through the pipe. An 
idealized slug unit is shown in Fig. 6-6 and 
consists of four zones. Ahead of the slug is 
a slow moving liquid film, with gas flowing 
above it. Waves are formed on this film and 

grow to bridge the pipe. They are then ac- 
celerated to the gas velocity and form the 
slug. The front of the slug overruns the slow 
moving film ahead of it and assimilates it 
into a mixing zone behind the front, creat- 
ing a highly turbulent region. This highly 
turbulent mixing zone entrains gas, which 
is passed back into the slug body. Here the 
turbulence is reduced, and eventually the 
liquid velocity is reduced to a point where 
it is no longer able to sustain bridging of the 
pipe. This is the tail of the slug. Liquid is 
shed from the tail of the slug to a trailing 
film. This liquid in turn mixes with more in- 
coming liquid to form a film on which the 
next slug will propagate. 

6.4.2 Mixing Zone of Slug 

Figures 6-7 to 6-9 are video images of 
actual flowing slugs within a pipeline. The 
slug front resembles a wave breaking on a 
beach, as seen from Fig. 6-7. As the front 
rolls over and assimilates the slow moving 
liquid film ahead, it accelerates and entrains 
large amounts of gas in the process. The gas 
is then released into the slug in the form of 
pulses of bubbles within a highly turbulent 
mixing vortex which is created just behind 
the slug front. This is the mixing zone as 
seen in Figs. 6-8 and 6-9. A region of gas- 

Liquid 
Film 

vlf 
- 

hking Zone 

Gas Pocket 

0 0 0 0 0 0 0 0  

- 0 0  o o o o  o o  o Body o o o  O0 
o o o o  0 0 0 0 0 0 o o o o o o  0 O o 0 o  Figure 6-6. Profile of the dif- 

ferent regions within the slug. 
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Figure 6-7. Video image of slug front. 

Figure 6-8. Video image of pulses of the 
turbulent mixing zone. (Note the pulses 
of gas bubbles.) 

Figure 6-9. Bubble impact on the pipe 
surface within the mixing zone of the 
slug. 
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free liquid exists just after the mixing vor- 
tex. This is seen by the darker areas in Figs. 
6-8 and 6-9. As the frothy mixture ahead of 
the vortex touches the top of the pipe, the 
slug length is suddenly increased and the 
cortex moves towards the new front. This 
frees the liquid at the end of the vortex, 
which moves towards the body of the slug. 
As this happens, a pulse of gas bubbles is 
released into the slug. The pulse is caught 
in the wake of the mixing vortex and forced 
towards the bottom of the pipe. The bubbles 
impact on the pipe wall and collapse, 
causing a cavitation-type effect, which is 
the primary mechanism causing severely 
enhanced corrosion in multiphase slug flow. 
Details of the mixing zone are given by Go- 
pal and Jepson (1997, 1998). 

6.4.3 Bubble Collapse 

Van Dyke (1982) examined photographs 
taken by Lauterborn (1980) of a spherical 
bubble impacting a plane solid surface. The 
bubble was photographed at a frequency of 
75 000 frames a second and was produced 
by using a ruby laser light 4.5 mm from 
the surface. The bubble began to collapse 
when the radius expanded to a maximum of 
1.1 mm. When the bubble began to collapse, 
it became elongated with a tail, as shown in 
Fig. 6-10. The jet from the bubble is be- 
lieved to cause the cavitation erosion on a 
solid wall. 

Douglas et al. (1979) describe cavitation 
as the local vaporization of a liquid. They 
suggest that when a bubble grows and col- 
lapses, high intensity pressure waves are 
created for a few milliseconds. The local 
pressures observed during those few milli- 
seconds may be up to 4000 atm ( 4 . 0 1 3 ~  
lo8 N m-*) with a temperature increase of 
up to 800 "C. The high pressure and temper- 
ature exhibited by a collapsing bubble ac- 
celerate the corrosion rate in pipelines. 

Figure 6-10. Microjet formation during bubble col- 
lapse (Van Dyke 1982). 

Figure 6-11 shows the distortions ob- 
served within single gas bubbles within the 
mixing zone of the slug. To study the puls- 
es of bubbles in the mixing zone, a quartz 
window was installed in the pipeline. This 
allowed the flow to be seen more clearly. 
The slug was moved to the quartz section 
and then held stationary while it was video- 
taped using a Panasonic AG-190 Proline 
camera operating at 60 Hz. A strobe light 
was used as the lighting source, and flashed 
at the same frequency as the camera. The slug 
was then allowed to move slowly back and 
forth through the quartz section while being 
video-taped. The S-VHS video was then stud- 
ied frame by frame to determine if the bubbles 
impact on the bottom of the pipe. It is seen 
that the distortions are very similar to those 
seen in Fig. 6-10 during bubble collapse. 

6.4.4 Froude Number 

Jepson (1986) showed that slugs are sim- 
ilar to hydraulic jumps propagating down 
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the pipeline. Hydraulic jumps are well 
known in open-channel flow (Chow, 1959), 
and the phenomenon occurs with tidal bores 
and downstream of dams. 

The strength of the slug, and the associat- 
ed turbulence intensity, can be determined 
by the Froude number in the liquid film 
ahead of the slug as follows: 

where V, is the translational velocity of the 
slug, V,, the velocity of the liquid film ahead 
of the slug, he,, the effective height of the 
liquid film ahead of the slug, and g the ac- 
celeration due to gravity. 

Kouba and Jepson (1987) have shown 
that the strength of the slug is dependent 
upon the type of hydraulic jump, as shown 
in Fig. 6-12. The strength of the slug is 
measured by the film Froude number, Fr,. 
For a film Froude number of 1 - 1.7 an un- 
dular jump is created and the slug is slow 
moving with little or no mixing zone. For a 
film Froude number of 1.7-2.0, a weak 
jump is created. There is little or no distur- 
bance in the liquid film region. Gas begins 

Figure 6-11. Bubble distortions near 
the pipe wall in the mixing zone of the 
slug. 

Fr, = 1 - 1.7 Undular Jump 

Fr, = 1.7 - 2.0 Undular Jump 

Oscillating Jet 

Roller *3,--, 

- -+- 4- +. 
' / / / / / / / / / / / I / /  

Fr, = 2.0 - 5.0 Oscillating Jump 

Fr, = 5.0 - 10.0 Steady Jump 

Fr, > 10.0 Strong Jump 

Figure 6-12. Hydraulic jump in open channel flow. 
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to be entrained within the slug and a mixing 
zone is becoming present. For a film Froude 
number of 2.0-5, an oscillating jump is 
created. An oscillating jet is formed with the 
body of the slug and the slug front begins to 
roll over the liquid film. The slug front be- 
come frothy and pulses of bubbles are re- 
leased into the body of the slug. When the 
film Froude number is between 5 and 10, a 
steady jump is created. The slug front be- 
come more turbulent and the slug entrains 
large amounts of gas. If the film Froude 
number increases to above 10, a strong hy- 
draulic jump occurs. The slug body entrains 
a considerable amount of gas and resembles 
a homogeneous mixture. 

It can be seen that the mechanisms with- 
in the hydraulic jumps are very similar to 
those seen within the mixing zone of the 
slugs, as shown in Figs. 6-7 to 6-9. As stat- 
ed before, these are the main causes of se- 
verely enhanced localized corrosion in slug 
flow. 

6.5 Effect of Slug Flow 
on Corrosion 

The effect of slug flow on corrosion oc- 
curs in two ways. First, there is a dramatic 
increase in the turbulent intensity within the 
flow which causes an increase in the mass 
transfer rates of corrosive species to the cor- 
roding surface of up to 1000 times the aver- 
age value. Second, there is extensive dam- 
age to the corrosion product layer which 
could otherwise have protected the surface 
from further corrosion. 

6.5.1 Turbulence and Mass Transfer 

The overall corrosion process is divided into 
four steps: 

i) Dissolution of acid gas such as carbon 
dioxide into the aqueous solution to 
form acid, e g ,  carbonic acid, which 
partially dissociates in the bulk solution 
to produce hydrogen ions. 

ii) Mass transport of the corrosive ion, such 
as the hydrogen ion, to the metal surface 
for adsorption and reduction. 

iii) Surface electrochemical reaction in- 
volving anodic dissolution of metal and 
cathodic reduction of corrosive ions. 

iv) Mass transfer of dissolved metal ions 
away from the metal surface. 

Initially, the metal surface is exposed to 
the corrosive solution and the corrosion rate 
is high. This situation is described by Fig. 
6-13, in which a mass transfer film separ- 
ates the corrosion surface from the bulk so- 
lution. As the metal corrodes, a thin corro- 
sion product film begins to form on the sur- 
face and adds a second resistance to the mass 
transfer process. This is shown in Fig. 6-14. 
The effect of flow on corrosion is primari- 
ly felt in the mass transfer and corrosion 
product films. 

Metal 

Fe 

Mass Transfer 
Region 

- H+ 

Fez+ - 
c0,'- - 
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HCO; 

COh. 
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O H  

A physical model for flow-accelerated 
corrosion is shown in Figs. 6-13 and 6-14. 

Figure 6-13. Schematic diagram corrosion ion trans- 
fer between metal surface and bulk solution. 
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Single phase mass transfer studies are ex- 
tensive and many correlations based on the 
well-known mass, momentum, and heat 
transfer analogies have been developed for 
a wide variety of applications (Selman and 
Tobias, 1978). However, there have been no 
studies on multiphase mass transfer in large 
diameter pipes. Research is now ongoing at 
the Institute for Corrosion and Multiphase 
Technology in this area. Mass transfer in 
slug flow involves unique fluctuations gov- 
erned by the pulses of gas bubbles in the 
mixing zone. Such mechanisms are not seen 
in any other flow regimes and are associat- 
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Bulk Solution Figure 6-14. Effect of the corro- 
sion product layer on ion transfer 
between metal surface and bulk 
solution. HzC03 
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ed with the erosive turbulence seen in this 
flow regime. The quantitative effect of slug 
flow on corrosion can be measured using 
these fluctuations in mass transfer. These 
can be correlated to fluctuations in pressure 
and wall shear stress data as well. 

6.5.1.1 Mass Transfer and Pressure 
Measurements 

Figures 6- 15 and 6- 16 reveal very unique, 
instantaneous fluctuations in slug flow. 
These are plots of potentiostatic electro- 
chemical noise. It can be seen that the fluc- 

Figure 6-15. Instant 
mass transfer coeffi- 

*'O0 cient vs. time (Froude 0.00 0.50 1 .oo 1.50 

Time (s) number 6). 
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tuations are 10- 100 times the average val- 
ue. Figure 6-15 shows that for Froude num- 
ber 6, in addition to several small peaks 
which are ten times greater than the aver- 
age, two peaks of 100 times the average ap- 
pear. In Fig. 6-16, which is for Froude num- 
ber 9, most peaks indicate that the instanta- 
neous mass transfer coefficients are about 
90- 100 times higher than average. 

Similar fluctuations are seen in Fig. 6-17 
within the mixing zone of the slug, when 

. 
Figure 6-16. Instant mass 
transfer coefficient vs. time 
(Froude number 9). 

1.50 2.00 

pressure fluctuations are measured. Fluctu- 
ations 2-3 times the average are seen. These 
indicate the level of turbulence within the 
mixing zone. 

6.5.1.2 Surface Damage in Slug Flow 
Corrosion 

The corrosion product layer can protect 
the surface from further corrosion by form- 
ing a thick, densely packed, tightly adher- 
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Figure 6-17. Differential pressure vs. time 60 cm into slug for film froude number 14.0 for 100% water. 
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ent film on the surface. Slug flow affects the 
corrosion product layer in two fundamental 
ways. First, it thins the product layer due 
to the high levels of turbulence and shear. 
This is seen in Table 6- 1 and 6-2, which com- 
pares the thickness of the product layer in 
slug flow with that in full pipe oil/water flow. 
The thickness of the corrosion layer in slug 
flow is 3- 10 times less than that in slug flow. 

It has been consistently found from SEM 
studies of corrosion surfaces that impact 
craters of the order of micrometers exist on 
the surface of carbon steel coupons exposed 
to multiphase slug flow, as seen in Fig. 6- 18. 
As the metal corrodes, a corrosion product 
layer develops on the surface. It is seen from 
Fig. 6- 18 that the craters are created within 

Table 6-1. Film thickness in slug flow. 

Froude Tem- C 0 2  Film thickness, pm 
number pera- partial 

ture pressure 80% 40% 
("C) (MPa) water water 

cut cut 

the corrosion product layer, exposing fresh 
surface to further corrosion, thereby signif- 
icantly increasing the corrosion rate. Elec- 
trochemical techniques have revealed sig- 
natures consistent with localized corrosion 
on these surfaces. The extent of damage to 
the surface increased with the turbulent in- 
tensity of the slug, and models have been 
developed to quantify this effect. Figure 
6-19 shows the structure in full pipe oil/wa- 

6 60 0.27 13 14 Figure 6-18. Damage caused to the corrosion film 
9 60 0.45 11 12 found on the surface of a coupon exposed to slug flow. 

12 60 0.79 10 10 
6 80 0.27 8 9 
9 80 0.45 7 8 

12 80 0.79 5 7 

Table 6-2. Film thickness in full pipe flow. 

Liquid Tem- CO, Film thickness, pm 
velocity pera- partial 
W S )  ture pressure 80% 40% 

("C) (MPa) water water 
cut cut 

0.9 60 0.27 19 17 
1.3 60 0.45 23 21 
1.8 60 0.79 30 28 
0.9 80 0.27 38 34 
1.3 80 0.45 44 41 
1.8 80 0.79 53 47 Figure 6-19. Crystals found on the surface of a cou- 

pon exposed to full pipe flow. 
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ter flow, and it can be seen that the corro- 
sion product is thick and densely packed. 
This blocks further diffusion of corrosive 
ions to the metal surface and the diffusion 
of metal ions away from the surface, and 
thus effectively prevents further corrosion 
from taking place. 

6.6 Corrosion Rates in Multiphase 
Oil/Water/Gas Systems 

Extensive research has been carried out 
into the effect of slug flow on corrosion rates 
of carbon steel pipes due to carbon dioxide 
(see, for example, the research papers from 
the Institute for Corrosion and Multiphase 
Technology at Ohio University). 

The chemistry of carbon dioxide corro- 
sion in the oil and gas industry is well- 
known and will not be discussed here. There 
are extensive research papers available 
on that subject [see, for example, Nesic 
(1995)l. The corrosion rate increases with 
carbon dioxide partial pressure, due to in- 
creased dissolution of the gas into the aque- 
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ous phase. With increasing temperature, it 
was thought that increased corrosion would 
result in the formation of a thick corrosion 
product film that would protect the pipe 
from further corrosion (de Waard and Mil- 
liams, 1975). However, as discussed, slug 
flow does not allow the corrosion product 
layer to build up, and the corrosion rate con- 
tinues to increase with increasing tempera- 
ture as well. 

The effect of temperature on the corro- 
sion rate for brine under various conditions 
of carbon dioxide partial pressure and 
Froude number is shown in Fig. 6-20. It is 
seen that at a given carbon dioxide partial 
pressure and Froude number, the corrosion 
rate increases with increasing temperature 
over the entire range of temperatures stud- 
ied, and no maximum in the corrosion rate 
is observed at any temperature studied. 
These increased rates of corrosion at high- 
er temperatures (above 70 "C) and pressures 
are not predicted by the existing, well- 
known results for full pipe flow under sim- 
ilar conditions, which have been used in de- 
sign calculations. The results for corrosion 
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Figure 6-20. Corrosion rate vs. temperature for brine. 
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rate under slug flow conditions do not show 
any such maximum. Instead, the corrosion 
rate continues to increase at a much higher 
rate above 70°C. For experiments per- 
formed with oil-salt water compositions, a 
similar variation of the corrosion rate with 
temperature is seen. 

The Froude number allows the effect of 
slug flow turbulence on the corrosion rate 
to be correctly quantified. Specifically, the 
pressure drop across the slug is used as a 
measure of the effect of the turbulence and, 
as mentioned, this can be related to the en- 
hanced mass transfer. From Fig. 6-21, it can 
be seen that the corrosion rate varies expo- 
nentially with respect to pressure drop 
across the slug. The value of the exponent 
is constant at around 0.3. This is an impor- 
tant result which comes from using the 
Froude number in the film as defined by 

It is important to note that slug flow has 
a mechanical effect due to the turbulence 
which increases the corrosion rate with to- 
tal pressure. This is seen through the effect 

Eq. (6-1). 

of gas density on the corrosion rate, as 
shown in Fig. 6-22. Increasing the total 
pressure of the system results in significant 
increases in the corrosion rate, while the car- 
bon dioxide partial pressure and tempera- 
ture are kept constant. This shows that even 
when the chemistry is constant within amul- 
tiphase system, the presence of slug flow 
can enhance the corrosion rate. 

Since slugs are intermittent within a pipe- 
line, it is important to understand the effect 
of the time period of intermittency on the 
corrosion rate. This is measured by the slug 
frequency. Figure 6-23 shows the effect of 
slug frequency on corrosion rate. An inter- 
esting phenomenon is observed. The corro- 
sion rate increases linearly with slug fre- 
quency up to a value of about 35 slugs per 
minute. Beyond that value, the corrosion 
rate tends to an asymptotic value, and a fur- 
ther increase in the slug frequency does not 
have a measurable effect on the corrosion 
rate. As the slug frequency is increased, the 
level of enhanced turbulence is increased 
until a slug frequency of 35 per minute is 

10 ' 
1000 2000 
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Figure 6-21. Corrosion rate vs. pressure gradient for brine. 
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Figure 6-22. Variation of cor- 
rosion rate with gas density at 
a constant CO, partial pressure 
of 0.27 MPa. 
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Figure 6-23. Corrosion rate vs. slug frequency for 2" and 0.27 MPa. 

reached. At that point, the turbulence levels 
are so high that further increases in slug fre- 
quency do not influence the corrosion mech- 
anisms on the surface. 

The effect of oil/water mixtures in the liq- 
uid phase on the corrosion rate is also im- 
portant. As mentioned previously, a 'free' 
water layer is necessary for corrosion to oc- 
cur. A 'free' water layer can exist for water 
cuts as low as lo%, and measurable corro- 

sion can occur. Figure 6-24 shows the effect 
of water cut on corrosion. The corrosion 
rates are shown for slug frequencies great- 
er than 40 min-'. It is seen from Fig. 6-24 
that the corrosion rate increases beyond a 
water cut of 40% at a steady rate. There is 
a significant change in the slope of the cor- 
rosion rate curve between 20% and 30%. 
These effects are related to the oil/water 
flow patterns shown in Fig. 6-5. Between 
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Figure 6-24. Effect of water cut on corrosion in horizontal flow at 0.79 MPa and 40°C. 

the slugs, the oil and water layers are semi- 
segregated at water cuts above 30% with a 
substantial ‘free’ water layer at the bottom 
of the pipe. With slug flow, the pulses of 
bubbles impact on the pipe surface, severe- 
ly enhancing the corrosion rate. Below 20% 
water cut, water could be dispersed within 
the oil phase with only a small fraction 
dropping out to form a ‘free’ phase. This, 
combined with an increased slug frequency, 
could lead to measurable corrosion. 

6.7 Conclusions 

Slug flow is the dominant flow regime in 
multiphase systems. It involves unique flow 
mechanisms with pulses of gas bubbles be- 
ing released into a turbulent mixing zone 
due to a mixing vortex behind the slug 
front. These bubbles impact and collapse on 
the pipe wall causing severe localized, cav- 
itation-type corrosion which can be up to 
1000 times the values normally seen in 
other flow regimes. Flow visualization has 

shown that bubbles distort and elongate in 
the vicinity of the pipe wall in a manner sim- 
ilar to collapsing bubbles. The corrosion 
rate increases due to a thinning of the mass 
transfer and corrosion product layers, as 
well as due to localized damage of the cor- 
rosion product film. There is a mechanical 
effect which increases the corrosion rate be- 
yond what would be seen due to chemistry 
effects with increasing pressure and temper- 
ature. No corrosion film protection is pos- 
sible under these circumstances, and the 
corrosion rate increases continuously under 
all conditions. Slug frequency influences 
the degree of turbulence and shear experi- 
enced by the corrosion surface, and the cor- 
rosion rate increases with increasing slug 
frequency up to about 35 slugs min-I. Be- 
yond that value, the turbulence reaches a 
maximum value and further increases in 
slug frequency do not have any effect on the 
corrosion rate. There is a significant effect 
due to water cut in the liquid mixture. A 
sharp change in corrosion rate is seen be- 
tween 20% and 30% water cut. It should be 
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noted that water can drop out of the oil/wa- 
ter mixture at water cuts as low as 10% and 
cause measurable corrosion to occur. 
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ultra-high vacuum 
working electrode 
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7.1 Introduction 

In this chapter new experimental tech- 
niques are discussed, which are applied in 
the investigation of corrosion reactions. 
Corrosion is by definition a reaction 
between a material and its environment, by 
which the properties of the material or the 
environment deteriorate. Numerous corro- 
sion reactions are known, which may be 
classified by the type of attack, the rate of 
attack, the morphology of the attack, or the 
properties of the environment, which are 
changed due to the reactions. Some exam- 
ples may illustrate this: 

Classification by the type of attack: At 
room temperature most corrosion reac- 
tions are triggered by electrochemical re- 
actions (“electrolytic corrosion”), where- 
as at higher temperatures metal/gas type 
reactions will prevail. In addition to 
chemical/electrochemical attack, friction 
or a mechanical load will cause specific 
corrosion reactions. 
Classification by the rate of the attack: 
Severe corrosion like steel in seawater 
may give attacks of 100 ym year-’, gal- 
vanized steel corrodes in the atmosphere 
at the most by 0.5 ym year-’, and mate- 
rials used as implants or electronic mate- 
rials may corrode at a rate of less than sev- 
eral nanometers per year. 
Classification by the morphology of the 
attack: The attack may be homogeneous 
but the attack may also be rather local- 
ized (pitting corrosion, stress corrosion 
cracking, intergranular corrosion, etc.), 
or the material may remain virtually in- 
tact but the interface to a coating may be 
destroyed (cathodic delamination). 
Classification by the type of deteriora- 
tion: In many circumstances the material 
itself will deteriorate due to corrosion. 
However, frequently the corrosion reac- 

tion will not change, e.g., the mechanical 
properties of the material, significantly, 
but the optical appearance of the surface 
is altered (cosmetic corrosion) or the en- 
vironment will deteriorate due to ex- 
tremely small amounts of metal ions 
which are liberated due to the corrosion 
reaction (allergic reactions). 

It is obvious, therefore, that corrosion is not 
a simple process but a highly complex one, 
and thus there is not a single experimental 
technique, that allows corrosion to be meas- 
ured in a simple manner. 

Principally, corrosion reactions may be 
analyzed by one of three different concepts, 
as outlined in the following sections. 

7.1.1 Experimental Investigation 
of Corrosion Reactions by Analysis 
of the Corrosion Products 

As already mentioned, corrosion reac- 
tions will always cause some kind of corro- 
sion products as corrosion reactions are al- 
ways chemical/electrochemical reactions, 
and may therefore be analyzed by the prod- 
ucts of these reactions. By far most of the 
experimental methods that have been intro- 
duced are based on the analysis of the type 
and amount of corrosion products. Some ex- 
amples may illustrate this: 

1. Weight loss measurements are still fre- 
quently used in most industrial research 
labs. Coupons of the material to be investi- 
gated are exposed to the environment (sea- 
water, atmosphere, acids, organic solvent, 
etc.). As during the corrosion reaction the 
metal will be oxidized and either dissolved 
into the medium or trapped on the surface 
as a corrosion product (“rust”), the amount 
of corrosion is analyzed by measuring the 
weight loss of the material after a certain 
time and after carefully removing all surface 
layers. The method is fast and simple but not 
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accurate for slow corrosion rates, and is 
solely applicable for a homogeneous corro- 
sion reaction. 

2. Chemical analysis of the medium may 
alternatively be used to follow the corrosion 
rate if the metal ions are not trapped on the 
surface but dissolve in the corrosive medi- 
um. If sensitive analytical methods are ap- 
plied [atomic absorption spectroscopy 
(AAS) or ion coupled plasma (ICP)], an ex- 
tremely small amount of ions (ppb-range) 
will be detected and therefore very small 
corrosion rates are measurable (Bendicho, 
1994; Botha, 1998; Mulleret al., 1990; Seo, 
1995; Telegdi et al., 1994). This method is 
used in medical applications and the food 
industry. Strongly localized attack is not de- 
tected. 

3. Chemical analysis of thick surface 
layers is traditionally used to analyze the 
amount of corrosion if the reaction products 
are insoluble. Techniques such as X-ray dif- 
fraction and SEMEDX are frequently used, 
but also techniques that are not as common, 
e.g., Moessbauer spectroscopy, IR spectros- 
copy, or Raman microscopy (Kurosawa 
et al., 1995; Mansour and Melendres, 1995; 
Monzo et al., 1991; Persson and Leygraf, 
1990; Matheison et al., 1993; Grundmeier 
et al., 1996; Sridhar and Dunn, 1997; 
Kasperek and Lenglet, 1997; Simpson and 
Melendres, 1996; Devine, 1994; Hoffmann 
and Stratmann, 1993). If the method is ca- 
pable of localized analysis local corrosion 
phenomena are also detected. 

4. Chemical analysis of thin surface 
layers was difficult until recently. Howev- 
er, as surface sensitive techniques are fre- 
quently available now (AES, SAM, XPS, 
SIMS, etc.) all kinds of surface layers, 
even in the nanometer range, are accessible 
(Brundle et al., 1996; Netting et al., 1994; 
Strehblow, 1994; Landolt 1995a). These 
methods are either used in order to study the 
slow corrosion rate of extremely stable ma- 

terials or to get information concerning the 
chemical nature of those surface layers that 
are responsible for corrosion protection 
(passive layers). Also, localized corrosion 
phenomena are analyzed with highly so- 
phisticated, scanning Auger microprobes. 

5. Metallographic analysis and morpho- 
logical characterization are still the back- 
bone of any analysis of corrosion reactions, 
as they allow homogeneous as well as inho- 
mogeneous corrosion phenomena to be de- 
tected (Schumann, 1991). The method is 
only limited by the local resolution of the mi- 
croscope. The sophisticated step is the prep- 
aration of the specimen by cutting, electro- 
scopic etching, or thinning by ion sputtering. 

Modern microscopes, such as scanning, 
electron microscopes, field emission micro- 
scopes, and transmission electron micro- 
scopes, open the way to investigate nano- 
meter features of corrosion attack at inner 
interfaces of complex materials. 

Besides SEM, modern methods of scan- 
ning probe microscopy such as STM, AFM, 
and SNOM are used to characterize the mor- 
phology of corrosion attacks of the surface 
down to subnanometer-size features, e g ,  
selective alloy dissolution, ' and open the 
way to in situ observation of corrosion at 
high temperatures and under electrolytes. 

Obviously, numerous methods are used 
in the analysis of corrosion products, and 
most of them are not only used for the in- 
vestigation of corrosion, but are also used 
in many other applications. 

These methods, which are mainly tools of 
analytical chemistry and spectroscopy, are 
not discussed in this chapter, although they 
are of great interest for practical corrosion 
studies. They are discussed in many text- 
books and monographs (Boumans, 1987; 
Diem, 1993; Watts, 1990; Briggs and Seah, 
1990, 1992), and even the more complex 
surface analytical techniques have been dis- 
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cussed in detail concerning their application 
in the corrosion field (Shah, 1994). The 
interested reader may refer to this extensive 
literature. 

7.1.2 Experimental Investigation 
of Corrosion Reactions by Following 
the Chemical Reaction Rate 

As already stated, corrosion is usually ac- 
companied by a chemical reaction, e.g., the 
corrosion of iron in air is described by 

4 Fe + 3 O2 + 2 H 2 0  + 4 FeOOH (7-1) 

Then the corrosion rate, which is identical 
to the reaction of iron atoms per unit time 
and area, is given by 

1 

A 
-- (7-2) 

Obviously, the corrosion rate may then be 
followed as in conventional reaction kinet- 
ics by following the amount of a certain spe- 
cies (metallic iron, gaseous oxygen, amount 
of oxide) with time and calculating the de- 
rivative dnldt. As this procedure usually re- 
quires in situ spectroscopic detection of the 
species for very long times, it is very time 
consuming and not frequently used. Some 
recent exceptions are: 

i) Investigation of the amount of oxide 
formed during the corrosion of electronic 
materials: Aastrup and Leygraf (1997) have 
succeeded in using a quartz crystal micro- 
balance (QCM) with long term stability for 
the analysis of the corrosion rate of materi- 
als used in the electronics industry in order 
to get a direct information on the rather slow 
corrosion rates of these materials. Due to the 
high mass sensitivity of the balance, it is in- 
deed possible to measure very small rates of 
corrosion (Efimov et al., 1997; Grundmeier 
et al., 1996; Smyrl and Naoi, 1990). The 
QCM has also been used to monitor the cor- 

rosion rate in electrolytes; however, the in- 
homogeneous nature of most corrosion pro- 
cesses leads to difficulties in the quantifica- 
tion of the weight change. 

ii) Investigation of the change in the 
amount of metallic iron during corrosion: 
Stratmann et al. (1983 a, b) have developed 
a technique in which they measure directly 
the amount of iron in a corroded material us- 
ing a magnetic balance. This technique pro- 
vides direct access to the corrosion rate, as 
it is independent of weight changes which 
are frequently dominated by scale growth 
and wetting and drying of the corroding sur- 
face. The technique has mainly been applied 
to investigate the atmospheric corrosion of 
iron and low alloyed steel. 

iii) Investigation of the amount of oxy- 
gen consumed during corrosion: Also the 
amount of gaseous oxygen may easily be 
measured during corrosion in a closed and 
gas-tight chamber (1987). The technique 
has frequently been applied to the investi- 
gation of atmospheric corrosion, and is 
much easier to use than the magnetic tech- 
nique described above. However, other fac- 
tors may influence the pressure in a closed 
volume, like temperature changes or a 
changing humidity, and therefore the tech- 
nique may not be used without care. 

iv) Investigation of the amount of oxide 
during corrosion. While the techniques 
mentioned so far have only been used in se- 
lected cases and mostly under laboratory 
conditions, the kinetics of oxide growth are 
routinely followed in high temperature stud- 
ies (Grabke et al., 1993). In this case, a mag- 
netic balance is used and the corrosion ki- 
netics are derived from the mass gain in a 
reactive atmosphere. 

All the techniques mentioned have the 
draw-back that they require expensive ana- 
lytical equipment, need sophisticated ana- 
lysis of the spectra in order to calculate the 
amount of a certain species, and only pro- 
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vide indirect information on the reaction 
rate. They are, in particular, difficult to use 
if the corrosion rate is small, as then the 
concentration of a certain species will only 
change slowly with time and therefore the 
corrosion rate is hardly calculable from the 
derivative of this concentration with time. 

7.1.3 Experimental Investigation 
of Corrosion Reactions by Following 
the Rate of the Electrochemical 
Corrosion Reaction 

Electrochemical techniques exhibit the 
unique possibility to overcome these prob- 
lems, as they provide direct access to the 
corrosion rate and do not need indirect 
measurement of the time dependence of cer- 
tain corrosion products' formation. The cor- 
rosion of iron in air is indeed not given by 
reaction (7-l), but by the sum of two elec- 
trochemical reactions 

(7-3) 

(7-4) 

Therefore the corrosion rate, which is given 
by 1/A . dn/dt, is identical to the number of 
electrons exchanged per unit area and time 

2 Fe + 2 Fe2+ + 4 e- 

0, + 2 H 2 0  + 4 e- + 4 OH- 

1 dn(Fe) 1 1 dQ 1 
A dt A 2 F  dt 2 F  

- j  (7-5) - - -~ 

However, 1/A dQ/dt is identical to a current 
density j divided by the number of electrons 
exchanged over in the elementary step 
(j /n F'). Therefore, if it is possible to meas- 
ure the current which passes the interface, di- 
rect measurement of the reaction rate results. 

Obviously, electrochemical studies are 
unique in the analysis of corrosion rates, as 
they offer direct access to the corrosion rate. 
If only divalent ions will result in the cor- 
rosion reaction, then a current density of 
1 nA cm-, is identical to a mass flux of 
5.2~1O-I~ mol cmP2 s-' (equal to a metal 

loss of 4 x lo-'' pm s-l for iron) and a cur- 
rent density of l A cm-* will correspond to 
5.2 x lop6 mol cm-2 s-l (equal to a metal 
loss of 0.4 mm s-' for iron). As this range is 
accessible to electrochemical methods, it is 
quite obvious that electrochemical tech- 
niques will cover the full range of corrosion 
rates from extremely stable to highly un- 
stable materials. 

However, as during corrosion no net cur- 
rent will pass the interface, the theory of 
electrochemical reaction kinetics will have 
to be applied in order to calculate the cur- 
rent density under free corrosion conditions. 
This current density is called the corrosion 
current density. For a corroding surface 
under simple electrochemical conditions 
(no mass transfer effect), the relation be- 
tween the current density and its driving 
force, the potential drop across the interface 
(electrode potential), is given by the But- 
ler-Volmer equation 

(7-6) 
In this equation j,,, is the corrosion current 
density and q the potential difference be- 
tween the actual electrode potential and the 
free corrosion potential. The equation may 
be simplified for large values of q and for 
small values of q. For the first situation, a 
simple half-logarithmic relation results 
between In j and q, and the corrosion rate 
i,,,, is calculated if the current density j is 
plotted versus q and the plot is extrapolat- 
ed for a q + 0 Tafel extrapolation 

for q s . 0  (7-7) 

q for q 4 0  (7-8) acath 

RT 
In l j l  = In Ij,,, I - ~ 

If, however, only small changes of q are 
considered, then the corrosion rate is directly 
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linked to the slope of the current density 
potential plot at q = 0 (corrosion resistance) 
by 

rl 
(aan + %ath 

j = jc0, 
RT 

then 

(7-9) 

(7-10) 

(7- 1 1) 
1 RT 

Icon = __ (7-12) 
Rc.t. (aan + %ath ) 

As the current density potential plot is mea- 
surable by a standard electrochemical set- 
up, both extrapolations are possible and fre- 
quently used in electrochemical corrosion 
studies (Landolt, 1995 b). However, there 
are severe limitations to the application of 
these techniques. In particular, the surface 
composition should not change during the 
electrochemical measurement, which is 
quite unlikely for most corroding surfaces. 

As electrochemical measurements are of 
particular importance for corrosion studies, 
this chapter will only concentrate on them. 
However, since many textbooks and mono- 
graphs discuss the earlier-mentioned simple 
analysis of current-voltage plots, this dis- 
cussion will not be covered here. In recent 
years, more sophisticated techniques have 
been developed, and these partly overcome 
the restrictions of conventional electro- 
chemical measurements as they either pro- 
vide only a small potential perturbation on 
the corroding system (impedance spectros- 
copy), use no perturbation at all (electro- 
chemical noise analysis), are able to meas- 
ure current and potential fluctuations on in- 
homogeneous corroding surfaces (vibrating 
electrochemical electrode techniques), or 

are even able to gather electrochemical 
information on systems that have not been 
accessible to electrochemical techniques 
before (scanning Kelvinprobe) (Kaesche, 
1985; Baboian, 1986; Marcus and Oudar, 
1995; Bard and Faulkner, 1980; Gileadi, 
1993). This chapter will focus mainly on 
electrochemical measurements as sophisti- 
cated ways to investigate corrosion process- 
es in situ. 

7.2 Eletrochemical Impedance 
Spectroscopy and Noise Analysis 

7.2.1 Introduction 

The corrosion of metals, alloys, and semi- 
conductors in contact with an electrolytic 
solution is a dynamic process which in- 
volves several elementary steps. Besides the 
characteristic charge transfer at the elec- 
trode/electrolyte interface, other more or 
less strongly coupled reactions can take 
place 

transport of the reacting species in the 
bulk of the electrolyte solution often as- 
sociated with homogeneous chemical re- 
actions, e.g., complexing or solvation of 
ions, 
adsorption of species on the electrode 
surface with weak or strong interactions 
to the substrate, 
heterogeneous chemical reactions occur- 
ring consecutively or parallel to each 
other, 
the formation of porous corrosion prod- 
uct layers at the surface which act as dif- 
fusion barriers or interface inhibitors for 
transport controlled oxygen reduction. 

Corrosion studies are aimed to analyze and 
characterize the system in terms of reaction 
mechanism, kinetic control, chemical iden- 
tification of reaction intermediates, and at 
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least the estimation of the corrosion rate as 
the most relevant technical parameter. 

Electrochemical impedance spectrosco- 
py (EIS) and the related time and frequen- 
cy domain techniques have gained increas- 
ing importance for the investigation of elec- 
trochemical and corrosion systems (Ga- 
brielli, 1980; Epelboin et al., 1981 a, b; Ga- 
brielli et al., 1983; Macdonald, 1977,1987; 
Macdonald and McKubre, 198 1 ; Lorenz 
and Mansfeld, 1984; Juttner et al., 1985; 
Deslouis and Tribollet, 1991 ; Juttner, 1990; 
Macdonald et al., 1998). Modern transfer 
function analyzers which are now available 
allow measurements over a wide frequency 
range of 106-104Hz. The power of this 
technique lies in the fact that it is capable of 
accessing relaxation phenomena with time 
constants varying over many orders of mag- 
nitude, and makes it possible to study very 
fast and slow interfacial processes with high 
accuracy. The steady state character of this 
technique allows the application of signal 
averaging to gain the desired level of preci- 
sion for a single experiment. 

7.2.2 The Principle of Dynamic System 
Analysis 

Analyzing the dynamic behavior of a cor- 
rosion system requires special techniques, 
which differ essentially from conventional 
dc techniques, such as measurements of the 
open circuit potential, polarization curves, 
weight loss, or other physicochemical pa- 
rameters. Based on dynamic system analy- 
sis and linear system theory (LST), electro- 
chemical impedance spectroscopy (EIS) is 
one of the most powerful nonconventional 
techniques. 

The scheme in Fig. 7-1 shows the princi- 
ple of this technique. The system under 
investigation can be considered as a black 
box containing internal rules and relations 
between system specific parameters. In the 

- 
Y(s) = X(s)H(s) 

Figure 7-1. Principle of dynamic system analysis. 

case of a corrosion system, the black box 
can be identified with the interface of the 
corroding metal electrode in contact with an 
electrolyte solution, and the parameters are 
the electrode potential E, the current density 
i, the temperature T, the bulk concentration 
or surface excess of reactants, and the reac- 
tion products or intermediates. In heteroge- 
neous corrosion systems, other variables 
may be the physical properties of surface 
layers, their electronic and ionic conductiv- 
ity, dielectric constants of oxide layers, etc. 
These parameters are not in general inde- 
pendent but coupled by a complex network 
of differential equations and systems inher- 
ent relations. 

The steady state of such a system can be 
described by mean values and time averag- 
es of accessible parameters, e.g., the steady 
state current density as a function of the 
electrode potential, i ( E )  polarization curve, 
and its dependence on other system param- 
eters. However, for elucidating complex re- 
action mechanisms, steady state measure- 
ments are not appropriate and in general not 
suitable for separation of the kinetic param- 
eters and transport constants of interfacial 
reactions with different time constants. For 
the study of complicated corrosion systems, 
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transfer function analysis is more appropri- 
ate, as has been demonstrated by the large 
number of studies as documented in Mattos 
(1999), Gabrielle (1990), Macdonald (1993), 
and Vereecken (1996). 

The procedure shown in Fig. 7-1 de- 
scribes the perturbation of a system by a sig- 
nal x ( t )  superimposed to the steady state, 
which causes the system to respond by a sig- 
nal of the conjugated variable y( t )  (Jiittner 
et al., 1985). Regardless of the shape of the 
x ( t )  perturbation, linear system theory pre- 
dicts that the dynamic behavior of the 
system is fully determined by its transient 
response y(t)  in the time domain or by its 
transfer function R(s) in the frequency do- 
main. In the time domain, the correlation 
between system perturbation x ( t )  and re- 
sponse y(t)  is given by the convolution of 
bothfunctions,x (t)=y ( t )xh  (t),definedby 
the integral 

03 

y ( t )  = I x ( t - t )  h (t) d t  (7- 13) 
0 

The characteristic function h ( t )  contains 
complete information of the dynamic be- 
havior of the system. Extracting this infor- 
mation from Eq. (7-13) is a rather complex 
mathematical procedure in the time domain. 
Instead, it is more advantageous to trans- 
form the problem into the frequency domain 
(s). This is performed by applying Laplace 
or Fourier transformation 

Laplace transform L: 
00 

x (s) = j x  ( t )  e-S‘ dt (7-14) 
0 

Fourier transform F: 
m 

x ( s ) =  Ix(t)e-”‘ dt (7-15) 
-m 

where s = a +j b is a complex variable, with 
j = m. In the special case of sinusoidal 

perturbation, the variable s is replaced by 
the complex frequency s = j w, where w = 
2 x f i s  the angular frequency. Without any 
loss of information the transformation of 
Eq. (7-13) leads to a much simpler, linear 
algebraic equation 
- 
Y (s) = z7 (s) x (s) (7-16) 

where x (s) and F (s) are the L transform of 
x ( t )  andy(t), andH(s) is the so-called trans- 
fer function of the system. H ( s )  is obtained 
as the quotient of F(s) and x ( s )  and con- 
tains complete information on the dynamic 
behavior of system 

(7-17) 

The transformation L can be reversed, L-’. 
That means, if the transfer function H(s )  of 
a system is available, the system response 
y ( t )  in the time domain can also be obtained 
from the reverse transform of L-’ [ F (s)] 

y ( t )  = L-’ [I7 (s) x (s)] (7- 18) 

According to linear response theory, the 
procedure described is valid independent of 
the particular type of perturbation, e.g., si- 
nusoidal, multi-sinus, step function, Dirac 
pulse, white noise, etc., provided the system 
meets the following conditions (Kramers, 
1929; de Kronig, 1926; Van Meirhaeghe 
et al., 1976; Macdonald and Urquidi-Mac- 
donald, 1985; Urquidi-Macdonald et al., 
1986). 

a) causality - the response cannot precede 
the perturbation, 

b) linearity - the relationship between the 
perturbation and response can be de- 
scribed by linear differential equations, 

c) stability -the system returns to its origi- 
nal state after the perturbation is removed, 

d) finiteness - the impedance should be fi- 
nite at all frequencies, including w =  0 
and w = 00. 
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Compliance with these constraints may be 
demonstrated by showing that the real and 
imaginary components of the transfer func- 
tion obey the Kramers-Kronig (K-K) 
transforms (Kramers, 1929; de Kronig, 
1926; Van Meirhaeghe et al., 1976; Mac- 
donald, 1987), as discussed in detail by 
Macdonald and Urquidi-Macdonald (1985) 
and Urquidi-Macdonald et al. (1986). 

7.2.3 Measurement of the 
Electrochemical Impedance 

An advantage of this concept is that the 
mathematical tools of analysis are well de- 
veloped from electronics engineering. For 
the analysis of electrical networks, voltage 
and current signals V ( t )  and I ( t )  are applied 
as input x ( t )  and output y (t) ,  respectively. 
In this case the transfer function A(s) in the 
frequency domain is identified as the recip- 
rocal electrical impedance Z ( s )  or 20’ w). 

The same formalism can be applied for 
characterizing and analyzing electrochemi- 
cal systems, in particular corrosion systems. 
The electrode potential E ( t )  and current 
density i (t) ,  applied as perturbation and re- 
sponse, yield the electrochemical impe- 
dance of the electrode/electrolyte interface 
Z ( j  w). However, the analogy between 
electronic and electrochemical systems 
should not be taken too far, because there 
are significant differences (Macdonald 
et al., 1998): 

i) Electrochemical systems are in general 
nonlinear. For example, the relationship 
between current and potential as de- 
scribed by the Butler-Volmer equation 
follows an exponential dependence. 

ii) Electrochemical systems (in particular 
corrosion systems) are not stable. They 
tend to drift with time, so that instabil- 
ity, which does not appear in passive 
electronic circuits, becomes a major is- 
sue. 

iii) Electronic circuits are composed of pas- 
sive elements, e.g., resistances, capaci- 
tances, and inductances, whereas elec- 
trochemical systems may contain active 
elements, such as localized galvanic 
cells or a super-saturation, which may 
act as driving forces for noncausal 
system behavior. 

The application of dynamic system analysis 
in electrochemical systems is shown sche- 
matically in Fig. 7-2 for measurements at a 
fixed frequency w = 2 n7df. The upper part of 
Fig. 7-2 describes the electrical set-up used 
for the measurement. It contains: 

0 the three-electrode electrochemical cell 
consisting of the working (WE), counter 
(CE), and reference electrode (RE), 

0 the electronic potentiostat, that controls 
the potential E and current I at the WE 
with respect to RE, and 

I 1 CE 

analyzer 

-- 
FRA potentiostat electrochemical 

cell 

I 5 AE(t)=AEsinwt 

Figure 7-2. Schematical diagram of electrochemical 
impedance measurements; (Upper part) set-up with 
the electrochemical cell, the potentiostat, and the fre- 
quency response analyzer (FRA); (Lower part) poten- 
tial perturbation AE(t)  and the current response Al(r) 
superimposed to the steady state point (Es,  I , )  of the 
polarization curve. 
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the frequency response analyzer (FRA), 
which performs the necessary transfor- 
mation of the signals from the time do- 
main into the frequency domain, auto- 
matically yielding the impedance2 ( j  w). 

The lower part of Fig. 7-2 shows a station- 
ary polarization curve with a sinusoidal po- 
tential perturbation 

AE ( t )  = A E  sin w t (7-19) 

of amplitude AE and frequency w = 2 n7df, 
superimposed to the selected point of oper- 
ation on the polarization curve character- 
ized by the steady state values E,  and Z,. The 
perturbation signal is supplied by an inter- 
nal generator of the FRA. The current re- 
sponse of the system is also of sinusoidal 
shape and has the same frequency w, how- 
ever with a phase shift cp and an amplitude 
AZ, both of which are functions of the ap- 
plied frequency w 

AZ ( t )  = AZ sin (w t + (p) (7-20) 

The quotient of the Fourier transformed per- 
turbation and response signals yields the 
complex impedance Z ( j  w) 

with modulus 121 = AEIAI and phase angle 
cp as the frequency dependent parameters. 
The full impedance spectrum over a wide 
frequency range is obtained by variation of 
the frequency w. Linear behavior of the 
electrochemical system is attained by apply- 
ing a perturbation signal of sufficiently 
small amplitude, typically a few millivolts. 
Linearity can be proven experimentally by 
studying the dependence of 2 ( j  w)  on the 
amplitude AE. The system response is line- 
ar as long as the impedance is independent 
of the applied amplitude. 

Figure 7-3. Equivalent circuit of the electrochemical 
impedance consisting of the double layer capacitance 
C,,, the impedance of the Faraday reaction Z,, and the 
ohmic resistance of the electrolyte R,. 

The electrochemical impedance 2 ( j  0) 
obtained in this way can be described by the 
general equivalent circuit shown in Fig. 7-3. 
It consists of the double layer capacity c d l  

in parallel to the Faraday impedance Z,, 
which contains the most interesting infor- 
mation on the electrochemical reactions tak- 
ing place at the electrode surface. The Far- 
aday impedance 2, in general is a nonohmic 
complex function of the frequency w. In Fig. 
7 - 3  the ohmic resistance R ,  in series to 2, 
and cd, corresponds to the resistance of the 
electrolyte solution between the tip of the 
reference electrode RE and the working 
electrode WE. 

7.2.4 Presentation of Impedance Data 

Since the impedance 2 ( j  w )  is a complex 
number 

z ( j  0) = Z’(w)  + j  Z ” ( 0 )  (7-22) 

it can be represented as a vector in the com- 
plex plane either by its real Z’and imagi- 
nary part Z”or by its modulus 121 and phase 
angle cp, as shown in Fig. 7-4, where 

IZI = V F T F  (7-23) 

and 

cp = arctan (-f) (7-24) 
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real part 2, 

Figure 7-4. Representation of the impedance Z(w)  = 
Z’+ j Z”in the complex plane. 

Correspondingly, the impedance data are 
displayed as parameter plots of -Z” versus 
Z’(Nyquist plot), or as log IZI and q versus 
log co (Bode plot). 

7.2.5 Interpretation of Impedance Data 

7.2.5.1 The Polarization Resistance 

The main concept that most of the corro- 
sion data interpretation is based on was first 
introduced by Wagner and Traud (1938), ac- 
cording to which galvanic corrosion is an 
electrochemical process with anodic and ca- 
thodic reactions taking place as statistical- 
ly distributed events at the corroding sur- 
face. The corresponding partial anodic and 
cathodic currents are balanced so that the 
overall current density is zero. This concept 
has proven to be very useful, since it allowed 
all aspects of corrosion to be included into 
the framework of electrochemical kinetics. 
Directly deduced from this were the meth- 
ods of corrosion rate measurement by Tafel 
line extrapolation, or the determination of 
the polarization resistance R, from the slope 
of the polarization curve at the open circuit 
corrosion potential 

Rp = 
(7-25) 

where R, is correlated to the corrosion 
current density (icon) by the well known 

Stern-Geary relation (Stern and Geary, 
1957) 

1 b+b- 1 
2.303 (b+ + b-) R, 

- - 
ko, - (7-26) 

This equation was first postulated empiri- 
cally by Wagner and Traud (1938). In 
Eq. (7-26), b, and b- are the slopes of the 
Tafel lines of the anodic and cathodic par- 
tial reactions. The fundamentals of polariza- 
tion resistance measurements have been de- 
scribed in more detail by Mansfeld (1976). 
This concept has also been adopted for 
the interpretation of EIS (Mansfeld, 1981; 
Mansfeld et al., 1982). For the simplest case 
of a purely reaction controlled corrosion 
process, the Faraday impedance Z, in 
Fig. 7-3 may be replaced by a potential de- 
pendent charge transfer resistance R,(E), 
which is composed of the charge transfer re- 
sistances of the anodic and cathodic partial 
reactions. At the corrosion potential, the 
polarization resistance corresponds to R, = 
Rt(Ecom). The overall impedance of the 
equivalent circuit in Fig. 7-3 can then be de- 
scribed by 

Z ( j  w )  = RQ + RP (7-27) 
l + j ~ C d l  Rp 

Figure 7-5 shows a simulation of the impe- 
dance of this circuit in Nyquist and Bode 
plot presentations. In the complex plane 
(Nyquist plot), an ideal capacitive semicir- 
cle with R, as the diameter is displayed. 
Adopting this simplified model, analysis of 
corrosion systems is often reduced to the de- 
termination of the polarization resistance R, 
available from the low frequency limit 

R,= lim [z(jco)-&] 
W + O  

(7-28) 

The electrolyte resistance R, is assessable 
from the limit of the high frequency part of 
Z ( j  ~1 
& =  lim [ztjco)] (7-29) 

w + -  
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Figure7-5. Simulation of the impedance of the 
equivalent circuit in Fig. 7-3 for the case Z, = R,; R ,  
= 10 B cm2, C,, = 20 pF cm-’, and R, = 100 52 cm’. 

The double layer capacity c d l  is related to 
the time constant z = R, c d 1  and can be cal- 
culated from the characteristic frequency f * 
as indicated in Fig. 7-5 

1 f * =  
7C Rp cdl 

(7-30) 

Experimental data that show the influence 
of an inhibitor on iron corrosion in acidic 
solution are shown in Fig. 7-6 (Juttner et al., 
1985). The Nyquist plot of the impedance 
in 0.5 M H,SO, solution exhibits a capaci- 
tive semicircle with a small polarization re- 
sistance. In the presence of the interface in- 
hibitor triphenylphosphoniumchloride, the 
magnitude of the impedance is significant- 
ly increased and an inductive loop appears 
at low frequencies. The increase of the po- 
larization resistance is in agreement with 
Eq. (7-26), indicating that the corrosion cur- 
rent density i,,,, is decreased in the presence 
of the inhibitor. For comparison, R, values 
obtained in using other conventional tech- 
niques, e.g., from the steady state potentio- 
static and galvanostatic polarization curves, 
as well as from solution analysis by atomic 
absorption spectroscopy (AAS), are also in- 
cluded in Fig. 7-6. There is fairly good 
agreement between the R, values of the con- 
ventional techniques and that of the impe- 
dance measurement. 

7.2.5.2 Frequency Dispersion 

In most corrosion systems the capacitive 
semicircle exhibits significant deviation 
from an ideal semicircle. This has often been 
referred to as frequency dispersion attribut- 
ed to surface inhomogeneities and distrib- 
uted circuit elements. Detailed analysis of 
the experimental data shows that this devi- 
ation can be described by a rotation of the 
semicircle below the real axis by an angle 
y, as shown in Fig. 7-7. A good approxima- 
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Figure 7-6. Impedance of pure 
iron in 0.5 M H,SO, sdlution 
without (-o-) and with 100 mM 
triphenylbencylphosphonium- 
chloride as inhibitor (-X-); For 
comparison, values of the pola- 
rization resistance R, derived 
from other measurement tech- 
niques are: R: cyclic voltammet- 
ric, R,, galvanostatic, and RP2 po- 
tentiostatic polarization curves, 
and solution analysis by atomic 
absorption (AA) (Juttner et al., 
1985). 

CPE 

RP 

tion, which is often used in corrosion stud- 
ies to describe this effect, is the well-known 
dispersion formula (Cole and Cole, 1941; 
Mansfeld et al., 1984; Kendig et al., 1984; 
Juttner et al., 1985; Juttner, 1990). 

Z(jco)= RP (7-3 1) 
1 + ( j  w>a Rp c d l  

where the capacitive element j co c d ,  is re- 
placed by a so-called constant phase ele- 
ment 

(7-32) 

The exponent a, which can vary in the range 
Oc a< 1 ,  is related to the angle of rotation y 

through the relation 
n 

y = (1 - a) - (7-33) 
2 

A special case of a constant phase element 
with a = 0.5 is the Warburg impedance 

(7-34) 

which describes semi-infinite linear diffu- 
sion (Warburg, 1899). In general, the phys- 
ical meaning of frequency dispersion is not 
yet fully understood (Macdonald, 1987). 
Theoretical models, which describe the 
roughness of the electrode surface in terms 
of fractal geometry, predict a correlation 
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between the exponent a and the fractal di- 
mension D, (Le Mehaute and Crepy, 1983; 
Liu, 1985; Nyikos andpajkossy, 1985; Ked- 
dam and Takenouti, 1988). 

DF -1 a=- - (7-35) 
L 

Experiments on model electrodes of fractal 
geometry were found to be in accordance 
with the theoretical prediction (Pajkossy 
and Nyikos, 1989). The effect of surface 
roughness and porosity is of great impor- 
tance, and several impedance models were 
derived to explain the effect of three-dimen- 
sional electrode structures, as reviewed by 
de Levie (1967). 

7.2.5.3 Surface Inhomogeneities 

The above considerations clearly indicate 
that quantitative analysis of impedance data 
must be based on a physical model of the 
corrosion process taking into account the 
fact that solid electrodes (metals and semi- 
conductors) are inhomogeneous, both on a 
microscopic and a macroscopic scale (Jutt- 
ner, 1990). The distribution and size of ac- 
tive and inactive domains depend on the na- 
ture of the electrode. Surface inhomogen- 
eities may originate from the crystallo- 
graphic and physical properties of the solid 
material, e.g., point defects, atomic disor- 
der, lattice distortions, emergence of edge 
and screw dislocations, grain boundaries, 
and other microscopic singularities, which 
are well-known as active centres of crystal 
growth or metal dissolution, as preferred 
sites for adsorption processes, or as donor- 
acceptor states in semiconductors. Inhomo- 
geneities of a macroscopic scale may arise 
from sorption phenomena leading to 2-D 
partial blocking effects on the surface, the 
formation of 3-D porous corrosion product 
layers, or defects in 3-D passivating oxide 
films. The effect of surface inhomogeneities 

on the corrosion behavior is of great impor- 
tance, since in practice the major part of 
corrosion problems arises from localized 
corrosion phenomena. Conventional elec- 
trochemical impedance techniques can pro- 
vide integral information of the corrosion 
system, but the effect of surface inhomogen- 
eities on the impedance spectra can be ex- 
plained if these effects are taken into ac- 
count by the appropriate model interpreta- 
tion (Park and Macdonald, 1983; Lorenz 
and Heusler, 1987; Lorenz and Mansfeld, 
1986; Elsener and Bohni, 1986; Oltra et al., 
1986; Caprani et al., 1987; Mansfeld and 
Lorenz, 1991). 

In the following sections, examples will 
be given to demonstrate the role of surface 
films and their effect on transfer function 
analysis in corrosion systems. Local probe 
techniques like SRET, SVET, scanning Kel- 

0 3 - 2 - 1  0 1 2  3 4 s 
log ( f I Hz ) 

Figure 7-8. Impedance of a quasi-perfect organic 
coating on steel; Experimental data (0) and optimum 
fit (-) using model A in Fig. 7-9 (Titz eta]., 1990). 
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vinprobe, and also localized electrochemi- 
cal impedance spectroscopy (LEIS) have 
been developed to study these phenomena 
with lateral resolution, as will be discussed 
in Secs. 7.3 and 7.4. 

RJO 

(1 -0)CL Rn I I  

7.2.5.4 Single Layer Impedance Model 

Corrosion protection of metals by the for- 
mation of 3-D surface films is of great prac- 
tical importance. Organic coatings to pro- 
vide corrosion protection are widespread. 
Local defects in the three-dimensional film 
and delamination may originate from me- 
chanical damage, the growth of pores, or 
weakening of the coating by ionic conduc- 
tive pathways. Furthermore, from a practi- 

A 

B 

M L El 

M L El 

cal point of view, the bonding of coatings to 
the metal substrate is of outstanding impor- 
tance for the quality of the protection. 

Different models have been proposed to 
describe EIS measurements obtained on 
model systems and technical coatings 
(Leidheiser, 1979, 1987; Macdonald and 
Braclunan, 1956; Beaunier et al., 1976; Ha- 
ruyama et al., 1987; Mansfeld and Kendig, 
1982, 1985, 1986; Mansfeld et al., 1986; 
Mansfeld, 1988). These models have been 
applied for the industrial screening of or- 
ganic coatings on bare and phosphated steel 
in 0.5 M NaCl solution (Titz et al., 1990). 
Figure 7-8 shows a typical impedance spec- 
trum of a quasi-ideal coating that does not 
exhibit any indication of corrosion attack, 

OCL 

Rd( 1-0) 
Figure 7-9. Impedance model of an organic coating L on a metal surface M in contact with an electrolyte El; 
model A without defects, model B with defects; 0 degree of coating coverage. 
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even after exposure times of up to half a 
year. The Bode plot shows a pure capacitive 
behavior over a wide frequency range and 
the polarization resistance at low frequen- 
cies is in the order of 10" Ohm cm2. This 
is the simple case of a homogeneous 3-D 
film, which is well described by model A in 
Fig. 7-9. The impedance of the coated elec- 
trode is approximately described by a par- 
allel combination of the capacitance (C,) 
and the resistance (RL) of the layer 

(7-36) 

An improved fit of the experimental data in 
Fig. 7-8 was obtained by using a CPE in- 
stead of the layer capacitance in Eq. (7-36). 

The impedance spectra of a coating with 
relatively poor application quality exhibit 
significant deviations which appear after a 
relatively short exposure time Fig. 7-10. 
The polarization resistance decreases and a 
plateau develops at medium frequencies in 

h 

N 

a b 

the log 121 versus logf plot corresponding 
to the minimum in the phase angle cp versus 
logfplot. The overall impedance 2 (j o) of 
the inhomogeneous damaged coating can be 
described by model B in Fig. 7-1 1 (Titz 
et al., 1990; Hitzig et al., 1986; Paatsch 
et al., 1987; Juttner et al., 1989). It com- 
bines the ideal film impedance Z, and the 
impedance of the corrosion process Zcorr, 
which occurs at the substrate/electrolyte 
interface at the bottom of the pores. The ad- 
mittance z-' of the parallel combination of 
Z, and Z,,,, is the sum of the admittances of 
both contributions weighted by the degree 
of coating coverage 0 

z 0' o)-l = 0 x 2, ( j  C 0 - l  + 
+ (1 - 0) x z,,,, ( j  o)-I (7-37) 

7.2.5.5 Sandwich Layer Impedance 
Model 

Typical examples of sandwich layer 
structures are the oxide films of anodized 

Figure 7-10. Bode diagrams of a 
nonperfect organic coating on steel 
in 0.5 M NaCl solution after differ- 
ent exposure times: a) I h; b) 48 h; 

fit (-) using model B in Fig. 7-9. 

-5 

-30 

experimental data(.) and optimum 
log ( f I Hz ) 
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Figure 7-11. Impedance models of a sandwich-layer system; model A without defects, model B with defects in 
the outer layer L,; model C with defects in the outer L, and the inner layer L,. 
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aluminum, which consist of a thin barrier- 
type layer and a thick porous layer. The di- 
mensions and properties of both layers are 
known to depend on the technical conditions 
of sulfuric acid anodization and the sealing 
conditions (Titz et al., 1990; Hitzig et al., 
1986; Paatsch et al., 1987; Juttner et al., 
1989). 

The impedance of this sandwich film can 
be described sufficiently well by the mod- 
els given in Fig. 7- 12. The undamaged film 
impedance is the sum of the single layer im- 
pedances 

Z L ( j  W) = ZL, (j W) + Z L 2  (j W) (7-38) 

each of which is characterized by a parallel 
combination of capacitances CLj and resis- 
tances R L i .  Two types of damages may be 

8 -60 
U 
\ 

4 
-30 

0- 
2 1 0 1 2 3 4  

log ( f I Hz) 
Figure 7-12. Bode plots of anodized aluminum in 
0.5 M NaCl solution without pit (0) and after the 
drilling of 3 (A) and 12 (0) artificial pits; (-) opti- 
mum fit using the “active pit” model C in Fig. 7-1 I .  

considered, leading to the “passive pit” 
model B, where local damage is restricted 
to the outer layer, and the “active pit” mod- 
el C, where the pits penetrate both layers 
leading to active corrosion of the sample 
(Juttner et al., 1989). 

The corresponding transfer functions of 
both models are given by 

ZL,passiv ( j  ~ ) - l =  0 x zL1+L2 ( j  

+ (1-0)  XZ,, ( j  w)-’ (7-39a) 

and 

ZL,active ( j  ~ 1 - l  = 0 x zL1+L2 ( j  w)-’ 
+ (1 - 0) x Zc,,, ( j  w)-’ (7-39 b) 

Figure 7-12 shows Bode plots of freshly an- 
odized hot water sealed A1 7505 samples, 
which demonstrate the effect of local de- 
fects (Juttner et al., 1989). Two curves were 
obtained in 0.5 M NaCl after drilling a cer- 
tain number of artificial pits. In the presence 
of C1-, perfect re-passivation of the oxide 
film is not possible and localized active 
metal dissolution takes place. Under these 
conditions, the active pit model C is appli- 
cable and the full line curves in Fig. 7-12 
show the optimum fit. 

The impedance model of the defect mul- 
ti-layer film was also applied to character- 
ize the corrosion behavior of anodized tech- 
nical aluminum samples under different 
weathering conditions in a natural environ- 
ment (Hitzig et al., 1986; Paatsch et al., 
1987; Juttner et al., 1989). 

7.2.5.6 Equivalent Circuit 
Versus Transfer Function 

The interpretation of impedance data in 
terms of electrical equivalent circuits, as 
discussed by the examples given before, on- 
ly makes sense if the elements of the circuit 
are unequivocally related to the physical 
properties of the corrosion system. Howev- 
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A 

RZ 
Figure 7-13. Two equivalent circuits A and B. 

er, since corrosion systems are rather com- 
plex, certain processes like transport cannot 
be described by a limited number of passive 
elements such as resistance, capacitance, 
and inductance. If the number of such ele- 
ments needed for the description of the ex- 
perimental data increases, the number of 
equivalent circuits also increases. This can 
easily be demonstrated for the two equiva- 
lent circuits A and B in Fig. 7-13. Each cir- 
cuit consists of three elements, but the math- 
ematical structure of the impedance is iden- 
tical in both cases 

( R l + R 2 ) + j o R l  R2C 
l + j w R , C  

Z =  

and 
z*= Rf + j o  R;" Rz C* 

1 + j o (RF + Rz ) C* 
(7-40) 

and can be described by the more general 
transfer function 

a o + j o a ,  

l + j w b l  
Z =  (7-41) 

The coefficients ao, al,  and bl are related to 
the circuit elements by the following set of 
equations 

a. = R1 + R2 = Rf 
a ,  = R1R2 C =  RT R$ C* 
bl = R2 C =  (Rf + R$) C* (7-42) 

B 

R*i 

Therefore, if an experiment can be interpret- 
ed in terms of circuit A, it can also be ex- 
plained in terms of circuit B, and each set of 
circuit elements can be calculated from the 
other one. This ambiguity makes a physical 
interpretation doubtful. Whereas the trans- 
fer function [Eq. (7-41)] gives an unequiv- 
ocal description of the system, the set of co- 
efficients ao-b, is determined and related to 
the parameters of a physical model. There- 
fore, it should be the aim of impedance anal- 
ysis to derive a theoretical transfer function 
on the basis of a physical model of the 
system. 

7.2.5.7 The Transport Impedance 

An example of a transfer function based 
on a physical model is the Nernst impedance 
of a transport controlled electrode reaction. 
The impedance spectra in Fig. 7-14, which 
were obtained on a rotating platinum disk 
electrode at the equilibrium potential of the 
iron hexacyanoferrate redox system, exhib- 
it the typical shape of a transport-controlled 
process. The transfer function cannot be 
described by a limited number of electrical 
circuit elements but must be derived from 
the differential equations of Fick's 2nd law 
and the appropriate boundary conditions. 
For finite linear diffusion, the so-called 
Nernst impedance Z, can be derived theo- 
retically 
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Figure 7-14. Impedance diagrams of a diffusion- 
controlled reaction on a rotating disk electrode (RDE); 
System: Pt10.02 M [Fe(CN),I3-, [Fe(CN),I4-+ 0.5 M 
Na,S04 (N2); rotation frequencyf,,,ls-': a) 0, b) 10, 
c) 20, d) 40. 

RT IN tanh d j  cr) 1; I D  
ZN ( j  0) = z2  F ~ C O D  J j c r ) l i / D  

(7-43) 
which on increasing the diffusion layer 
thickness (IN + -) approaches the so-called 
Warburg impedance of semi-infinite linear 
diffusion 

D T  1 

The transfer functions 2, and Zw contain 
the physically relevant parameters of the 
system: the diffusion layer thickness IN, the 
diffusion coefficient D, and the surface con- 
centration of the electroactive species co, 
while the other parameters have their usual 
meaning. 

A similar transfer function analysis has 
been applied to corrosion systems when 
transport-controlled processes were not 
negligible. An example is the corrosion of 
iron in neutral aerated solution. 

7.2.5.8 Iron Corrosion 
in Neutral Solution 

The corrosion of iron and steel in aerat- 
ed neutral or weakly acidic solution is 
strongly affected by the formation of a por- 
ous inhomogeneous layer of corrosion prod- 
ucts at the surface. The thickness, structure, 
and electronic properties of this layer are de- 
pendent on the composition of the corrosion 
medium, the exposure time, and the hydro- 
dynamic conditions. This is evident from 
the time and rotation dependence of the po- 
larization curves and the impedance dia- 
grams shown in Figs. 7-15 and 7-16 ob- 
tained with a rotating disk iron electrode. 
The polarization curves show a distinct de- 
pendence on the exposure time. Due to the 
formation of corrosion products (rust), the 
limiting cathodic current density of the 
transport controlled oxygen reduction de- 
creases with time and the corrosion poten- 
tial shifts in negative direction. In Fig. 7-16 
the impedance spectra measured at the 
corrosion potential exhibit a clear depen- 
dence on the rotation frequency vrot, indi- 
cating the influence of mass transport con- 
trol. It is evident that the polarization resis- 
tance R, and the corrosion rate i,,, cannot 
simply be determined from the low frequen- 
cy part of the impedance spectra, since an 
intercept on the real axis is not defined. For 
the interpretation and evaluation of corro- 
sion relevant parameters, a model has been 
derived (Fig. 7-17), which is based on the 
following assumptions (Juttner et al., 1986, 
1988): 
a The corrosion reactions are the anodic 

metal dissolution (Me + MeZ++z e-) and 
the cathodic oxygen reduction at the bot- 
tom of the pores (02+2H,0+4e-+ 
4OH-). Both reactions take place in par- 
allel at different sites on the surface. 
To a first approximation, the metal disso- 
lution is considered as a charge transfer 
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Figure 7-16. Influence of the rotation frequency fro, 
on the impedance of iron corrosion in the system of 
Fig. 7-15 after an exposure time of 20 h;fro,/s-': 0 (0) 
4, (O), and 16 (A); optimum fit (-) using the theo- 
retical transfer function Eq. (7-45); for fit parameters 
see Table 7- 1 .  

controlled process and the oxygen reduc- 
tion as diffusion-controlled. 

0 The transport of oxygen in front of the 
porous layer can be described by an in- 
homogeneous diffusion model (Hitzig 
et al., 1984) consisting of a Nernst impe- 

Figure 7-15. Polarization 
curves of iron after different 
times of exposure t,,,; 
System: Fe(RDE)/O.S M 

14 s-', tcorr/h: 1 )  1,  2) 2, 
3) 3 ,4)  6, 5 )  18,6) 24. 

Na2S04 (N2h PH 8,fro,  = 

dance Z, and a term oZ,which contains 
all deviations from the ideal linear trans- 
port regime. The transport within the por- 
ous film is described by a linear pore im- 
pedance Zpor and the factor a/( 1 + a). 

0 The inhomogeneity of the surface is de- 
scribed by the blocking factor a 

0 inactive surface area - o=- - 
1 - 0 active surface area 

0 The complex impedance of the anodic 
metal dissolution Z,, in parallel to the 
overall transport impedance and the elec- 
trode capacitance (Fig. 7-17) is approx- 
imated by a charge transfer resistance 
R,, related to the corrosion current den- 
sity. 

The explicit transfer function of the inho- 
mogeneous transport is obtained from the 
solution of the diffusion problem, taking 
into account Matsuda's approach of a par- 
tially blocked electrode surface (Hitzig 
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et al., 1984). The elements that describe 
oxygen diffusion in front of the surface are 

7.- -- 

tanh 2/j w 1; I D  
ZN = RN with f i@ 

RT IN 
RN = 

2 2 0  z F c  D 
(7-45) 

and 

tanhl / ( jo+  W ) l ; l D  

\Fu+ W )  1; I D  
with 2, = R, __~__ 

RT 1, 

z F c  D 2 2 0  
Ru = (7-46) 

where D is the diffusion coefficient of oxy- 
gen and W a formal rate constant, which de- 
scribes the lateral transport in front of the 
pores as a function of the pore separation 
and the blocking factor o (Hitzig et al., 

inhomogeneous diffusion of 
oxygen and reaction control 
of the anodic metal dissolu- 
tion (ZMe); (a) metal/electro- 
lyte interphase, (b) elements 
of the transfer function. 

1984). The transport within the porous layer 
is described by the linear transport impe- 
dance 

7-- 

(7-47) 

According to Fig. 7-17, the complete trans- 
fer function Z (s) is then given as 

1 
(7-48) - - _ _ _ _ _  1 

Z ( j w >  R M ~  
+ j u C  

1 + 
O 

p Z p o r + O Z u f Z N  
1 + 0  

A fit of the experimental EIS data yields the 
thickness of the porous layer lpor, the diffu- 
sion length I,, 0, C, and RMe.  The optimum 
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Table 7-1. System Fe(RDE)/O.5 M Na2S04 in aerat- 
ed solution at pH 8 and T = 298 K. 

Parameter 

vrot 6-9 0 4 16 

tcorr (h) 22 26 29 
I ,  (cm) (calculated) 3 . 2 ~ 1 0 - ~  1 . 6 ~ 1 0 - ~  
R, (SZ cm2) 1 . 4 5 ~ 1 0 ~  5.45~10’ 1.83~10’ 
1, (4 4 . 2 ~ 1 0 - ~  3 . 5 ~ 1 0 - ~  1 .66~10-~  

lpor ( 4  0.128 0.125 0.150 
R,, (Q cm2) 2x104 1 . 4 ~ 1 0 ~  4 . 8 ~ 1 0 ~  

C (pF cm-’) 29 78 105 
~ c o r r  (A Cm-2) 8.7x10-’ l . 2 ~ l O - ~  3 . 6 ~ 1 0 - ~  

Ecorr (mV) -531 -492 -479 

R~~~ (52 Cm’) 1 . 1 ~ 1 0 ~  8 . 1 ~ 1 0 ~  5 . 4 ~ 1 0 ~  

w (s-9 40 9 2 

fit of the experimental data is also shown 
in Fig. 7-16 and the parameters are given in 
Table 7- 1. 

A detailed discussion of the model and 
more experimental results can be found 
elsewhere (Juttner et al., 1986, 1988). A 
slightly modified transfer function was also 
successfully applied for the screening of in- 
hibitors for oil and gas production on steel 
in weakly acidic NaCl solutions (Mitzlaff 
et al., 1988). 

7.2.5.9 Impedance Model 
of Passive Films 

Over the last two decades, the properties 
of passive films on metals have been exam- 
ined by using EIS. The work of Epelboin 
and co-workers (Epelboin and Wiart, 1971; 
Epelboin et al., 1973, 1975a), Armstrong 
and co-workers (Armstrong, 1972; Arm- 
strong and Thirsk, 1972; Armstrong and 
Metcalfe, 1976), and Macdonald and co- 
workers (Chao et al., 1981; Macdonald 
et al., 1988a), are typical examples. Exten- 
sive measurements have been made of the 
electrochemical impedance of passive films 

on nickel in phosphate buffer solutions 
(Macdonald and Smedley, 1990). The impe- 
dance data were interpreted in terms of a 
point defect model (PDM), which was de- 
veloped to account for the growth and break- 
down of passive films (Chao et al., 1981; 
Macdonald, 1992; Macdonald et al., 1992). 
Starting from the assumption that the 
electrical field is constant within the film, 
the PDM was developed through rigorous 
mathematical analysis. The advantage of 
this approach is that quantitative predictions 
can be made which are readily tested by ex- 
periments. The model takes into account the 
kinetics of generation and annihilation of 
vacancies at the metal/film and film/solu- 
tion interfaces of passive nickel, assuming 
that cation vacancies are mobile in the film. 
This conclusion has since been confirmed 
using steady state diagnostic criteria (Chao 
et al., 1981; Macdonald, 1992; Macdonald 
et al., 1992). 

Extensive work has also been performed 
on characterizing the electronic structure of 
passive films on various metals in terms of 
semiconductor models (Gerischer, 1990; Di 
Paola, 1989; Schultze, 1978). It is well rec- 
ognized that passive films exhibit semicon- 
ductor properties, and numerous attempts 
have been made to interpret these in terms 
of classical theory for n- or p-doped semi- 
conductors. The application of EIS has 
proven very successful (Quarto et al., 1981; 
Schmuki and Bohni, 1992; Stimming 1986) 
provided that the frequency is sufficiently 
high that only the electronic properties are 
being probed (f> 1 kHz), and ion and vacan- 
cy relaxation processes are unimportant. 

The charge distribution at the semicon- 
ductor/electrolyte interface can be deter- 
mined by measuring the differential capac- 
itance as a function of the electrode poten- 
tial. The effective donor concentration ND 
and the flat band potential Efb, the two prin- 
ciple parameters of semiconductors, can 
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then be derived by applying the Mott- 
Schottky equation (Morrison, 1980). 

where e is the charge of an electron, e0 is the 
permittivity of free space, and e is the di- 
electric constant of the oxide. It is common- 
ly assumed that the capacity of the space 
charge layer, Csc, dominates the electrode 
capacity. A Mott-Schottky plot, C-* versus 
E, should be a straight line with a slope that 
is inversely proportional to the doping con- 
centration. From the intercept with the po- 
tential axis, the flat band potential Efb can 
be calculated. If the semiconductor is heav- 
ily doped, leading to a thin space charge 
layer, the space charge capacity C,, will be 
high and the Helmholtz capacity may not be 
neglected. However, it has been shown by 
de Gryse et al. (1975) that the slope of the 
Mott-Schottky plot is retained and can still 
be used to derive reliable values of ND.  

A typical example of the application of 
EIS is the investigation of passive films on 
Zn, Zn-Co, and Zn-Ni (Fig. 7-18), which 
were carried out to explain the difference in 
the corrosion behavior of pure and low-al- 
loyed zinc by the possible formation of elec- 
tron traps through the incorporation of co- 
balt or nickel into the oxide film (Vilche 
et al., 1989). Passive films of zinc in alka- 
line solutions are known to be n-type semi- 
conductors with a band gap E, = 3.2 eV 
(Vilche et al., 1989). The n-type character 
arises from an excess of zinc atoms in the 
nonstoichiometric oxide. The impedance 
measurements in 1 N NaOH solution were 
carried out at potentials at which Faraday 
reactions like transpassive dissolution and 
oxygen evolution do not interfere. The pas- 
sive layer was formed for 2 h at positive po- 
tential before the potential was swept in the 
negative direction for the impedance meas- 

urements. By this procedure, the thickness 
of the passive film remains constant and the 
donor concentration remains “frozen”. Sur- 
face analysis using AES and XPS proved 
that the doping elements are homogeneous- 
ly incorporated into the passive layer 
(Vilche et al., 1989). As shown in Fig. 7-18, 
the passive films on pure zinc and Zn-Co al- 
loys with a cobalt content below l % follow 
the Mott-Schottky relation Eq. (7-49) al- 
most exactly, whereas at higher cobalt con- 
tents the data deviate from the linear depen- 
dence at potentials EScE>400 mV. Strong 
deviations were observed for Zn-Ni alloys 
at potentials above EscE>O mV. The donor 
concentrations ND and the flatband poten- 
tial Efb  determined from the linear part of 
the Zn-Co curves are given in Table 7-2. 

( . I  Zn 

( m )  Zn- 1.2% Co , 
1.1 Zn- 0.4% Co 
(A) Zn-Q67. Co 

Zn- 1.0% Co 

Figure 7-18. Mott-Schottky plot of the space charge 
capacity C,, of passive layers on zinc and Zn-Co al- 
loys. ( 1  F = 1000 C V-’) (Vilche et al., 1989). 
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Table7-2. Donor concentration and flat band po- 
tential of passive films on zinc and Zn-Co alloys in 
1 NaOH solution. 

Substrate N,, (x1020 ~ m - ~ )  E,, [mV (SCE)] 

Zn 2.8 -770 
Zn-0.4% Co 3.3 -760 
Zn-0.6% Co 4.1 -750 
Zn- 1 .O% Co 5.1 -735 
Zn- 1.2% Co 5.7 -725 

The donor concentrations in the order of 
lo2’ cm-3 are relatively high but typical for 
many passive films, and the increase of ND 
with the cobalt content is in accordance with 
the formation of additional inter-band states 
by alloying of the zinc matrix. The results 
also show that the properties of passive 
films of Zn-Co and Zn-Ni alloys are not ful- 
ly compatible with the simple Mott-Schott- 
ky relation. The observed deviations may be 
explained by a distribution of energetically 
different electronic states within the band 
gap, according to the theory of Stimming 
et al. (Dean and Stimming, 1987). These 
states were not detected by photo-electro- 
chemical measurements. This is another ex- 
ample that demonstrates the effect of inho- 
mogeneities localized at the interface of 
electrode surfaces. 

7.2.5.10 Metal Dissolution 
and Active-to-Passive Transition 

Considerable advances have also been 
made in developing EIS for exploring 
reaction mechanisms in electrochemical 
systems. As an example, EIS has been used 
to study the electro-dissolution of aluminum 
in alkaline solutions over a wide range of 
potentials (Urquidi-Macdonald et al., 1986). 
The authors present a model that can ac- 
count for the experimental data and involves 

the stepwise addition of hydroxyl groups to 
surface aluminum atoms, culminating in the 
chemical dissolution of Al(OH), to form 
Al(OH),. However, the anodic dissolution 
and hydrogen evolution processes are cou- 
pled through site competition for bare sur- 
face sites (Macdonald et al., 1988). 

Impedance measurements have frequent- 
ly been used in the study of the anodic be- 
havior of metals in order to obtain funda- 
mental information on active dissolution 
mechanisms and on active-to-passive tran- 
sitions (Cachet et al., 1992; Gabrielli et al., 
1975). For example, the behavior of iron in 
acidic media was extensively studied by 
Gabrielli et al. (1975, 1976); Epelboin et al., 
(1975b); and Schweikert et al., (1980, 
1981). 

7.2.6 Electrochemical Noise 

Electrochemical noise analysis (ENA) 
is a relatively new method. Stochastic 
fluctuations of the electrode potential or the 
cell current are often referred to as electro- 
chemical noise, analogous to the word 
“noise” indicating random fluctuations of 
incoherent acoustic or electrical signals. 
Noise analysis is a well-developed tech- 
nique in many fields, and it is being applied 
increasingly to electrochemical systems, in 
particular corrosion science and engineer- 
ing (Gabrielli et al., 1990; Heusler et al., 
1992; Mansfeld and Xiao, 1993; Xiao and 
Mansfeld, 1994; Bertocci and Huet, 1995; 
Bertocci et al., 1997a, b; Gollner and Bur- 
kert, 1998). 

Early contributions to the technique and 
the interpretation of electrochemical noise 
measurements have been given by Iverson 
(1968), Barker (1969), Tyagai (1968, 1971, 
1973), Fleischmann and Oldfield (1970), 
Bindra et al. (1973), Blanc et al. (1975 a, b, 
1977, 1978), Gabrielle et al. (1975, 1978, 
1983), Epelboin et al. (1978, 1979), Ga- 
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brielli (1980), Cachet et al. (1983), Vasiles- 
cu et al. (1974), Krank et al. (1978, 1979), 
Hladky and Dawson (1981, 1982), Bertocci 
( I  980, 198 l), Bertocci and Kruger (1 98 l), 
and Bertocci and Yang-Xiang (1984). 

The measurements of electrochemical 
noise for obtaining corrosion information 
have expanded and the techniques diversi- 
fied in recent years (Mansfeld and Xiao, 
1993; Xiao and Mansfeld, 1994; Bertocci 
and Huet, 1995; Bertocci et al., 1997a, b; 
Chen and Bogaerts, 1996; Gollner and Bur- 
kert, 1998; Schauer et al., 1998). A recent 
development that has gained increasing 
interest in the past few years is the evalua- 
tion of the so-called noise resistance R, and 
its possible correlation to the polarization re- 
sistance R, and the corrosion current density 
i,,,, (Mansfeld and Xiao, 1993; Xiao and 
Mansfeld, 1994; Bertocci et al., 1997a, b). 

7.2.6.1 Noise Sources 
in Electrochemical Systems 

Voltage fluctuation much greater than the 
thermal noise U,, (Nyquist noise) of an oh- 
mic resistance R with an amplitude 

(7-50) 

can be observed over any frequency band Af 
in electrochemical systems. The driving 
force of these fluctuations must be found 
from the change of the free energy of the re- 
actions, which is consumed in dissipative 
processes. 

Corrosion is a nonequilibrium process 
and can be considered as a galvanic cell with 
local anodes and cathodes, which are at 
short circuit through the electron conduct- 
ing metal (Fig. 7-19). The driving force is 
the difference in the free energy of the cor- 
rosion reaction AG. 

AG = -Z FU (7-5 1) 

acid corrosion 

Figure 7-19. Schematic diagram of iron corrosion in 
acidic solution with local currents of the anodic iron 
dissolution and the cathodic hydrogen evolution (gal- 
vanic cell). 

The internal cell voltage U is the difference 
of the half cell potentials E, and E, of the 
anode and cathode. For iron corrosion in 
acidic solution, the overall corrosion reac- 
tion 

Fe + 2H+ + Fez+ + H, (7-52) 

is composed of the anodic half cell reaction 

(7-53) Fe + Fe2+ + 2e- 

2H+ + 2e- + H, 

and the cathodic half cell reaction 

(7-54) 

with the standard free energy of reaction 
AG = 85 kJ mol-' and the cell voltage U = 
0.44 V. The kinetics are controlled by the re- 
action rates of both processes with the con- 
dition that on average the sum of the local 
anodic and cathodic currents is zero, ia+ic 
= 0. Fluctuations of the currents can be im- 
agined as being caused by variations in the 
values of the reaction resistances R, and R, 
(more generally the impedance 2, and ZJ, 
which cause fluctuations in the corrosion 
rate. This in turn can be observed as fluctu- 
ations in the open circuit potential, i.e., the 
corrosion potential E,,,, or in the cell cur- 
rent under potentiostatic conditions (Ber- 
tocci and Huet, 1995). 

Once energy is dissipated in the galvan- 
ic cell, many other processes may contrib- 
ute to the observed noise. For instance, con- 
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ductivity changes of the electrolyte have 
been observed during current flow (Bertoc- 
ci and Huet, 1995), but the noise level was 
very low. Noise sources may also exist in 
systems in which transport occurs through 
capillaries of porous structures (Bertocci 
and Huet, 1995). In the case of electro-crys- 
tallization, current fluctuations at low over- 
potentials have been observed under poten- 
tiostatic control due to large differences in 
the energy of nucleation and growth at step 
lines and kink sites (Budevski et al., 1989). 

Fluctuations in corrosion systems are of- 
ten due to current bursts at levels higher than 
the single charge transfer of ions or elec- 
trons at the interface. In this case, noise is 
principally related to localized corrosion 
events (Bertocci and Kruger, 1981). Pro- 
cesses such as pitting or other forms of lo- 
calized attack drastically change the value 
of the resistance of the anodic reaction on a 
small area of the electrode. Consequently, 
the open circuit potential will undergo a 
rapid drop with slow recovery if the dam- 
aged area is recovered by re-passivation re- 
actions. 

Pitting corrosion of passive iron, steel, 
and aluminum has been the subject of inves- 
tigations by Nachstedt and Heusler (1988), 
Heusler et al. (1992), Bertocci (1981), Ber- 
tocci and Kruger (1981), and Williams et al. 
(1985) to study the mechanism and the ki- 
netics, as well as the rate of pit initiation. 
Hladky and Dawson (1981,1982) and Leg- 
at and Zevnik (1993) found an empirical 
correlation of the transients to distinguish 
between pitting corrosion and crevice cor- 
rosion. Figure 7-20 shows typical signals of 
current and potential noise of steel in 5% 
H2S04 after 6 h immersion, when pit initi- 
ation started, and after one week, when the 
propagation of pits was established. At the 
initial stage of the experiment, the potential 
noise exhibits strong fluctuations with large 
amplitudes, while the fluctuations of the 

current noise are low. When pit growth is 
established, the situation changes complete- 
ly to the opposite. 

Analysis of a single pitting event shows, 
that local breakdown is associated with the 
appearance of a positive current spike (Ber- 
tocci and Kruger, 1981). For the simple case 
of an exponentially decaying transient, as 
encountered, for instance, in the pitting of 
iron, the spectral power density (SPD) of the 
current fluctuation is given by 

- 2 q i  
- 

I 2  
Af 1 + ( 2 n  f t)2 

(7-55) 

where I is the average current and z is the 
decay constant of the transient (Bertocci and 
Kruger, 1981). The charge q is much larger 
than the elementary charge e and can be as- 
sociated with the charge of one elementary 
act of pit initiation or passive film break- 
down. 

In many cases, llfnoise is observed, 
whose amplitude is inversely proportional 
to the frequencyfor any other power ( l/fa), 
where the exponent a i s  close to 1. This kind 
of noise is called flicker noise and is asso- 
ciated with a current flow through the sys- 
tem (Bertocci and Huet, 1995). Several ex- 
planations for its origin have been proposed, 
but none of them seems to have sufficient 
generality to explain its universal character 
in many systems (van der Ziel, 1986). It 
should be noted that flicker noise also 
occurs in the instrumentation, limiting the 
measurements of electrochemical noise. 

7.2.6.2 Noise Measurement Techniques 

Measurement techniques for noise detec- 
tion are aimed at recording the fluctuations 
of cell voltage and current with the largest 
possible bandwidth and for as long as the 
stability of the system allows, while exclud- 
ing all undesirable influences, such as fluc- 
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Figure 7-20. Current and potential noise of steel in 5% H,S04 ( 1 )  after 6 h and (2) after one week (Legat and 
Zevnik, 1993) 

tuations induced by external sources and the 
intrinsic noise of the instrumentation. Dif- 
ferent cell configurations and electronic 
equipment for the measurement of current 
and potential noise are shown schematical- 
ly in Fig. 7-21 (Gollner and Burkert, 1998). 
The contributions of the various parts of the 
electrochemical system must be examined 
one by one for the level above thermal noise. 
There is little information on the noise gen- 
erated by the RE, and no systematic study 
on the effect of geometry or natural and 
forced convection is available in the litera- 

ture (Bertocci and Huet, 1995). Measures to 
minimize the unwanted noise consist in 
keeping the impedance of all auxiliary parts 
of the galvanic cell low by shielding it 
from mechanical and electromagnetic inter- 
ference, e.g., alternating currents, mainly 
60 Hz power pick-up and its harmonics. An- 
other important question is the optimization 
of the experimental set-up and the size of 
the electrodes, since many of the fluctua- 
tions do not scale with the electrode area. 
Phenomena such as pitting or nucleation in 
electro-crystallization are almost indepen- 
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amplifier 

M 
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lComputer1 a b 
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/computer1 c 

Figure 7-21. Different configurations for the meas- 
urement of current (A) and potential noise (V) in elec- 
trochemical systems (Gollner and Burkert, 1998). 

dent of the total surface area. Small elec- 
trodes are favorable for detecting their ef- 
fect (Bertocci and Huet, 1995). 

An important source of undesired noise 
is the electronic instrumentation. Measure- 
ments are often performed at open circuit. 
If measurements at a fixed current are de- 
sired, the preferred method is to use batter- 
ies and wire resistors. Potentiostatic control 
is more difficult to achieve without inject- 
ing noise into the system. A careful discus- 
sion of the sources of noise in potentio-stat- 
ic measurements and the ways of minimiz- 
ing them was published by Gabrielli and co- 
workers (Gabrielli et al., 1986). 

7.2.6.3 Data Processing 

Analyses of electrochemical noise data 
can be carried out in several ways. Particu- 
larly in the case of localized corrosion, 
where current transients are induced by pit- 
ting, current noise can often be detected di- 
rectly from the current-time recordings. 
Statistical treatment of the transient allows 
evaluation of the pitting potential or survi- 
val probabilities. These counting techniques 
were reviewed recently by Gabrielli et al. 
(1990). Another way involves measuring 
the correlation function of the fluctuations 
in the time domain (also the standard devi- 
ation) or the spectral power density (SPD) 
in the frequency domain. A common meth- 
od to separate unwanted signals from the 
electrochemical noise data is to transform 
them in the frequency domain using a trans- 
fer function analyzer. Since convolution in 
the time domain is simplified to multiplica- 
tion and division in the frequency domain, 
there is a great advantage to applying pro- 
cessing schemes to signals that have already 
been transformed into frequency spectra. 

The auto- and cross-correlation functions 
of two simultaneously monitored signals 
x (t) and y ( t )  in the time domain, and their 
corresponding spectral power density and 
cross-power spectral density in the frequen- 
cy domain, are defined by the following 
equations. The auto-correlation function 
R,,(t) of the signal x ( t )  in the time domain 
is defined as 

R,,(t) = lim - j x ( t )  x ( t - t )  d t  
1 

(7-56) 
-TI2  T+- T 

and the cross-correlation function R,,,(t) 
between two signalsx ( t )  andy ( t )  in the time 
domain is defined as 

1 
R,(t)= lim - y ( t ) x ( t - t ) d t  (7-57) 

T j m  T -TI2 
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where T is the observation time. The corre- 
sponding spectral power densities cx,(f) 
and cXy(f) in the frequency domain are ob- 
tained as the Fourier transforms of R,, and 
Rxy (Juttner et al., 1985) 

+m 

c, ( f )  = R, ( t )  e-j2nft dt (7-58) 

and 
+m 

cv(f) = j R v ( t )  e-J2nfr dt (7-59) 

The simplest method of signal processing to 
separate wanted from unwanted noise sig- 
nals is to take the noise spectra of the instru- 
ments without the system under study and 
then subtract these data from the actual 
measurement. This method has serious lim- 
itations if the total signal is only slightly 
larger than the noise to be substracted. Much 
better results are obtained by multiple meas- 
urements at the same time and separating the 
contributions of the various parts by com- 
puting the cross-power spectrum. For exam- 
ple, if two reference electrodes are used si- 
multaneously to measure the fluctuations of 
the WE, the cross-power spectrum of the 
two measurements will be determined only 
by the common part of both circuits, that is, 
the WE. Another example is the simultane- 
ous measurement of the current noise and 
that of the control voltage of the potentio- 
stat (Bertocci and Huet, 1995). The cross- 
power spectrum will then contain the unde- 
sired effect of the instability of the poten- 
tiostat and can be deconvoluted to obtain the 
true noise of the WE. In this case, the sig- 
nal of the potentiostat can be considered as 
a small signal perturbation and the transfor- 

-m 

7.2.6.4 Noise Resistance 
and Polarization Resistance 

To obtain more information than simple 
voltage or current noise, and to make meas- 
urements convenient for field applications 
and the corrosion monitoring of plants, 
the measurement of a quantity denoted as 
“noise resistance” R, was proposed some 
timeago (Edenet al., 1991,1992; Mansfeld 
and Xiao, 1993; Xiao and Mansfeld, 1994) 
and has recently increased in interest (Ber- 
tocci and Huet, 1995; Bertocci et al., 1997 a, 
b; Schauer et al., 1998). 

The essential point is to measure the fluc- 
tuations of the current flowing between two 
identical electrodes kept at the same poten- 
tial by means of a zero resistance ammeter 
(ZRA), and at the same time measure their 
voltage fluctuations with respect to a refer- 
ence electrode (RE). The voltage measure- 
ment can be made between the two elec- 
trodes connected by the ZRA and a third 
electrode, which may be identical to the 
others or be a RE, (see configuration b in 
Fig. 7-21). The noise resistance R, is then 
calculated as the ratio of a second-order sta- 
tistics of the voltage fluctuations divided 
by the same quantity relative to the current 
fluctuations. Often, the quantities chosen 
are the standard deviations measured over a 
fixed period of time. 

Alternatively, power spectral densities 
(PSD) of the noise can be calculated by 
means of the fast Fourier transform (FFT) 
or the maximum entropy method (MEM) 
(Schauer et al., 1998). The square root of the 
ratio of the voltage PSD to the current PSD 
also has the dimension of resistance and is 
a function of the frequency$ 

- -  

‘mf) (7-60) 
mation of the spectra leads to the transfer 
function or the impedance 2 0’ u) of the 
electrode. 

‘ S N ( f ) =  ’- 
Therefore, it has some analogy with the 
modulus 12 ( f )  I of the electrode impedance. 

v GII(f) 



320 7 Novel Electrochemical Techniques in Corrosion Research 

The noise resistance has been used for the 
most part to study the onset of localized cor- 
rosion or the formation of faults on coated 
metal, and an inverse relationship between 
the value of RN and the corrosion rate has 
been pointed out. Attempts to justify a rela- 
tionship between RN and the polarization re- 
sistance R, (zero frequency limit of the im- 
pedance) of the electrode on theoretical 
grounds have been published (Bierwagen, 
1994; Eden et al., 1992), but their validity 
has been questioned. 

Bertocci et al. (1997a, b) continued and 
extended the theoretical analysis, showing 
the differences among the various measure- 
ment methods, as well as the specific prob- 
lems arising from the different circuit 
schemes. Figure 7-22 shows the spectral 
noise resistance RSN in comparison to IZI 
obtained by impedance measurements of 
iron in 1 M Na2S04 solution at pH 4 (Ber- 
tocci et al., 1997b). This system is quite 
stable, allowing measurements at very low 
frequencies. The corrosion at this pH is uni- 
form and the corrosion rate is low. Hydro- 

gen bubbles do not disturb the system. The 
correlation between RSN and the impedance 
modulus (ZI is quite good. Further experi- 
ments were carried out with aluminum in 
KC1. Figure 7-23 shows R,N and IZI data of 
aluminum in 1 M KC1 obtained by measur- 
ing current noise between two electrodes of 
different surface area: 5 cm2 and 0.2 cm2. 
This result shows that spectral noise will be 
reversely proportional to the surface area A 

(7-61) 

where RgN is the value for unit surface area 
(Bertocci et al., 1997b). 

The authors have come to the conclusion 
that spectral noise impedance RSN is propor- 
tional to the modulus of the impedance of 
the electrode under investigation. The pro- 
portionality factor is one if a ''noiseless'' ref- 
erence electrode is used. The relationship 
between Rs, and IZI is true in various cor- 
rosion situations (localized, and uniform 
with or without hydrogen evolution). The 
noise resistance (RN) which is usually ob- 

I Figure 7-22. Comparison of 
the spectral noise R,, and the 
modulus 121 of the impedance 
of iron in 1 M Na,SO, at pH 4 
(Bertocci et al., 1997b). 
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tained by calculating the ratio of the stan- 
dard deviations of the potential and current 
fluctuations, was shown to be equal to the 
zero frequency limit of the impedance R, 
only if certain conditions are satisfied. 
These successful results should not over- 
shadow the fact that ENA measurements 
entail considerable difficulties, and a 
thorough understanding of the performance 
of the measurement system and processing 
procedures (Bertocci et al., 1997 b). 

7.3 The Scanning Vibrating 
Electrode Technique 

7.3.1 Introduction 

7.3.1.1 History of Scanning 
Reference Electrodes 

Various scanning electrode techniques 
have been developed in the past to measure 
spatially resolved electrochemical process- 
es of localized corrosion. The idea is to 
measure currents and potentials directly at 

1 o2 103 

Figure 7-23. Spectral noise re- 
sistance R,, and modulus IZ( of 
aluminum in I M KCI. The RSN 
spectrum was obtained from 
measurements of the current 
noise between two electrodes of 
different surface area: 5.0 cm2 
and 0.2 cm'. Impedance meas- 
urements were performed with a 
three-electrode cell on elec- 
trodes of both surface areas 
(Bertocci et al., 1997 b). 

anodic and cathodic sites of the specimen. 
Localized forms of corrosion that have a 
detrimental effect on metals are pitting, cor- 
rosion of welds, stress corrosion cracking, 
crevice corrosion, and galvanic corrosion. 

Early investigations of macroscopic bi- 
metallic couples of zinc and iron were done 
by Evans and Jaenicke. Equipotential and 
current lines were measured by means of 
manually scanned reference electrodes 
(Thornhill and Evans, 1938; Evans, 1940, 
1960; Jaenicke and Bonhoeffer, 1944) with 
thin glass capillaries. 

To expand the application of scanning 
reference electrodes to samples with small 
local active sites, various attempts were 
made to improve the techniques of scanning 
and data recording (Isaacs, 198 1 ; Standish 
and Leidheiser, 1980; Tuck, 1983; Budd and 
Booth, 1965; Gainer and Wallwork, 1979). 
Recent advances in computing and micro- 
electronics have led to more sophisticated 
experimental set-ups (O'Halloran et al., 
1984; Cottis and Holt, 1987; Sargeant et al., 
1989). 
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In recent years, research particularly 
done by Isaacs and co-workers gave rise to 
a very advanced application of what is now 
called the scanning reference electrode 
technique (SRET) to study pitting and stress 
corrosion cracking of stainless steels 
(Isaacs, 1988 a, 1989). Most recently, the ap- 
plication of a scanning vibrating electrode 
technique (SVET), first developed for bio- 
logical applications (Jaffe and Nuticelli, 
1974), to the field of corroding metals ena- 
bled the detection of smaller current den- 
sities, due to a possible lock-in technique. 
Moreover, local impedance measurements 
based on the SRET or SVET have been de- 
veloped (Lillard et al., 1992). The follow- 
ing review gives an overview of the recent 
research work and technical development in 
this field, and attempts to extract main new 
insights into the measured corrosion pro- 
cesses which are not available with integral 
measurement techniques. 

7.3.1.2 Basic Principles 
of Localized Potential Mapping 

Figure 7-24 shows the situation where an 
anode is situated next to a local cathode. The 

area for cathodic reduction is bigger than the 
area for anodic metal dissolution, a situation 
which is typical for inhomogeneous forms 
of corrosion. In the anodic area, an ion trans- 
fer reaction takes place 

Me + MeZ+ + z e- (7-62) 

so that a flux of positive ions originates from 
the anodic site into the electrolyte. In oxy- 
gen-containing electrolytes of neutral or ba- 
sic pH oxygen is most probably reduced in 
the counter reaction according to 

O2 + 2H20  + 4e- + 40H- (7-63) 

The measurable local corrosion current is a 
sum of the local anodic and the local cathod- 
ic current 

ilocal = ilocal,cathodic + ilocal,anodic (7-64) 

By convention, anodic currents are positive 
while cathodic currents are negative. At the 
open circuit or free corrosion potential, both 
currents, i.e., the integration of the local cur- 
rent densities over the whole exposed sam- 
ple surface, add exactly to zero and thus no 
overall current is measurable. The measured 
integral potential is a kinetically controlled 
mixed potential. However, the potential var- 

- equipotential lines 
- - - current lines 

. 

--- 
local cathode local local cathode 

(a) anode (b) 
Figure 7-24. Schematic of the current and potential distribution above a local anode. The current can be esti- 
mated by measuring the potential difference between point A and B according to the equivalent current diagram 
(b) (after Isaacs, 1996). 
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ies across the surface along with the current. 
In the case of homogeneous corrosion, lo- 
cal anodes and cathodes are very small and 
placed close together. In the case of local- 
ized corrosion processes, local anodes and 
cathodes are often separated by a few tens 
of micrometers and then it is possible to 
measure local anodic and cathodic currents 
separately and to relate them to a specific 
feature of the surface of the material, such 
as inclusions or mechanical defects. 

A presupposition of the local potential 
and current measurement is that the anodic 
and cathodic sites are sufficiently separated 
in location that the distance between them 
is bigger than the spatial resolution of the 
applied scanning electrode. 

Close to the metal surface, the current 
lines follow radial curves into the solution. 
Assuming that the specific resistance Q of 
the electrolyte is constant, the current lines 
lead to hemispheres of constant potential. 
The current lines intersect these hemi- 
spheres perpendicularly. The values of the 
potential are a function of the current, the 
specific resistance of the electrolyte, and the 
distance of the hemisphere to the current 

(a) S E T  

4 b 
hE 

_ _ _ _ _ _ _ _ _  .____ 
2 d  

Pt-tips with 5 
insulation 

._..._.._ .____ 

source or sink. A schematic diagram of the 
current lines is shown in Fig. 7-24. 

By measuring the potential difference 
between points A and B, which are separat- 
ed by a distance 2d, local currents can be 
calculated according to 

(7-65) 

Scanning reference electrodes make it pos- 
sible to measure the potential as a function 
of the location. The utilization of glass cap- 
illaries in combination with reference elec- 
trodes, such as the calomel electrode, make 
it possible to measure corrosion potentials, 
while pseudo-reference electrodes such as 
platinum wires are used to measure the po- 
tential difference between two points in so- 
lution. Included in this latter category are 
closely spaced reference electrodes which 
give a direct measure of the current density 
from the potential gradient and distance 
between them, as shown in Fig. 7-25 a. Such 
electrodes are used for the scanning refer- 
ence electrode technique (SRET). 

The vibrating probe of the W E T  gives a 
direct measure of the electric field or, from 

(b) SVET 

E = f(0) 

Figure 7-25. Schematic of the two electrode probe configuration of the SRET (a) and the one electrode config- 
uration of the SVET (b). 
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Ohm’s law, the component of current den- 
sity at the point in the direction in which the 
electrode vibrates (Fig. 7-25 b). The vibra- 
tion may be parallel or perpendicular to the 
surface of the investigated sample. 

The advantages with respect to the SRET 
are the higher local resolution and the high- 
er sensitivity for small currents based on the 
applicable lock-in technology. As a standard 
microprobe, a thin platinum wire, which is 
isolated except at its tip, is used to map the 
surface, and its potential is measured against 
reference electrode, which is immersed in 
the same electrolyte but far away from the 
sample surface. Usually, the platinum tip is 
platinized to reduce interfacial impedance 
of the probe. 

For reasons of simplicity, the following 
mathematical consideration of the SVET 
measurement focuses on the perpendicular 
vibration, although measurement of the par- 
allel vibration is an important tool for the 
calibration of the microprobe and to derive 
current vectors. The local galvanic current 
and the measured potential difference per- 
pendicular to the sample surface are corre- 
lated according to 

(7-66) 

where i ,(x, y) is the galvanic current density 
as a function of the lateral position on the 
surface, AV,(x,  y) the potential difference 
between the returning points of the vibra- 
tion, and 2dz the amplitude of the vibration. 

Although this equation gives a direct cor- 
relation of the measured potential difference 
and the vertical current, calibration of the 
reference electrode is usually done, which 
results in a coefficient that takes into ac- 
count the experimental conditions such as 
the impedance of the microelectrode, the 
real amplitude of the vibration, and the re- 
sistance of the electrolyte. For the calibra- 
tion process, the potential field above a 

point current source of known current and 
size is usually measured by means of the 
WET. A disadvantage of the pseudo-refer- 
ence electrode, might be that not only cur- 
rents but also locally varying ratios of diva- 
lent metal ions such as Fe2+/Fe3+ lead to a 
different measured potential. 

A very profound study was done by Isaacs 
to study the influence of the distance 
between the probe and the sample surface 
on the current distribution as measured by 
the scanning electrode. In the following, his 
results are summarized (Isaacs, 1991). 

His work reports on a study of the normal 
fields in solution above a current-generat- 
ing source in an insulating surface. The ex- 
periment was carried out by measuring the 
electric field above a capillary orifice by 
means of a SVET vibrating perpendicular to 
the orifice, as shown in Fig. 7-26. The cap- 
illary orifice was used as a substitute for a 
conducting disk in an insulating plane. 

The capillary tubes were J-shaped. The 
short end of one tube had been drawn down 
and cut, giving a planar circular cross sec- 
tion 2 mm in diameter and a capillary hole 
diameter of 0.23 k0.02 mm. Only the short- 
er end was fully immersed in the solution. 
A platinum wire electrode was inserted into 
the longer section to contact the solution in 
the tube. The planar area was scanned when 
current passed through the hole, flowing be- 
tween this wire and an auxiliary electrode. 
A 1 mM Na,S04 plus 1 mM NaCl solution 
exposed to air at room temperature was used 
in all the experiments. The maximum diam- 
eter of the tip was about 0.085 mm and its 
oscillation was about 0.05 mm. 

To describe the current distribution as a 
function of the distance between the vibrat- 
ing tip and the plane of the orifice, three math- 
ematical models for the point current source, 
an equipotential disk, and a uniform density 
disk were applied. Mathematical simulations 
of the models compared the variation of the 
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Figure 7-26. (a) Schematic diagram of the vibrating 
probe: a) piezoelectric reed; b) platinum tipped elec- 
trode; c) solution level; d) rigid support of reeds at- 
tached to scanner; e) plastic electrode holder; f) elec- 
trode. 
(b) Schematic diagram of the capillary current source: 
A) coated vibrating platinum wire probe; B) vibrating 
electrode tip; C) capillary tube; D) end drawn down to 
decrease the size of the capillary orifice; E) auxiliary 
platinum electrode; F) solution level (Isaacs, 1991). 

normal current density and the full width at 
half maximum versus the probe height with 
the experimental results. The results are 
graphically shown in Fig. 7-27 a, b. 
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Figure 7-27. (a) Comparison of the variations of the 
normal field as a function of the probe height with 
the corresponding measured data. Curve A) directly 
above a point source; B) above the center of an equipo- 
tential disk; C) above the center of a uniform current 
density disk. The data points were from four sets of 
measurements above a 0.23 mm diameter capillary and 
normalised at a height of one diameter (Isaacs, 1991). 
(b) Comparison of the variations of the full width at 
half the maximum field (FWHM) as a function of the 
probe height with the corresponding measured data. A) 
for a point source; B) for an equipotential disk; C) for 
a uniform current density disk. The data points were 
from six sets of measurements of a 0.23 mm diameter 
capillary. The heights and the FWHM are also shown 
in units of the disk radius a (Isaacs, 1991). 
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Conclusions drawn from such experi- 
ments are: 

0 At heights greater than two radii above 
the current source, the variation of the 
normal field approximates that expected 
from a point current source having the 
same total current. 

0 The variations of the field in the solution 
above an electrode can be simulated by 
substituting point current sources for the 
currents from an array of elemental are- 
as of the electrode. Errors of less than 5% 
in the field are obtained when the height 
above the surface exceeds the element’s 
size. 

A pragmatic estimation of the current 
measurement above local pits on steel was 
reported by Aldykewicz et al. (1995). The 
amount of dissolved metal can be calculat- 
ed from the total charge associated with the 
measured pitting current. If the probe tip is 
close to the pit, it can be assumed that cur- 
rent radiates uniformly into the solution. 
Thus the current density is constant across 
a given hemisphere. If the current is meas- 
ured directly above the pit, it does not con- 
tain any horizontal component, so it is 
equal to the uniform current density radi- 
ating from the hemisphere. With the probe 
height being equal to the radius of the hem- 
isphere, the pit current can be calculated 
from the current measured in solution ac- 
cording to 

Zpi, = 2 isVET n h2 (7-67) 

The amount of dissolved metal and by as- 
suming a hemispherical growth of the pit, 
the pit size can be calculated according to 
Faraday’s law. The authors further state 
that due to the time required for scanning 
a certain area and the limit of current de- 
tection (about 2 pA cm-2), not all of the 
pits can be measured by the SVET. Thus 
pits that initiate, propagate, and repassivate 

within the time of the scan, and those that 
have a current density less than the detec- 
tion limit, cannot be measured by the 
SVET. 

7.3.1.3 Localized Electrochemical 
Impedance Spectroscopy (LEIS) 

In the conventional EIS approach, a small 
sinusoidal voltage perturbation is imposed 
on the electrode. Impedance data for the 
whole electrode are then generated by meas- 
uring the ratio of the voltage perturbation 
and its current response as a function of fre- 
quency. In the case of a nonuniform elec- 
trode surface with sites of different electro- 
chemical reactivity, interpretation of the 
data using transfer functions becomes com- 
plex and quantification of derived values be- 
comes difficult. 

Recently, Lillard et al. (1992) developed 
a novel method for measuring the local im- 
pedance. The authors utilized a bi-elec- 
trode probe to measure the component of 
the ac current density normal to the elec- 
trode. The bi-electrode measures the ac po- 
tential differences of the two tips induced 
by the sinusoidal voltage perturbation of 
the working electrode with a lock-in ana- 
lyzer or frequency response analyzer. The 
ac solution current density at the probe tip 
is obtained from the ac potential difference 
between the two probe tips according to 
Ohm’s law 

(7-68) 

where i ( ~ ) ~ ~ ~ ~ ~  is the local ac solution cur- 
rent density (A cm-2), A V ( W ) ~ ~ ~ ~ ~  the ac 
potential difference at the probe (V), Q 
the solution conductivity (W’ cm-’), and 1 
the distance between tip “micro-openings” 
(cm). 
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The magnitude of the local impedance is 
given by 

(7-69) 

where V(C())applied is the magnitude of the ap- 
plied voltage perturbation and lZ( o)llocal is 
the magnitude of the local impedance 
(SZ cm2). 

It is assumed that the ac solution current 
density at the probe tip is equal to the cur- 
rent density at the electrode surface, which 
implies that all of the ac current at the tip is 
assumed to be travelling normal to the elec- 
trode. Equation (7-69) implies that the local 
impedance is defined as the ratio of the lo- 
cal current and an overall potential pertur- 
bation. It does not therefore consider local 
variations of potential perturbations. A de- 
tailed investigation of the spatial resolution 
and the height dependence of the measure- 
ment is given in a recent publication by Zou 
et al. (1 997). 

A different approach to measure the lo- 
cal impedance was recently published by 
Bayet et al. (1997). By utilizing a commer- 
cial SVET (Applicable electronics), they 
measured both the applied potential pertur- 
bation and the resulting ac current locally 
by means of a single vibrating electrode. 
The microprobe vibrates at an angular fre- 
quency Q. The distance h between the probe 
and the sample varies as follows 

h ( t )  = h, + d sin (Q t )  (7-70) 

where h, is the mean value of the height and 
d the probe vibration amplitude. 

If the electrolyte resistivity ( Q )  remains 
constant even in the vicinity of the sample 
surface, then the electrolyte resistance rela- 
tive to the unit surface area between the sam- 
ple and the vibrating probe varies with time 
as follows 

Re ( t )  = Q[h,+d sin (52 t ) ]  (7-7 1) 

The local current density j l oc ( t )  and the lo- 
cal potential E,,,(t) are given as 

hOc (0 = jloc,o + Ahoc sin ( m  0 (7-72) 

and 

4 O C W  = Eloc,, + lAEloc(~)  I sin (cot + 9) 
where A and the 0 subscript denote the ac 
perturbing component with frequency wand 
the mean value respectively. The phase shift 
between current and potential is 9. The 
probe measures a potential V (t) which is a 
function of both the angular frequency i2 
and the perturbation frequency co. 

V ( t )  = EI,, (0  + jloc (0  Re ( t )  (7-73) 

It gets obvious that the measured signal con- 
tains terms that are dependent on 52 and co. 
By means of a special signal processing 
system including a frequency response an- 
alyzer, the local electrochemical impedance 
of the interface can be evaluated (Bayet 
et al., 1997). The theoretical discussion was 
confirmed by measuring the impedance of 
a dummy cell and a model electrode. The 
advantage of this approach could be the 
smaller dimension of the probe leading to 
an improved spatial resolution while mini- 
mizing the screening effect of the probe on 
the current distribution and the fact that the 
current and potential perturbation are meas- 
ured at the same site. 

7.3.2 Applications of Modern Scanning 
Electrode Techniques 

The inherent advantage of scanning ref- 
erence electrodes is the possibility to meas- 
ure the initiation, distribution, and rate of 
local corrosion processes in situ with spa- 
tial resolution down to 20 pm. In the follow- 
ing, selected publications are cited which 
show the broad application of the scanning 
reference electrode system during recent 
years. 
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7.3.2.1 Local Breakdown of Passivity 

Pitting of stainless steel (304 SS) was in- 
vestigated by means of a SVET in combi- 
nation with potential monitoring by Isaacs 
(1989). The in situ measurement of local- 
ized currents made it possible to follow the 
initiation, propagatio?, and repassivation of 
pits with a time resolution of a few minutes. 
Since the initiation of a pit leads to a de- 
crease in the open circuit potential (OCP), 
while repassivation of a pit leads to an in- 
crease in the OCP, the potential transients 
proved to be a suitable complimentary 
method to monitor the activity of the Sam- 
ple. The behavior of stainless steel (in fer- 
ric chloride solution) was compared with 
that of iron (in a dilute chloride and sulfate 
solution). In the case of iron, it was observed 
that once started pits did not repassivate and 
finally spread due to a depassivation of the 
area next to the pit. 

The SVET was utilized for the initiation 
of stress corrosion cracking of sensitized 
type 304 stainless steel in dilute thiosulfate 
solution (Isaacs, 1988a). The method of po- 
tential monitoring to identify the onset of 
cracking was combined with the in situ 
measurement of local currents by means of 
the SVET. After solution annealing at 
1 100 "C, the samples were sensitized at 
600°C for 24 h and polished afterwards. 
The specimen were loaded, exposed to the 
electrolyte, and afterwards the potential and 
the spatial distribution of current were 
measured. Since the exposed surface area 
was very small, the connection and discon- 
nection of a platinum foil were used to vary 
the area for cathodic reduction and thereby 
the corrosion potential of the specimen. By 
connecting and disconnecting the platinum 
foil, cracking could be initiated and anodic 
currents were observed at the respective 
sites, as afterwards confirmed by the appli- 
cation of dye penetrant. 

The current distribution above a stressed 
specimen in a 10 ppm sodium thiosulfate so- 
lution is shown in Fig. 7-28. The repassiva- 
tion of the cracks after disconnecting the 
platinum foil shows that the oxygen reduc- 
tion kinetics are crucial for the propagation 
of the cracks. It was found that once cracks 
had passivated they did not reinitiate, indi- 
cating that the presence of stress raisers does 
not dominate the initiation process. By cor- 
relating the SVET results with the potential 
transients, it could be shown that the initia- 
tion and propagation of cracks can be deter- 
mined by monitoring the potential. 

Jiang et al. (1992) investigated the alpha 
prime precipitation in aged duplex stainless 
steel. Samples (65% ferrite, 35% austenite) 
were aged at 450°C for 100, 1000, and 
5000 h. The electrochemical behavior of the 
aged sample was examined in 0.1 - 0.5 M 

(b) 

Figure 7-28. Current distribution of a stressed spec- 
imen in a 10 ppm sodium thiosulfate solution with (a) 
specimen connected to Pt, and (b) after disconnecting 
the specimen from Pt. The current densities measured 
in solution are components perpendicular to the sur- 
face at the height of the probe and are the result of 
anodic currents from growing cracks (Isaacs, 1988 a). 
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H2S04 solution containing 0.01 M KSCN 
by electrochemical potentiokinetic reacti- 
vation and a SVET. An attempt was made 
to relate the electrochemical behavior to the 
chromium concentration in the iron-rich re- 
gion formed by ageing, which was deter- 
mined by a laser atom probe. 

The chromium concentration profiles 
measured with atomic layer depth resolu- 
tion by the atom probe in the ferrite phase 
showed an average chromium concentration 
of 30 at.% fluctuating between 14 and 
40 at.%. After ageing first, an increased 
fluctuation with chromium concentration up 
to 65 at.% is observed, indicating the onset 
of chromium-rich dprecipitation. After 
5000 h, a large increase of the iron-rich re- 
gions was observed as a result. The authors 
state that in contradiction to ferrite, austen- 
ite shows little change in chromium concen- 
tration after ageing. 

Polarization curves were first measured 
for the whole surface as a function of the 
ageing time in 0.1 M H2S04+0.01 M 
KSCN solution. The SVET was then used 
to measure the local polarization curve on 
single grains for samples with maximum 
ageing time, in order to obtain the polariza- 
tion curves of the ferrite phase and to iden- 
tify local variation in the degree of chromi- 
um depletion in the iron-rich region. 

The probe of the SVET was positioned 
10 ym above the electrode. The spatial 
resolution was about 20 pm, enabling the 
selective measurement of single grains. 
After polishing the sample surface down to 
0.05 ym and light etching of the surface, the 
austenite and ferrite phases can be clearly 
distinguished as seen in Fig. 7-29 and the 
size of the grains was adequate for the spa- 
tial resolution of the probe. In addition, 
grains larger than 20 ym were selected and 
Vickers indentations were implanted so as 
to identify the grain of interest by a TV cam- 
era attached to the SVET. 

Figure 7-29. SEM micrographs of the etched surfac- 
es of 5000 h aged duplex stainless steel. (a) At 
-268 mV(Ag/AgCl) leading to active dissolution in 
austenite and ferrite; (b) -170 mV (Ag/AgCl); (c) 
-130 mV (Ag/AgCl) leading to active dissolution of 
ferrite, while austenite is passive at both potentials. 
Electrolyte: 0.1 M H,SO, + 0.01 M KSCN (Jiang et al., 
1992). 

Figure 7-30a shows the polarization 
curve, measured by a potentiostat, which is 
a sum of the currents flowing out of a num- 
ber of ferrite and austenite grains in the sur- 
face. The solid and dotted lines represent the 
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3 X 1 O 2  , , I I , ,  , , , I , , I , , , I , ,  , , A Figure 7-30. Comparison of dif- 
ferently measured polarization - curves of 5000 h aged duplex (a) Potent-mtat (b) S V R  ---austenite - 
stainless steel measured in 0.1 M 

- H,SO, + 0.01 M KSCN. (a) Inte- - gral measurement of the aged 
3 material by the potentiostat; SVE 
: measurement of (b) austenite 
- grain; (c) ferrite grain; (d) an- - other ferrite grain (Jiang et al., 
3 1992) 
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polarization curves measured in the anodic 
and cathodic sweep, respectively. Figure 
7-30b shows the polarization curve meas- 
ured by placing the vibrating probe at the 
center of a large austenite grain of approxi- 
mately 20 pm in size. The active current 
peak appears at -250 mVA,/A,C,, and no re- 
activation current peak is observed. The lat- 
ter result confirmed the assignment of the 
second current peak observed in the anodic 
sweep of the unaged steel (integral measure- 
ment) to the active dissolution of austenite. 

Figure 7-3Oc shows the polarization 
curve measured by placing the probe at a 
large ferrite grain of 30 pm in size. The 
curve is similar to that of the total specimen 
surface, except that the former has a very 

sharp peak at - 170 mVA,/A,C]. Figure 
7-30d presents the curve measured for an- 
other ferrite grain, which shows a smaller 
current peak at -170 mVA,/A,,] and four re- 
activation current peaks in the potential re- 
gion from -170 to -350 mVA,,A,,, . This re- 
sult shows that the presence of local varia- 
tions in the chromium concentration in the 
iron-rich region of some tens of microme- 
ters scale is indicated by the SVET, in addi- 
tion to the variations on a nanometer scale 
observed by the atom probe. 

7.3.2.2 Galvanic Corrosion 

The SVET might be applied to galvanic 
corrosion when the different metals or al- 
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loys are not easy to separate. Such condi- 
tions are found in the case of solders or 
welds. Measurement of the galvanic corro- 
sion of soldered copper was done by Isaacs 
( 1988 b). The galvanic corrosion induced by 
antimony-tin and lead-tin solders was 
compared. Measurements were done in an 
air-exposed dilute solution containing chlo- 
ride and sulfate at room temperature. The 
vibrating probe was used to determine the 
current densities above the sample under 
freely corroding conditions, and with exter- 
nal applied polarizing currents. 

The scanned specimen is shown sche- 
matically in Fig. 7-31. Three 1-mm holes 
were drilled in a copper plate. Holes A and 
B were filled using commercial 40%Pb/ 
60%Sn and 5%Sb/95%Sn solders. The third 
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Figure 7-31. Schematic of the utilised specimen to 
measure galvanic corrosion of solders. A) leadkin sol- 
der; B) antimony/tin solder; C) copper wire insulated 
from the copper plate D. The alloys A and B were sol- 
dered to the copper plate (Isaacs, 1988b). 

hole was plugged with a copper wire that 
had been precoated with a layer of epoxy to 
prevent electrical contact with the copper 
plate, and was sealed in the hole with epoxy. 
The insulated copper wire was used to cal- 
ibrate the measurements. Figure 7-32 shows 
a three-dimensional plot of the current 
distribution above a specimen with a known 
cathodic current applied to the insulated 
copper wire, giving a trough in the middle 
of the plot. On the right of the plot, the vis- 
ible positive current shows the anodic dis- 
solution of the antimony solder. No net cur- 
rent was observed above the lead solder, 
showing the passive behavior or the Pb/Sn 
solder. 

By means of a deconvolution technique, 
based on the assumption that the measured 
current originates from an array of point 
sources on the surface, the surface current 
density could be calculated from the solu- 
tion current. The resulting plot is shown in 
Fig. 7-33a and b. 

Obviously, none of the current densities 
were uniform. A contour plot of the equipo- 
tential lines around the antimony solder is 
shown in Fig. 7-33 b. Very high currents lo- 
calized on a restricted part of the solder sur- 
face are observed. Moreover, the corroding 
area seems to be smaller than the total area 
of the solder. This indicates that the antimo- 
ny solder corrodes inhomogeneously. Com- 

SOLUTION 
CURRENT 

,$ Figure 7-32. A three dimensional 
plot of the distribution of current 
density (above the specimen illus- 
trated in Fig. 7-31) in the plane of 
the vibrating electrode. The copper 
wire carried a cathodic current of 
0.041 pA (Isaacs, 1988b). 
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SURFACE Figure 7-33. The current 
CURRENT density variations at the spec- 

imen surface derived from 
deconvoluting the results in 
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Fig. 7-32. (a) shows a three 
dimensional plot and (b) 
shows the equicurrent lines 
around the antimony solder 
(Isaacs, 1988b). 
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plementary SEM/EDX measurements of the 
corroded area showed that the soldering of 
Sb/Sn leads to antimony-copper phases 
containing very little tin, leaving a core of 
antimony depleted tin. The corrosion oc- 
curred at the outer edge close to the outer 
edge of the inner tin core. The Sb/Cu phas- 
es hence appeared to be more corrosion re- 
sistant than the tin with small amounts of 
antimony. 

7.3.2.3 Inhibition 

The SVET was utilized to study the ef- 
fect of phosphate ions and organic buffer on 
the corrosion of carbon steel in dilute solu- 
tion of chlorides and sulfates (Franklin 
et al., 1992), and the influence of cerium as 
a cathodic inhibitor on the localized corro- 
sion of aluminum-copper alloys (Aldyke- 
wicz et al., 1995). Franklin et al. (1992) in- 

vestigated the initiation and spreading of 
pits in C1020 steel in dilute solutions of 
chlorides and sulfates. Then corrosion be- 
havior in pure chloride and sulfate contain- 
ing solution was compared to a solution with 
additional organic buffer and phosphate 
ions. By combining SVET measurements 
with the monitoring of the OCP, it was 
found that a well-buffered medium inhibits 
spreading of the pits. On the other hand, by 
confining the low pH to the pits, localized 
corrosion is intensified. Convection of the 
solution has a distinct effect on the inhibit- 
ing properties of the electrolyte, as pro- 
nounced repassivation was only found in 
stirred solutions. While monitoring the OCP 
was used to distinguish whether the sample 
was actively corroding or in its passive state, 
current mapping was utilized to measure the 
size and location of the pits as a function of 
the medium and time. 
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Aldykewicz et al. (1995) utilized the 
SVET to study the effect of cerium as a ca- 
thodic inhibitor for aluminum-copper al- 
loys. Samples used in this study were A1 
2024-T4 (4.5% Cu, 0.6% Mn, 1.5% Mg, and 
the balance Al) and an aluminum-copper 
galvanic couple. Current density mapping 
measurements were done at the open circuit 
potential and the corrosion potential was 
monitored by means of a pseudo reference 
electrode (Ag/AgCl). Corrosion behavior 
was measured in 12 mM NaCl and 4 mM 
CeC1, solution. The electrochemical meas- 
urements were combined with SEM meas- 
urements of the intermetallic phases. SVET 
measurements showed that initial localized 
corrosion diminished in CeC1, solution af- 
ter 12 h. Compared to the NaCl solution, in 
the CeCl, solution fewer actives sites and a 
lower current density were observed. EDX 
spectra of intermetallic inclusions after im- 
mersion in the CeCl, solution revealed that 
cerium is found solely on copper-contain- 
ing phases. Since the copper-containing 
phase acts as the local cathode where oxy- 
gen can be reduced, the results of the SVET 
and SEM show that cerium acts as a cathod- 
ic inhibitor on copper-containing intermet- 
allics. This conclusion was confirmed by 
current density maps of the Al/Cu galvanic 
couple at an open circuit potential in the 
same solutions. A cerium-containing film 
precipitated on copper and led to decreased 
corrosive attack on the adjacent aluminum. 

7.3.2.4 Microbiologically Influenced 
Corrosion 

Applications of the SVET in the field of 
micobiologically influenced corrosion con- 
sider the investigation of inhomogeneous 
corrosion processes of biopolymer-coated 
steel (Franklin et al., 1991; Roe et al., 
1996). Microorganisms growing on water- 
immersed metal surfaces form biofilms 

which are held together by extracellular 
polymeric substances (EPS) or biopoly- 
mers. Biofilms on MS are associated with 
microbiologically influenced corrosion 
(MIC), which is a more aggressive and lo- 
calized form of corrosion. The SVET has 
been utilized to measure in situ current den- 
sities at active sites as a function of the en- 
vironment to understand the mechanism of 
accelerated corrosion processes in the pres- 
ence of adsorbed biofilms on mild steel. 

Franklin et al. (1991) studies the corro- 
sion of C1020 carbon steel in bacteria-con- 
taining solution. Bacteria, used in this study, 
were Pseudomonas sp. The medium used in 
these experiments was a complex composi- 
tion containing glucose and phosphate ions. 
Bacterial cells were grown to the late expo- 
nential phase (24 h), separated from the me- 
dium by centrifuging and resuspended in 
fresh medium. The medium was aerated and 
stirred by air bubbling with filtered air. The 
authors combined SVET measurements 
with the monitoring of the open circuit po- 
tential (OCP) and polarization resistance 
measurements. 

A comparison was made between pitting 
of the carbon steel in the sterile medium and 
a medium containing a culture of an aero- 
bic heterotrophic bacterium. Within the 
sterile medium, the OCP stays almost con- 
stant at -200 mV (SCE) and shows small 
potential transients caused by pit initiation 
and immediate repassivation. Complemen- 
tary SVET analysis confirms the initiation 
and repassivation processes. Within the bac- 
teria-containing medium, the OCP starts at 
-300 mV (SCE) but drops to values of about 
-600 mV (SCE) after a few hours. Corre- 
spondingly, the SVET analysis shows the 
formation of a single anodic side which does 
not repassivate but spreads over a large 
area of the surface, as seen in Fig. 7-34. By 
certain control experiments the authors 
could verify that the bacteria, and not a 
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change in the electrolyte composition, give 
rise to the distinct behavior. 

Since the culture in this study was a strict- 
ly aerobic bacterium, which did not produce 
detectable levels of volatile organic acids, 
and the medium was continuously aerated 
to prevent anaerobic conditions, the authors 
concluded that the observed continued pit 
propagation was based on the encapsulation 
of a highly aggressive electrolyte under- 
neath the biofilm. 

Roe et al. (1996) measured the electro- 
chemical properties of corroding biopoly- 

mer coated mild steel (MS) in real time 
using three closely separated microelec- 
trodes. Dissolved oxygen, pH, and ion cur- 
rents were mapped simultaneously and non- 
invasively above an MS coupon partially 
coated with biopolymer gels. Calcium agi- 
nate (Ca-Alg, an extracellular biopolymer 
containing carboxylate functional groups) 
and agarose (biopolymer without carboxy- 
late functional groups) were investigated. 
The authors tested the hypothesis that the 
corrosion of MS under a Ca-Alg gel spot 
is promoted by complexation of corrosion 
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products by alginate carboxylate functional 
groups. Comparisons of two spots of algi- 
nate gel with different surface densities and 
of two gel spots with the same surface den- 
sity, but with one gel spot consisting of 
Ca-Alg and the second spot consisting of 
agarose, were performed. 

To the scanning system of the scanning 
vibrating electrode (SVE), an oxygen mi- 
croelectrode and a pH microelectrode were 
added. The three microelectrodes (DO, pH, 
and SVE) were positioned about 140 pm 
above the sample and 700 pm apart along a 
line parallel to the x scan axis. By this set- 
up the concentration of oxygen, the pH, and 
the ionic current density can be measured 
almost simultaneously at the same spot. 
Since local anodic currents should lead to a 

lower pH, and local cathodic currents to a 
higher pH and a lower concentration of oxy- 
gen, helpful complimentary information is 
provided by this combination. Summing the 
SVE data measured above the biopolymer 
spot and multiplying by the area per grid ele- 
ment gave the total current above this spe- 
cific region according to 

Total anodic current 

cm2 

elements 

As an example, Fig. 7-35 shows maps of 
DO, pH, and current density (SVE) above a 
corroding MS coupon with two 0.005 cm2 
spots of two different biopolymers (left: ag- 

Figure 7-35. Maps of (a) DO; (b) pH; and (c) current density (SVE) above a corroding MS coupon with two 
0.05 cm2 spots of biopolymer: (left) 15 g/m2 agarose and (right) 15 g/m2 Ca-Alg. The larger or depressed circular 
region in each plot (approx. diam. is 15 mm) represents the entire exposed area of the MS coupon (Roe et al., 1996). 
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arose, right: Ca-Alg) with equal coverage. 
In particular, the pH mapping (b) and the 
current density (c) show oxygen reduction 
surrounding the two local spots of increased 
anodic dissolution under the biopolymer 
spots. Although Ca-Alg contains carboxyl 
groups, both biopolymers behaved similar- 
ly and provided similar contours. Along 
with certain control measurements, the re- 
sults showed that most probably the inho- 
mogeneous distribution of biofilm at the 
metal surface leads to areas of different ca- 
thodic activity, which results in a differen- 
tial aeration cell. 

The results thus obtained by the SVET 
(Franklin et al., 1991; Roe et al., 1996) 
show that partial coverage of steel by bio- 
polymer coatings leads to different cathod- 
ic and anodic current densities in coated 

> ianodic) areas. The local aggressive medi- 
um in the anodic region is stabilized by the 
biopolymer coating, which lowers the ion 
mobility. 

(ianodic>icathodic) and noncoated (jcathodic 

7.3.2.5 Protective Polymeric Coatings 

In recent years, application of the SRET 
and the SVET also covered the field of poly- 
mer-coated metals. In particular, the detec- 
tion and characterization of small defects in 
coatings which lead to localized failure is a 
main topic. 

Isaacs et al. (1996) measured the distri- 
bution of current density on scribed, paint- 
ed zinc-coated steel during the early stages 
of exposure in sodium chloride and sodium 
sulfate solution. Samples were electroplat- 
ed steel and steel with hot-dipped %%All 
1.6%Si remainder Zn alloy. Different kinds 
of defect, such as shallow scratches to the 
coating, deep scratches to the underlying 
steel, and those after mechanical deforma- 
tion of the coated surface were prepared. 
The current distributions in the defect area 

were dependent on the kind of scratch that 
was produced and changed with the time of 
exposure in the NaCl solution. 

Figure 7-36 shows a typical time-depen- 
dent behavior of the current distribution 

(4 
Figure 7-36. Normal current density distribution 
over a scribed electrogalvanized steel sample in 
0.01 M NaCl as a function of time: (a) 15 min; (b) 1 h; 
(c) 2 h. The defect was partly exposing uncovered 
steel to the electrolyte (Isaacs, 1996). 
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with the artificial defect. Sites of uncovered 
steel showed cathodic values, whereas the 
zinc-coated areas exhibited anodic currents. 
The authors attributed the inhomogeneous 
current distribution to the zinc coating be- 
ing extruded between the scriber and the de- 
formed steel during scratching. With in- 
creasing time, thin zinc layers are dissolved, 
and the underlying steel exposed to the elec- 
trolyte is cathodically protected by en- 
hanced zinc dissolution. 

In the case of a painted Al-Zn alloy coat- 
ing, two parallel scribes (distance about 
2 mm) were prepared. The SVET measured 
two different current density distributions 
for the two scribes. To recalculate the cur- 
rent density at the metal/electrolyte inter- 
face from the values measured at a certain 
distance, mathematical modeling was done 
in which the surface and its scratches were 
considered to be composed of elemental 
strips 30 pm wide. Each strip was then re- 
placed by a line, which was the source of 
current. In the presence of many line sourc- 
es, the current at a particular point in solu- 

tion is the sum of the contributions from all 
the line sources. Values for line source cur- 
rents were obtained by graphical compari- 
son of calculations and measured currents 
vertical to the substrate. Cathodic current 
densities of up to -200 pA cm-2 and anodic 
current densities up to 1800 pA cm-2 were 
observed for the left scratch. However, the 
anodic currents were not uniform along the 
scratch, as shown in Fig. 7-37. 

Even hand-scribed, pol y mer-coated, bulk 
zinc samples showed inhomogeneous cur- 
rent distributions. Not surprisingly, local 
breakdown of passive layers was observed 
as the initial corrosion step. With regard to 
the forming of coil-coated steel, cracks in- 
duced by roll coating of painted alumi- 
num-zinc coated steel sheets were charac- 
terized in dilute sodium sulfate solution. 
Anodic and cathodic sites were observed 
with apeakdistance of about 500 pm, which 
could not be predicted by visual inspection. 

Worsley et al. (1997) utilized a SVRET 
to investigate the corrosion at cut edges of 
coil-coated steel. A cut edge is aproduction- 

Figure 7-37. Normal current 
density in 0.01 M Na,SO, 
over a painted carbide-tipped 
scribed aluminum-zinc (galva- 
Iume) surface coating on steel 
(Isaacs et al., 1996). 
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induced defect in the precoated material and 
can act as a starting point for delamination 
of the coating. Samples were hot-dip galva- 
nized steel, chromate treated and coated on 
both sides by a 5 pm epoxy based polymer. 
A 140 ym PVC laminate coating was ap- 
plied to one or both sides of the sheet to 
produce asymmetrically and symmetrically 

coated samples. Measurements were done 
in 0.86 M NaCl solution with a 125 ym 
diameter tip. Interestingly, asymmetrically 
coated samples showed a marked displace- 
ment of cathodic activity to the side where 
the organic coating is thinner, as shown 
in Fig. 7-38 by line scans above the cut 
edge. 

-1 -2 

-3 

-4 

0.0 0.5 1 .o 1.5 2.0 2.5 
Distance I nm 

Figure 7-38. Normal component of 
current density distribution in the plane 
of the scan across the thickness of the 
cut edge (polymer 1 IZnlFelZnlpoly- 
mer 2) for successive scans over a 6 h 
period. (a) 5 pm primer on both sides; 
(b) identical sample but with an addi- 
tional 140 pm PVC coating applied to 
the right side; (c) an identical sample 
with a 140 pm PVC coating applied 
to both sides after 0 h (-), 2 h (. . . .), 
4 h (-.--) and 6 h (---) immersion in 
5 %  NaCl. Worsley et al. (1997). 
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In addition, the anodic current is in- 
creased on the side with the thicker coating 
compared to both symmetrically coated 
samples. Moreover, the separation of the 
anodic and cathodic areas stays almost con- 
stant in the asymmetric case, whereas both 
symmetrically coated samples show a cur- 
rent profile that seems to diminish with time, 
especially for the thicker coating. The au- 
thors argue the establishment of a differen- 
tial aeration cell in the asymmetric case to 
explain the distinct behavior of this coating 
system. The observed faster delamination of 
the thinner coating in the asymmetric case 
is explained by a predominant oxygen re- 
duction where the coating is thinner. 

At this point it might be adequate to dis- 
cuss again the possibility to assign anodic 
or cathodic activity by the SVET when there 
are no distinct localized corrosion phenom- 
ena, e.g., pitting of stainless steel. As stat- 
ed before, the SVET can only measure gal- 
vanic currents between sites that are further 
away than the spatial resolution of the probe. 
A defect in a polymer coating on steel or 
zinc coated steel might be actively corrod- 
ing; nevertheless, the SVET would measure 
no current unless the anodic and cathodic 
sites are sufficiently separated. For current 
state of the art experimental set-ups, the lo- 
cal resolution is about 30-40 pm. More- 
over, an increase in the anodic current might 
be assigned to a much higher metal dissolu- 
tion at this site or a lower cathodic reduc- 
tion rate at the same site. Without any addi- 
tional information, such as the ion and pH 
distribution or an analysis of the distribu- 
tion of different corrosion products, an as- 
signment is difficult make. In the earlier cit- 
ed paper, the higher delamination rate con- 
firms the assumption of a higher oxygen re- 
duction rate at the thinner coating. 

Recently, Zou et al. (1998) investigated 
the degradation of coil-coated galvanized 
steel at the cut edge as well. The authors fo- 

cused on the influence of the chromate con- 
tent in the coating on the active zinc disso- 
lution at the cut edge. Chromate clearly 
leads to rapidly diminishing anodic activity 
of the exposed zinc. The chrome-free prim- 
er (phosphate-based) did not lead to the 
equivalent inhibition of the zinc dissolution. 
The SVET measurements were combined 
with the salt spray and the prohesion test 
(French standard NFX 41002). Not surpris- 
ingly, the inhibition of the zinc dissolution 
measured with the W E T  was in accordance 
with the high corrosion resistance of the 
chromate-containing primer. 

The localized electrochemical impedance 
spectroscopy technique (LEIS) has been ap- 
plied to study the local ac solution current 
density above a polymer coated specimen 
surface (Zou and Thierry, 1997). In this 
work, the LEIS has been combined with a 
scanning Kelvinprobe. Carbon steel sam- 
ples were polished, cleaned, and then con- 
taminated by dropping a small amount of 
NaCl solution in the center of the specimen. 
After drying, the sample was coated with an 
epoxy resin. Impedance measurements were 
done in a dilute NaCl solution. The probe 
design was the same as published in Zou 
et al. (1997). The authors revealed that, even 
above a visible blister underneath the coat- 
ing, an impedance spectrum almost equal to 
that of the intact area is measured by LEIS as 
long as the coating itself is intact. The reason 
for this is the high impedance of the coating 
in series with the low impedance of the inter- 
face in the contaminated region. A smaller 
change observed directly above the blister 
was assigned to a local change in the capac- 
itance of the coating. The scanning Kelvin- 
probe clearly detected the blister region. 

7.3.3 Concluding Remarks 

The use of scanning reference electrodes 
has become a suitable method to measure 
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localized corrosion events in situ with high 
spatial resolution (=20 pm). Initially used to 
investigate the localized breakdown of pas- 
sivity, the technique is now used for a va- 
riety of corrosion phenomena which start lo- 
cally, such as bio-corrosion, corrosion of 
welds, and defects in coatings. Quantifica- 
tion of the local current density is possible, 
and mathematical models enable the user to 
fit experimental data. Since the SVET only 
measures the current lines above the sample 
surface, parallel monitoring of the integral 
potential by means of a reference electrode 
is helpful to interpret current maps. More- 
over, the combination of the SVET with the 
local measurement of pH, oxygen concen- 
tration, and ion concentrations can help to 
verify the interpretation. 

The application of LEIS, based on the 
SRET or the SVET, is of interest when anod- 
ic and cathodic site are not clearly separat- 
ed. The local anodic and cathodic currents 
are only measured by the SVET when they 
are further apart then the spatial resolution 
of the used probe. If they are closer than the 
spatial resolution, the measured resulting 
current diminishes to zero although the 
measured site is corroding actively. In this 
case, the LEIS is still able to detect the ac- 
tivity of the site by measuring the polariza- 
tion resistance, which can be measured as 
the slope of the overall current density 
curve. The LEIS seems to be a promising 
tool to detect local variations in coating 
properties, such as capacitance or film re- 
sistance. 

Unlike the scanning Kelvinprobe (SKP), 
all the other scanning reference electrodes 
require electrolytic connection between the 
sample and the probe. It is therefore not real- 
ly possible to study underfilm corrosion of 
polymer-coated metals. However, compli- 
mentary to the SKP, the activity of the de- 
fect including the inhibiting effect of pig- 
ments in the coating can be estimated. Since, 

for example, the anodic dissolution rate of 
a zinc coating at a cut edge determines the 
rate of oxygen reduction, which is the cause 
of cathodic delamination, the measurement 
of the anodic current within the defect can 
help to foresee the corrosion resistance of 
the coating system. 

The availability of commercial SVET 
systems (e.g., EG&G, Applicable Electron- 
ics) makes the technique also suitable for in- 
dustrial laboratories. 

7.4 Scanning Kelvinprobe 

7.4.1 Introduction 

In principle, the Kelvinprobe measures 
the work-function of a sample using the vi- 
brating condenser method (Kelvin, 1898; 
Kohlrausch, 1968). Under certain circum- 
stances (Sec. 7.4.3), the work-function is 
determined by the electrode potential and 
therefore the Kelvinprobe is able to meas- 
ure local electrode or corrosion potentials. 
The major advantage of the Kelvinprobe in 
comparison to conventional electrochemi- 
cal devices, like electrochemical reference 
electrodes, lies in the fact that the Kelvin- 
probe will measure electrode potentials 
without touching the surface under investi- 
gation across a dielectric medium of infinite 
resistance. Electrochemical reference elec- 
trodes will always need a finite electrolytic 
resistance between the sample and the ref- 
erence electrode. This limits their appli- 
cability to surfaces, which are covered by 
bulk electrolytes. Further limitations are ob- 
vious for polymer-coated samples, as then 
the high resistance of these films will not al- 
low measurement of the corrosion potential 
at the inner interface. In the case of a defect 
coating, the defect itself will provide a low 
conducting path. Therefore, with a conven- 
tional reference electrode only the electrode 
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potential of the defect will be registered and 
it will be impossible to measure the elec- 
trode potential of the metal/polymer inter- 
face in the vicinity of the defect. 

The scanning Kelvinprobe makes it pos- 
sible to overcome these difficulties and is 
successfully applied in the investigation of 
the following corrosion systems: 

0 The investigation of the outdoor corro- 
sion of metals like steel, weather resistant 
steel, galvanized steel, copper, etc., as 
during the daily wet/dry cycling ultra- 
thin electrolyte layers are formed, which 
are of ultimate importance for the aver- 
age corrosion rate and which cannot be 
analyzed by conventional electrochemi- 
cal techniques (Sec. 7.4.5). 

0 The investigation of the indoor corrosion 
of electronic materials like aluminum or 
copper. Usually, the relative humidity is 
well below 100% and electrolyte layers 
of only several monolayers are formed on 
top of the metal, which still allows slow 
corrosion of the metal. Again, the scan- 
ning Kelvinprobe has successfully been 
applied for the investigation of the corro- 
sion behavior of such materials (Lobnig 
et al., 1996). 
The investigation of the delamination of 
polymer-coated materials in the vicinity 
of defects. In particular, corrosion poten- 
tial maps have been measured close to de- 
fects, which provide direct information 
on the extension of the delaminated zone 
(Sec. 7.4.6). 

0 The investigation of the stability of modi- 
fied metal surfaces, the modification layer 
being as thin as one monolayer (Sec. 7.4.7). 

7.4.2 Theory of the Vibrating 
Condenser Method 

In principle, the Kelvinprobe consists of 
a metallic reference electrode, which is sep- 
arated from the sample by a dielectric me- 

dium and connected to the sample by a me- 
tallic wire. If the work function of the sam- 
ple is given as WSample and the work func- 
tion of the reference electrode as WRef then 
(Lange and Gohr, 1962; Gomer and Tryson, 

(7-75) 1987) 

XSampIe) -Sample = - ( , $ + m p l e - F  
WSample = -Ye 

where is the electrochemical poten- 
tial of the electron in the sample, pzample the 
chemical potential of the electron in the 
sample, F Faraday's constant, and xSample 

the surface potential of the sample 
and 

(7-76) 

where p,""' is the electrochemical potential 
of the electron in the reference probe, ,uyf 
the chemical potential of the electron in the 
reference probe, F Faraday's constant, and 
pf the surface potential of the reference 
probe. 

As after connection of the two metals the 
electrochemical potential of the electrons 
within both phases will be identical, a charg- 
ing of one sample with respect to the other 
(Volta potential difference) will be observed 
-Sample - w F ySample  
Ye Sample - - -  

= p,""'= - W R ~ ~ -  F pRef (7-77) 

whereYsamp'e is the Volta potential of the 
sample and YRef the Volta potential of the 
reference probe 

and 

Therefore, for a given and constant work 
function of the reference metal the work 
function of the sample will be determined 
by measurement of the Volta potential dif- 
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ference. AYE:&,,, is usually measured by 
the vibrating condenser method of the Kel- 
vinprobe (Kohlrausch, 1968; Stratmann, 
1994; Liess et al., 1997). In this technique, 
sample and reference electrode form a con- 
denser and the reference electrode is forced 
to vibrate about a mean distance to the sam- 
ple d by an amplitude Ad. Then the change 
of the capacity C is given by 

A 
d +Ad sin (w t) 

C = E E o  - (7-79) 

where E is the dielectric constant of the me- 
dium, &' the electric field constant, w the 
frequency of vibration for the reference met- 
al, and A the surface area of the reference 
plate. 

And therefore a current results in the ex- 
ternal circuit which is given by 

dc iAc = AYELpl, - 
dt 

cos (0 t )  

[ 2 + Ad sin (wt)]2 
= A ~ ~ , ~ , ( E E ~  A Ado) 

for d $Ad. 

the external circuit (see Fig. 7-39), then 
If an external voltage U is switched into 

dC 
i = (A Y - U )  - 

dt 
with 

i=O for A Y = U  

(7-81) 

Therefore, in a conventional approach the 
voltage Uis changed until the current i van- 
ishes and for this condition (nulling tech- 
nique) A is measured. The measure- 
ment is more accurate the higher the sensi- 
tivity S 

dim, EAAdw 
dU (2)' 

s=-- - (7-82) 

elec 

C 

Figure 7-39. Principle scheme of the Kelvinprobe. 

and for small areas A sensitivity problems 
will arise. This has been overcome over the 
last few years by a significant improvement 
of the experimental set-up in different labor- 
atories (Liess et al., 1997; Stratmann and 
Streckel, 1990a), and now systems are even 
available commercially which provide at 
least a local resolution of some 10 pm. Ac- 
cording to Eq. (7-82) the signalhoise ratio 
will be improved by an increased amplitude 
Ad, an increased frequency w, and in par- 
ticular by a small distance d. In many 
systems, the frequency of vibration is in the 
kilohertz range, the amplitude several mi- 
crometers, and the distance (depending on 
the roughness of the surface) in the same 
range. As the signal of the Kelvinprobe de- 
pends strongly on the mean distance, the 
probe may also be used as a profilometer in 
the first scan and therefore allows a closer 
approach to the surface in a second scan 
which is used to measure the local Volta po- 
tential (Liess et al., 1997). 

The local resolution is given by the diam- 
eter of the tip of the reference electrode 
and by its stray capacity (Stratmann and 
Streckel, 1990a; Stratmann, 1994; Strat- 
mannet al., 1990b; Yeeet al., 1991).There- 
fore, even with a very sharp tip it is rather 
difficult, to provide a resolution better than 
1 pm. However, as will be shown later, this 
is a reasonable local resolution for many ap- 
plications. 

A typical set up for measuring the local 
Volta potential is shown in Fig. 7-40 (Strat- 
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Figure 7-40. Schematic set-up of the scanning Kel- 
vinprobe. 

mann and Streckel, 1990a). Basically, the 
Kelvinprobe is fixed to a computer con- 
trolled xyz-stage and the sample is fixed in 
its local position. The probe itself consists 
of a sharp needle (e.g., corrosion resistant 
Cr-Ni alloy) and is forced to vibrate by a 
magnetically driven loudspeaker system. 
The probe is set to ground. The sample is 
connected to a current voltage converter 
with a very high amplification factor by a 
very short cable and is separated from 
ground by the input resistance of the oper- 
ational amplifier (typically lo8 ohm). The 
acoustic and electric shielding of the pream- 
plifier is very important for a good signal/ 
noise ratio. The output of the preamplifier 
is connected to the input of a lock-in ampli- 
fier and is analyzed with respect to a refer- 
ence frequency which is identical to the vi- 
bration frequency of the probe. The output 
of the lock-in amplifier is then proportion- 
al to the current with the same frequency as 
the vibration frequency of the probe and a 
pre-selected phase shift. This output-volt- 
age is integrated and switched between 
ground and the sample, therefore changing 
the voltage difference between sample and 
probe until the ac signal vanishes and 
therefore the lock-in output falls to zero. 

The voltage between sample and probe nec- 
essary to reduce the ac signal to zero is 
regarded as the Volta potential difference 
A Vt&,le. During measurement, the cham- 
ber of the Kelvinprobe is kept at very high 
relative humidity (typically >95%) in order 
to keep the electrochemical reactions run- 
ning. This requires a corrosion-resistant con- 
struction for the chamber, the probe, sample 
holder, etc. (e.g., stainless steel 1.4075) and 
may give rise to experimental problems, as 
the resistance between the sample and 
ground has to be kept at values >lo8 ohm and 
this is no easy task in very humid atmos- 
pheres. For the overall construction of the 
scanning Kelvinprobe, materials that may 
charge up during operation, e.g., Teflon-like 
polymers, have to be avoided, as any surface 
charge will significantly perturb the signal. 

7.4.3 The Relation Between 
the Volta Potential Difference 
and Corrosion-Relevant Properties 

It was discussed earlier that a relation ex- 
ists between the Volta potential difference 
A VF&,le and the corrosion potential of the 
corroding interface. However, this relation 
is not unique but must be derived for differ- 
ent interfaces of interest. In the following 
part, this is done in particular for the follow- 
ing corrosion systems: 

0 electrolyte covered metal surface, 
0 metal surfaces in humid air, 

polymer coated metal surface, and 
0 delaminated polymer coated surface with 

an ultra-thin electrolyte layer between 
substrate and polymeric coating. 

Differentiation must be made, in any case, 
between a metallic substrate and a metal that 
is covered by an oxide layer like a passive 
film. 
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7.4.3.1 Electrolyte Covered 
Metal Surfaces 

In general, the corrosion potential is de- 
fined by the rate of electrochemical reac- 
tions. The corrosion potential is the poten- 
tial at which anodic and cathodic currents 
will balance exactly. Therefore, the corro- 
sion potential also reflects the kinetics of the 
electron transfer and the ion transfer reac- 
tion. 

System Metal - Electrolyte 

Figure 7-41 shows the potential distribu- 
tion over the system sample/electrolyte/ 
gadreference probe. The system is charac- 
terized by the following potential differenc- 
es (Stratmann and Streckel, 1990a; Strat- 
mann, 1994): 

1. A@;- the Galvani potential difference 
between the metal and the electrolyte; the 
Galvani or inner potential of each phase 
being defined as the sum of the Volta po- 
tential Y' (resulting from a charge of the 
phase) and the surface potential x. Note 
that the electrochemical potential of the 
electrons pe is generally defined by the 
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Figure 7-41. Potential distribution over the system 
metal/electrolyte/gas/reference probe. 

chemical potential 
tential @ 

and the Galvani po- 

pe =A - F @ (7-83) 
whereas the work function is defined as 
the electrochemical potential of the elec- 
trons within an uncharged phase and 
therefore is given only by the chemical 
and the surface potential [Eq. (7-75)]. 

2. xel - the surface potential of the liquid wa- 
ter phase. This surface potential is not di- 
rectly measurable, but according to theo- 
retical considerations it is small and pos- 
itive due to a preferential orientation of 
water dipoles with the oxygen towards 
the gas phase. Typical estimations of the 
surface potential are of the order +0.05- 
0.1 V (Gomer and Tryson, 1987; Trasat- 
ti, 1984,1994; Kolb and Scherson, 1983). 

3. A YEff - the Volta potential difference and 
measurable quantity described before. 

4. XRef - the surface potential of the probe 
itself. The surface potential will depend 
strongly on the adsorbed water layer on 
top of the reference metal and will be con- 
stant only under identical experimental 
conditions. It has been shown that the sur- 
face potential, and therefore also the work 
function of the reference metal, is fairly 
constant after a certain time due to a fi- 
nal stage of contamination and water ad- 
sorption. It can further be stabilized by 
certain reference metals, like a silver wire 
coated with AgC1, as then the work func- 
tion seems to be given by an electrochem- 
ical equilibrium on the reference metal 
(Atanasoski et al., 1994). 

According to Fig. 7-41 a Galvani potential 
difference results between the sample and 
the probe, which in the equilibrium (con- 
stant electrochemical potentials) is given by 

A @E = @Me - @Ref 

(7-84) 



7.4 Scanning Kelvinprobe 345 

The Galvani potential difference is deter- 
mined by the sum of the potential differ- 
ences of all interfaces 

A@& = A@;+ xEI + A Glef -  ref (7-85) 

with XRef having a negative sign as the inter- 
face is crossed from the gas phase into the 
metal. 

Combining Eqs. (7-84) and (7-85) results 
in 

(7-86) 

The left side of Eq. (7-86) can be attributed 
to the absolute half-cell potential of a met- 
al/electrolyte interface q12, as has been 
shown first by Trasatti (1984, 1994). As the 
half-cell potential of the sample is simply 
related to the corrosion potential by the half- 
cell potential of the reference electrode 

(7-87) ESample - Ref 
Eco, = 112 El I2 

where ~ f / a ~ ~ ~ ~  is the half-cell potential of the 
sample and E P / ; ~  the half-cell potential of the 
reference electrode. 

It is obvious, that a direct relation exists 
between the corrosion potential and the 
Volta potential (Hanson and Kolb, 
1979; Rath and Kolb, 1981; Stratmann and 
Streckel, 1990a; Stratmann, 1994) 

the term in brackets being nearly constant. 
This relation has been proven to be valid 
experimentally (Fig. 7-49) (Stratmann and 
Streckel 1990a; Yee et al., 1991). 

System Metal- Oxide- Electrolyte 

Figure 7-42 summarizes the potential 
distribution over this system, additionally 
taking into account a potential distribution 
over the oxide layer which may result from 
a nonequilibrium situation, e.g., due to ion 
transport from the inner to the outer inter- 
face. This potential distribution is in partic- 
ular valid for passive iron in electrolytes due 
to a continuous dissolution reaction (Vetter, 
1967). 

The half-cell potential and therefore also 
the corrosion potential will be 

~ 1 1 2  = A Q j F  - ____ peSample 
F 

= (F - xEl) + (7-89) 

with 

A@;= A@: + AQjOx + A@: 

For iron, this equation has been discussed 
in great detail (Vetter, 1967; Stimming and 
Schultze, 1979a, b), and it is usually as- 
sumed that the Galvani potential difference 
across the inner metal/oxide interface is 
constant due to an electrochemical equilib- 
rium between metallic iron and an iron 
oxide whose chemical composition may be 

Galvani-Potential 

Metal ; Oxide ; Electrolyte ; Gas ; Reference 
I I I 

Figure 7-42. Potential distribution over the system 
metal/oxide/electrolyte/gas/reference probe. 



346 7 Novel Electrochemical Techniques in Corrosion Research 

close to Fe,O,. The potential drop over the 
oxide depends strongly on the dissolution 
rate, as in the steady state the solid state 
transport of iron ions across the film, as de- 
termined by a high field mechanism, must 
be as fast as the chemical dissolution of the 
oxide. The potential drop across the ox- 
ide/electrolyte interface is pH-dependent 
according to a Nernst equilibrium due to the 
slow exchange of oxygen ions between the 
oxide and the electrolyte 

(H20)E1 06; + H& (7-90) 

and 

Therefore, the same result holds as for the 
metal/electrolyte interface [Eq. (7-86)], and 
under electrochemically controlled condi- 
tions neither the electrode potential nor the 
Volta potential difference can distinguish 
between an oxide-covered and an oxide-free 
surface. 

7.4.3.2 Metals in Humid Air 

In humid air, the metal surface will be 
covered by several monolayers of water as 
long as no hygroscopic impurities are ad- 
sorbed. Under these circumstances, stan- 
dard electrochemistry will not be valid any- 
more, as no electrolytic double layer is 
formed and the reaction products will not be 
transported away from the surface. There- 
fore, the rate of any electrochemical reac- 
tion will be rather small and the “electrode 
potential”, which is measured by the Kel- 
vinprobe cannot be defined in the usual ter- 
minology of electrochemistry but will re- 
flect, e.g., the redox properties of the oxide 
scale. In particular, the “electrode potential” 

will be shifted into a potential window at 
which the rate of any electrochemical reac- 
tion, like the reduction of oxygen, is nearly 
zero and therefore this potential is an indi- 
rect measure of the electron-transfer prop- 
erties of the substrate. 

System Metal-Humid Air 

If only monolayer adsorption prevails, 
then the situation can be described by 
Fig. 7-43 with xMe being the surface or di- 
pole potential of the metal in the presence 
of an adsorbed dipole layer of water. The 
Galvani potential difference is given as 

A @% = @Me - @Ref (7-92) 

1 
F 

and 

= - (d? - ppf ) = XMe -!- A - XRef 

(7-92a) 

and therefore the Volta potential difference 
is given by the difference in the work func- 
tion between the metal and the probe. This 
relation is also the normal one for UHV-type 

Galvani-Potential 

Metal Gas Reference -- , 
I A 

I 

Figure 7-43. Potential distribution over the system 
metal/gas/reference probe. 

I I 
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Figure 7-44. Change of the surface potential in the 
presence of chemisorbed oxygen. 

studies and of no particular interest in this 
context as it does not allow the derivation 
of corrosion-relevant quantities. If, howev- 
er, the measurement of is per- 
formed in the presence of oxygen, then an 
additional transfer of electrons from the 
metal to oxygen is possible if the work func- 
tion of the metal is small (Fig. 7-44). This 
results in a drastic change of the surface po- 
tential (Miyano et al., 1986) due to at least 
partly charged oxygen monolayers and this 
will result in an increase of the work func- 
tion comparable to an anodic polarisation of 
a noble metal in oxygenated electrolytes. 
This anodic potential shift which is also 
measured by the Kelvinprobe for noble met- 
als in humid air is quite interesting, as it al- 
lows to derive information on the kinetics 
of the ETR under such conditions. 

System Metal-Oxide-Humid Air 

As stated before, the Volta potential is 
shifted anodically for metals in humid air 
due to a highly charged interface which is 
formed by the chemisorption of oxygen. For 
less noble metals this will result in the trans- 
port of ions within the high electric field 
(Vetter, 1967) and the formation of a dense 
and thin oxide layer. Under these circum- 
stances, a complex potential profile results 
as shown in Fig. 7-45, again taking into ac- 
count a distribution of the Galvani potential 

Galvani-Potential 
Metal 1 Oxide 
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Figure 7-45. Potential distribution over the system 
metalloxide/humid aidreference probe. 

over the oxide scale due to a varying com- 
position of the oxide from the inner to the 
outer interface (see later). The Galvani po- 
tential difference is then given as 

A @ k f = - (  1 p,Mc-p,Ref) 
F 

(7-94) 

=A@!: + A @ ~ ,  +xOX +AYE -xRef 
Of particular interest in this equation is the 
potential drop across the oxide (AaOx) as it 
links the Volta potential of the oxide surface 
with the work function of the metal. For iron 
oxide, as an example, AOOx is discussed in 
more detail based on the theory of Wagner 
(1973). The Voltapotential at the outer inter- 
face may be given as @6, and the one at the 
inner interface @&,. Then 

@6, = @&, - AQOx (7-95) 

For an electrochemical equilibrium for the 
electrons inside the oxide, the electrochem- 
ical potential of the electrons will be con- 
stant and 

" - Ec - - - A@ox 
F F  

(7-96) 

where &' is the chemical potential of the 
electron at the outer interface and & is the 
chemical potential of the electron at the in- 
ner interface. 
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If an equilibrium is now assumed between 
Fe3+ and Fe2+ 

Fe3+ + e- H Fe2+ (7-97) 

then the chemical potential of the electron 
is given as (Wagner, 1973) 

p e  = ( pFe2+ 0 - p:,,+ ) + RT In ~ [Fe2+ (7-98) - [Fe3’] 
AP;e2+,Fe3+ 

and from Eq. (7-87) 

RT [ [Fe2+]’ [Fe2+l”) 
F [Fe3+]’ [Fe3+]” 

A@,,=- ln-- 

(7-99) 
where [Fe2+]’ and [Fe2+]” are the activities 
of Fe2+ at the inner and outer interface, re- 
spectively, and [Fe3+]’ and [Fe3+]” the activ- 
ities of Fe3+ at the inner and outer interface, 
respectively, as 

(7- 100) 

AP&2+/~e3+ RT [Fe2+]’ - - +-ln- 
F F [Fe3+]’ 

and 

(7-101) 

finally gives 

RT [Fe3+]” 
+XOx+-In- 

F [Fe2+]” 

= const + In [s) (7-102) 
F 

and therefore the Volta potential difference 
mainly reflects the oxidation states within 
the oxide surface (Grundmeier and Strat- 
mann, 1999a). In a simple explanation of 

Eq. (7-102) the oxide surface on iron will be 
oxidized in air until the oxidation level and 
therefore the Volta potential is high enough 
to prevent any further oxygen reduction. 
Therefore, the measured Volta potential re- 
flects the possible degree of oxidation of the 
oxide surface and indirectly also the rate of 
the ETR on such a surface in humid air. 

7.4.3.3 Polymer-Coated Metals 

For polymer-coated materials, the Kel- 
vinprobe allows information on the poten- 
tial distribution at the inner buried interface 
to be derived and this is quite interesting 
from an application point of view (Strat- 
mann et al., 1991, 1994; Leng et al., 1999a, 
b, c; Cappadonia et al., 1988). Experimen- 
tally it has been shown that in a humid at- 
mosphere in particular the Kelvinprobe will 
measure the potential just outside the poly- 
mer surface, and therefore some electronic 
equilibrium must exist for highly swollen 
polymers between the polymer surface and 
the inner interface at least for the currents 
involved in the Kelvinprobe measurement 
(lo-* A cm-2). However, this electronic 
equilibrium has not been investigated in de- 
tail up to now. If the polymer phase shows 
no conductivity at all, then a potential meas- 
urement with the Kelvinprobe is also diffi- 
cult due to surface charging which interferes 
with the Volta potential measurement. 

For a water-saturated polymer with some 
conductivity, the polymeric phase can be re- 
garded as an additional layer which affects 
the potential distribution in a similar man- 
ner to that discussed before. This is assumed 
in the following treatment. 

System Metal - Polymer- Humid Air 
The potential distribution of this system 

is schematically shown in Fig. 7-46. The sit- 
uation is in analogy to Fig. 7-41 if the di- 
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Figure 7-46. Potential distribution over the system 
metal/polymer/humid aidreference probe. 

pole potential of the aqueous phase is ex- 
changed with the dipole potential of the 
polymeric phase xpol. For non highly orient- 
ed polymers, this dipole potential is rather 
small and, similar to Eq. (7-78), the follow- 
ing result is obtained 

(7- 103) 

If the left side of Eq. (7- 103) is regarded as 
the half-cell potential of the metal/polymer 
interface, then according to Eqs. (7-87) and 
(7-88) 

(7-104) 

X P O l  -&f)+AY%f 

Similar to the electrolyte covered metal sur- 
face, an electrode potential of the inner 
interface would be measured. However, the 
physical meaning of this electrode potential 
is not obvious, as it cannot be interpreted by 
conventional electrochemical kinetics. The 
electrode potential could in the absence of 
any faradaic current be determined by di- 
pole orientation of segments of the polymer 
chain. If, however, faradaic currents such as 
the reduction of oxygen are possible at the 
inner interface then, similar to the discus- 
sion in Sec. 7.4.3.2, the interface will be po- 
larized until the rate of oxygen reduction is 
negligible. This is true, e.g., for polymer 
coated gold surfaces. 

System Metal -Oxide-Polymer- 
Humid Air 

The potential distribution over this sys- 
tem is shown in Fig. 7-47. As a result, the 
Volta potential difference is given in analo- 
gy to Eq. (7-94) 

and if the Volta potential drop over the 
oxide layer is substituted by the correspond- 
ing change in chemical composition, then 
for an iron substrate 

0 
WRef +A@;; -~ Ref - - ApFe3+/Fe3f 

F F 
Alu,,, - 

Again, the Volta potential difference repre- 
sents the oxidation level within the oxide 
scale at the metal/polymer interface (Grund- 
meier and Stratmann, 1999a). 

System MetaUMetal Oxide- Electrolyte- 
Polymer-Humid Air 

This system is typically for a delaminat- 
ed interface where an electrolyte layer is 

Galvani-Potential 
I t Metal j Oxide j Polymer ; Gas Reference 

Figure 7-47. Potential distribution over the system 
metal/oxide/polymer/humid aidreference probe. 
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shifted between the substrate and the poly- 
mer. The potential distribution is shown in 
Fig. 7-48 and contains as a new element the 
potential drop over the electrolyte/polymer 
interface. This potential drop is called the 
membrane or Donnan potential and is di- 
rectly associated with the preferential incor- 
poration of ions into the polymeric matrix 
(Cappadonia et al., 1988; Doblhofer and 
Armstrong, 1988; Doblhofer, 1992). As a 
result 

(7-107) 

Therefore, the Volta potential difference 
A @:{only allows measurement of the cor- 
rosion potential at the inner metal/electro- 
lyte interface buried below the polymeric 
coating if the Donnan potential is known or 
small. 

Usually, the Donnan potential is of spe- 
cific importance for polymers with a high 
density of fixed charges (ion exchange 
membranes), as polymers with fixed cation- 
ic functional groups will exclusively ex- 
change anions and vice versa. Under these 
circumstances, the Donnan potential is giv- 
en for a (1 : 1) electrolyte like NaCl (Dobl- 
hofer, 1992; Kutner,1992) 

r-7 
ACPD =zRT In 1; -+ ,,/ 1+ ( - 2 )  1 (7-108) 

F 
L -I 

with x being the ratio of the fixed charge 
density within the polymer and the concen- 
tration of the (1 : 1) electrolyte. It is obvious 
that for concentrated electrolytes and poly- 
mers with a small fixed charge density, x ap- 
proaches 0, and therefore the Donnan poten- 
tial disappears. If, on the other hand, the 
concentration of the electrolyte is much 
smaller than the concentration of the fixed 
ionic groups within the polymer, the Don- 
nan potential will depend on the concentra- 
tion of the electrolyte with a slope of 
59 mV/(decade of concentration). The lat- 
ter situation will prevail for typical ion ex- 
change membranes in diluted ( molar) 
electrolytes. The lacquers used for corro- 
sion protection may have some fixed ionic 
groups; however, their concentration is or- 
ders of magnitudes lower than that of typi- 
cal ion exchange membranes (like Nafion). 

According to Eq. (7-108) it must there- 
fore be concluded that the Donnan potential 
will be of significance only for very dilute 
electrolytes. 

In order to check the importance of the 
Donnan potential some calibration experi- 
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Figure 7-48. Potential pro- 
file over the system met- 
al/oxide/electrolyte/poly mer/ 
humid adreference probe. 



7.4 Scanning Kelvinprobe 35 1 

ments have been performed measuring si- 
multaneously the electrode potential E,,,, 
and the Volta potential difference A YF:{as 
a function of the composition of the electro- 
lyte (Leng et al., 1999a). Then 

(7-109) 

F F 

Both potentials on the left side are measur- 
able quantities and may be registered as a 
function of the concentration of ions within 
the electrolyte ( x ) .  As, on the right hand of 
Eq. (7-109), only the Donnan potential de- 
pends on the concentration of ions within 
the electrolyte [Eq. (7- 108)] aplot of the dif- 
ference (Ecorr-A!PFEf) versus celectrolyte will 
show the significance of the two terms on 
the right-hand-side of Eq. (7-109) and 
therefore demonstrates whether or not the 
Donnan potential significantly affects the 
measured electrode potential. As a result, 
the influence of the Donnan potential on the 
measurement of the electrode potential was 
negligible for many electrolytes, and only 
under strongly alkaline conditions was 
some potential change observed due to the 
Donnan potential, which may also result 
from an irreversible change of the chemical 
composition of the polymer under alkaline 
conditions (Leng et al., 1999a; Leng, 1995). 

7.4.4 Calibration of the Kelvinprobe 

In most of the equations of Sec. 7.4.3, the 
Volta potential difference A Y is related to 
the electrode or corrosion potential in a lin- 
ear manner; however, a calibration constant 
is needed in order to calculate the electrode 
potential from a Volta potential measure- 

ment. For aqueous electrolytes, the calibra- 
tion constant is easily obtained by measur- 
ing the Volta potential of a metal electrode 
which is exposed to an electrolyte contain- 
ing the metal cation in a defined concentra- 
tion (Stratmann and Streckel, 1990a; Yee 
et al., 1991). Then the electrode potential of 
the metal/metal cation system is known 
from the Nernst equation and the calibration 
constant is obtained, e.g., by plotting the 
known electrode potential versus the Volta 
potential for different metal/metal cation 
systems (Fig. 7-49). However, it should be 
kept in mind that the calibration constant 
contains the work function of the reference 
metal and depends strongly on the actual 
surface condition of the reference material. 
The calibration procedure has therefore to 
be performed frequently and typically only 
with one simple metal/metal cation system 
like Cu/CuS04. 

For polymer-coated materials, similar ex- 
periments have been performed with a thin 
electrolyte layer between the metallic sam- 
ple and the polymer film (Leng et al., 
1999 a). Again, a linear relation has been ob- 
served between the electrode potential and 
the Volta potential, which made it possible 
to also calculate a calibration constant for 
these systems. 

Similar experiments have proven that for 
many applications the Donnan potential of 
the electrolyte/polymer interface is rather 
small (Leng et al., 1999a; Leng 1995). In 
these experiments, the electrode potential 
and the Volta potential of a system met- 
al/electrolyte/polymer/gas have been meas- 
ured simultaneously as a function of the log 
of the ionic strength of the electrolyte. Ac- 
cording to Eq. (7- 109) a significant slope is 
only expected in the presence of a Donnan 
potential, and this has only been observed 
in highly alkaline electrolytes where chem- 
ical decomposition of the polymer could not 
be excluded. 
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Figure 7-49. Calibration of the 
Kelvinprobe with metal/metal cat- 
ion systems of known electrode 
potential (Leng et al., 1999a). 
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Therefore, in most circumstances the 
Volta potential difference is only offset to 
the corrosion potential by a constant term, 
which is accessible by calibration experi- 
ments. 

7.4.5 Application of the Kelvinprobe: 
Atmospheric Corrosion 

7.4.5.1 Experimental 

The Kelvinprobe has been primarily used 
to investigate the atmospheric corrosion of 
metallic materials during wet/dry transi- 
tions (Stratmann and Streckel, 1990a, b; 
Stratmannet al., 1990a, b; Stratmann 1994). 
For these investigations the Kelvinprobe is 
placed in a small and closed volume, and the 
actual corrosion potential and the partial 
pressure of oxygen are measured simultane- 
ously with respect to a reference chamber of 
constant pressure. During a wet/dry transi- 

tion, the corrosion rate is measured by the 
slope of the curve po, (time) and the corro- 
sion potential by the Kelvinprobe. 

As well as measurements at the free cor- 
rosion potential, current/voltage curves of 
metal substrates covered with ultra-thin 
electrolyte layers have also been measured 
with a Kelvinprobe as the reference elec- 
trode. For these measurements, a special set- 
up has been used (Fig. 7-50), in which the 
sample is embedded in an epoxy resin such 
that only the edge is exposed to the atmo- 
sphere (Stratmann et al., 1990a, b). On both 
sides of the thin electrode, electrolytic res- 
ervoirs are placed and connected via a thin 
electrolyte film of variable thickness. In this 
set-up the voltage between the sample and 
the Kelvinprobe is fixed at a certain value, 
and the output of the lock-in amplifier is 
used to change the voltage between the 
counter and the working electrode such that 
the alternating current between the working 
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Figure 7-50. Experimental set-up for measuring cur- 
rent density potential curves with a Kelvinprobe as 
reference (Stratmann et al., 1990a). 

and reference electrodes disappears. There- 
fore, in this set-up, the external voltage is 
not adjusted to the Volta potential difference 
but the Volta potential difference is adjust- 
ed by polarization to the external voltage. 
Details of this set-up are published else- 
where (Stratmann et al., 1990a; Stratmann, 
1994). 

7.4.5.2 Results 

Figure 7-5 1 shows apotential transient as 
measured during a dry/wet/dry cycle of a 
pure iron surface contaminated with SO, 
(Stratmann and Streckel, 1990b). In princi- 
ple, these potential changes correspond to 
active/passive transitions, and it is quite ob- 
vious from Fig. 7-51 that electrode poten- 
tials as measured in the wet stage of corro- 
sion differ significantly from the ones of a 
surface only covered by several monolayers 
of water. In Fig. 7-52, the active/passive 
transition during a wet/dry transition is 
combined with a measurement of the corro- 
sion rate, and it becomes clear that the most 
important stage of atmospheric corrosion 
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Figure 7-51. Corrosion potential or iron as measured 
with a Kelvinprobe during a dry/wet/dry transition 
(Stratmann, 1994). 
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Figure 7-52. Corrosion rate and corrosion potential 
as measured during a wet/dry transition of an iron sur- 
face contaminated with SO2 (Stratmann and Streckel, 
1990b). 

happens during the drying of a wet surface 
(Stratmann and Streckel, 1990b; Stratmann, 
1990). During this corrosion stage, the 
transport-controlled rate of oxygen reduc- 
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tion increases significantly, and this again 
could be followed by the Kelvinprobe 
using the “Kelvinprobe-potentiostat” de- 
scribed earlier (Fig. 7-53) (Stratmann et al., 
1990a). As at the same time the rate of anod- 
ic metal dissolution decreases with decreas- 
ing electrolyte thickness (Fig. 7-54), spon- 
taneous passivation occurs below a certain 
electrolyte thickness. Based on such meas- 
urements, the atmospheric corrosion of 
some binary alloys has been investigated us- 
ing the Kelvinprobe. It could be shown that, 
e.g., for copper-containing alloys the passi- 
vation sets in at electrode potentials nega- 
tive to the ones of iron and this results in de- 
creasing corrosion rates during drying, and 
therefore during the stage of most rapid cor- 
rosion for unalloyed steel (Stratmann and 
Streckel, 1990b). 
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Figure 7-53. Cathodic polarisation curve of iron 
(oxygen reduction) as measured with a Kelvinprobe- 
potentiostate as a function of the electrolyte thickness 
(Leng, 1991). Assignment of lines see Figure 7-54. 
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Figure 7-54. Cathodic and anodic polarisation curves 
for iron as measured with a Kelvinprobe-potentiostate 
for thin electrolyte layers (Stratmann et al., 1990b). 

The scanning Kelvinprobe has also been 
used to map the corrosion of atmospheri- 
cally corroding samples, in particular to in- 
vestigate the width of cathodic protection 
for galvanized steel as a function of the 
electrolyte thickness (Stratmann et al., 
1990b). A last example of successful ap- 
plication of the Kelvinprobe for atmos- 
pheric corrosion studies is the investiga- 
tion of vapor phase inhibitors which are 
used to protect metallic parts during 
shipping, storing, etc. (Leng and Strat- 
mann, 1993). Figure 7-55 shows cur- 
rent-voltage curves as measured with the 
Kelvinprobe-potentiostat for an iron sur- 
face covered with an electrolyte which con- 
tains ammonium-benzoate as inhibitor. 
For thick electrolytes, an active-passive 
transition is observed and therefore under 
open circuit conditions the steel surface 
would corrode actively. For electrolytes as 
thin as 10 ym, the cathodic currents are large 
enough to passivate the surface spontane- 
ously, and therefore the inhibitor only 
works properly at sufficiently thin electro- 
lyte layers. 

All the examples prove that the Kelvin- 
probe is an ideal tool to investigate the cor- 
rosion properties of metal surfaces that are 
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Figure 7-55. Polarisation curves for iron as meas- 
ured with a Kelvinprobe-potentiostate in the presence 
of the inhibitor ammoniumbenzoate (Leng and Strat- 
mann, 1993). 

covered by thin electrolyte layers. Thus it is 
not surprising that this method quickly 
found widespread application throughout 
the corrosion science community (Chen 
et al., 1998a, b; de Wit et al., 1998; 
Schmutz and Frankel, 1998a, b; Nazarov 
and Thierry, 1998; Boehmisch et al., 1997; 
Han and Mansfeld, 1997; Atanasoski et al., 
1994; Yamashita et al., 1995, Huang et al., 
1991). Future research will also concentrate 
on the use of the Kelvinprobe in the inves- 
tigation of the corrosion of electronic mate- 
rials, on homogeneous materials as well as 
on materials that are separated from each 
other by a dielectric but are still part of cir- 
cuit boards and therefore being polarized by 
large voltage differences. 

7.4.6 Application of the Kelvinprobe: 
Corrosion Protection by Organic 
Coatings 

7.4.6.1 Experimental 

In order to use the Kelvinprobe properly 
some precautions are necessary. Usually, the 
delamination of the organic coating in the 
vicinity of defects, which penetrate the coat- 
ing, is of interest. The corrosion properties 
are then investigated by a salt spray test or 
by different tests with changing climates, 
and the extent of delamination is analyzed 
by mechanically removing the coating from 
the substrate. From an electrochemical point 
of view, the defect is covered by an electro- 
lyte layer, the remaining surface by an ad- 
herent polymer film, and on top of the coat- 
ing an electrolyte is again situated. If, how- 
ever, the electrochemical activity at the bur- 
ied metal/polymer interface should be in- 
vestigated by the Kelvinprobe, then some 
electronic equilibrium between the buried 
interface and the polymer surface is re- 
quired. If the polymer surface is now cov- 
ered by a highly conducting electrolyte film, 
which is connected to the defect, then the 
resistance parallel to the surface is much 
smaller than the resistance perpendicular to 
the film, and the electronic equilibrium will 
be defined with respect to the defect and 
not with respect to the buried interface 
(Fig. 7-56). Therefore, the following condi- 
tions have to be met: 

1. The polymer surface must not be covered 
by an electrolyte film. The resistance par- 
allel to the surface has to be as large as 
possible. This requires certain defect 
preparations, as shown in Fig. 7-57. 

2. Some electronic equilibrium between the 
buried interface and the polymer surface 
is necessary. Usually, this equilibrium 
is obtained for swollen polymer films 
which contain small amounts of water. If 
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3 

scratched sample Model sample 
(,,hanging drop") (,,electrolyte reservoir") 

Figure 7-56. Equivalent electrical 
circuit for measuring polymer coated 
materials. 

Figure 7-57. Defect preparation for 
measuring polymer coated materials 
with a scanning Kelvinprobe. 

the polymer film is fully insulating and 
investigated in a dry environment, an 

mid environment until the surface charge 
has been removed. 

electrostatic charging of the surface is ob- In a typical experiment therefore, a poly- 
served which Prevents further measure- mer-coated substrate is used with a well-&- 
ments. 
It is obvious from the statements before 
that after a salt spray test samples should 
not be investigated by the Kelvinprobe 
without further cleaning of the polymer 
surface. Thorough cleaning may, howev- 
er, affect the properties of the sample and 
may in addition charge the polymer sur- 
face, e.g., by rubbing. 

4. It has to be taken into account that the 
Kelvinprobe is strictly an in situ tool, 
which detects the actual electrode poten- 
tial of the buried interface being defined 
by the actual electrochemical reactions. 
It is not useful for investigating adry sam- 
ple which had been corroded before, as 
the link between the electrochemical sit- 
uation of the dry interface and the previ- 
ous corrosion is not obvious. 

5. Frequently, the polymer surface shows 
some electrostatic charging after han- 
dling. In these circumstances, the sample 
has to be kept for several hours in a hu- 

fined defect prepared such that the electro- 
lyte will not wet the polymer surface. The 
sample is fixed inside the Kelvinprobe 
chamber and a humid atmosphere is estab- 
lished with a water activity of nearly one. 
Then the Volta potential distribution is 
measured at the buried interface as a func- 
tion of the delamination time, the electro- 
lyte composition, the oxygen partial pres- 
sure, etc. It should be noted, however, that 
the rate of delamination depends on the elec- 
trochemical condition of the defect. As ac- 
tive and passive sites are usually situated 
close together, the delamination rate will 
differ for both sites if the scratch is not ho- 
mogeneously activated by a special surface 
treatment. 

7.4.6.2 Polymer-Coated Steel 

The electrochemical situation is the one 
as described in Sec. 7.4.3.3 for metal/ox- 
ide/polymer/humid air, as an electron con- 
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ducting redox oxide is placed between the 
metal and the polymer phase. As a result, 
the Kelvinprobe senses the redox properties 
of the oxide so long as no galvanic coupling 
to the defect is observed. Figure 7-58 shows 
typical potential maps for this situation as a 
function of the delamination time. The 
position of the defect is also marked in 
Fig. 7-58. Some characteristic features of 
the potential profile are seen (Leng et al., 
1999a, b, c; Stratmann et al., 1994): 

1 .  Close to the defect, the electrode poten- 
tial is identical to that of the free corrod- 
ing iron/electrolyte interface at the de- 
fect. 

2. Far away from the defect the electrode 
potential is more positive: ca. 0.25 VSHE. 

This value is close to the electrode poten- 
tial of the dry passivated iron surface. Ob- 
viously, the activation which has hap- 
pened at the defect after the addition of 
the electrolyte does not take place at the 
intact interface, despite the fact that oxy- 
gen and water will permeate through the 
coating at a high rate (Nguyen et al., 
1991, 1994; Stratmann et al., 1994; Fes- 
er and Stratmann, 1990). From an elec- 
trochemical point of view, this must be 
due to the inhibition of the metal disso- 
lution reaction at the passivated sub- 
strate/polymer interface, which does not 
allow any anodic current and therefore 
shifts the electrode potential anodically 
until the rate of oxygen reduction is also 
reduced significantly (Stratmann, 1994). 

Figure 7-58. Map of the corrosion potential of a polymer coated iron surface 6 (top) and 121 h (bottom) 
after start of delamination (Dannenfeld and Stratmann, 1998). 
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3. The sharp transition between negative 
and positive electrode potentials is shift- 
ed with increasing time from left to right 
and therefore away from the defect bor- 
der. 

4. The potential between the defect border 
and the characteristic jump of the poten- 
tial does not form an equipotential line. 
However, a nonlinear increase of the elec- 
trode potential is observed within this 
zone (see Fig. 7-58). 

These results have been discussed in detail 
with an electrochemical corrosion model, 
which is schematically summarized in Fig. 
7-59 (Leng et al., 1999a, b, c ) .  The upper 

part presents a sectional view through apart- 
ly delaminated model specimen; the lower 
graph gives an overview of the polarization 
curves at the defect, the intact interface, and 
the situation after galvanic coupling of both 
parts of the interface. 

The substrate is given by a passivated iron 
surface, the ratio of [Fe3+]/[Fe2+] being rath- 
er high due to the oxidation of Fe2+ states 
by the atmospheric oxygen. This implies 
that principally oxygen can be reduced at 
the electron-conducting oxide surface. 
However, due to the lack of a bulk electro- 
lyte, the dissolution of iron is strongly in- 
hibited and therefore the electrode potential 
is shifted anodically, until the rate of oxy- 

/ \ 

2Fe + 2Fe2++ 4e- O2 + 4e- + 2H20 + 4 0 H -  

i 

Figure 7-59. Electrochemical 
model of cathodic delamina- 
tion (Leng et al., 1999a). 
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gen reduction decreases to very small val- 
ues: Finally, potentials between 0 and 0.3 
VsHE are observed. This anodic potential 
shift is clearly seen by the Kelvinprobe 
at the intact substrate/electrolyte interface 
and reflects the high ratio of [Fe3']/[Fe2'] 
(Grundmeier and Stratmann, 1999a). It 
should be kept in mind that anodic poten- 
tials at the substrate/polymer interface al- 
ways indicate that the reduction of oxygen 
is possible and is only limited by the lack of 
any anodic partial reaction. 

This situation changes completely when 
ions are present at the substrate/polymer 
interface and establish a finite ionic con- 
ductivity. Then galvanic coupling between 
the intact interface and the defect will re- 
sult in the consequence that oxygen is re- 
duced at the intact interface on top of the 
passive film, the electrons for this cathod- 
ic reaction being provided by an enhanced 
anodic metal dissolution at the defect. The 
metal dissolution will still be strongly in- 
hibited at the intact interface due to the 
presence of the passivating oxide layer. As 
a consequence of the preferential oxygen 
reduction at the intact substrate/polymer 
interface, an alkaline electrolyte results, 
whereas the electrolyte at the defect turns 
out to be acidic. Both pH shifts will stabi- 
lize the electrochemical element: the de- 
lamination front being the local cathode, 
the defect being the local anode. Formation 
of the passive iron surface within the alka- 
line electrolyte in the delaminated zone is 
reflected in the permanent rather anodic 
value of the electrode potential with time 
and the lack of any visible corrosion prod- 
ucts. Within this galvanic element, cations 
have to be transported from the local anode 
(defect) to the local cathode (delaminated 
area) (Leng et al., 1999b). Any anions (e.g., 
Cl-) are excluded from the delamination 
front and therefore no activation of the met- 
al dissolution reaction due to localized cor- 

rosion of the passive surface is possible. For 
simple coatings, the mobility of the cation 
along the interface is the rate-determining 
step of delamination. Under these circum- 
stances, the size of the hydrated cation de- 
termines the mean delamination rate, as has 
been shown by (Leidheiser, 1979; Leng 
et al., 1999b). The overall anodic current at 
the defect is given by the oxygen reduction 
at the defect and the much smaller oxygen 
reduction current below the polymer at the 
passivated iron substrate (Leng et al., 
1 9 9 9 ~ ) :  

(7-1 10) jdefect - .defect .substrate/polymer 
Fe - 1 0 2  +lo2 

The rate of oxygen reduction below the 
polymer is identical to the galvanic current 
between the anode and the cathode 
isubstratelpolymer - . 
0 2  - lgalvanic (7-1 11) 

It has been shown that the adhesion between 
the coating and the substrate is lost due to 
the reaction products liberated at the sub- 
strate/polymer interface (Leng et al., 1999 a, 
b, c; Grundmeier et al., 1997b). These reac- 
tion products are partly present only at the 
interface, or they may also diffuse into the 
polymer if the lifetime of the intermediate 
is long enough. Due to the galvanic current 
igalvanic at the metal/polymer interface, an 
ohmic potential drop AUQ is observed 
between the local anode (defect) and the 
front of the delaminated zone (cathode) 

AUQ = igalvanic R(x)  (7-1 12) 

with R ( x )  being the resistance along the de- 
laminated interface and x the distance to the 
boundary of the defect. This ohmic poten- 
tial drop can indeed be seen in Fig. 7-58. 
Obviously, the potential drop increases with 
increasing distance to the defect. If oxygen 
in the atmosphere is replaced by argon, the 
galvanic current as well as the ohmic poten- 
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tial drop is decreased and the potential with- 
in the delaminated zone is almost constant 
(Fig. 7-60) (Leng et al., 1999~) .  The ob- 
served equipotential surface within the de- 
laminated zone is due to the absence of any 
galvanic current and therefore also due to 
the absence of any potential drop along the 
delaminated interface. The potential at the 
intact interface is not affected by the change 
of the oxygen activity in the outside atmos- 
phere, which confirms that at this interface 
no electrochemical oxygen reduction takes 
place. The galvanic element is restored by 
a subsequent increase of the oxygen partial 
pressure from nearly 0 to 0.2 bar (air) 
(20 kN m-2) (Leng et al., 1999~) .  

In Fig. 7-61, the time dependence of the 
Volta potential is shown after changing a) 
the oxygen activity from 0.2 bar (air) 
(20 kN m-2) to a very small value (argon) 
and b) from this low value (argon) to 1 bar 
(pure oxygen) (lo5 N m-2) (Leng et al., 
1999~) .  In particular, the first transient is 
very slow (characteristic time of potential 
decay more than 1000 s), whereas the po- 
tential rise after increasing the oxygen ac- 
tivity shows a typical time of increase of ap- 

prox. 100 s. This difference must be ex- 
plained by the redox properties of the under- 
lying iron oxide layer. If the oxygen activ- 
ity in the atmosphere is reduced, a reduction 
of the iron oxide layer takes place instead 
of oxygen reduction as the cathodic partial 
reaction (Stratmann et al., 1983a, b; Strat- 
mann and Hoffmann, 1989). During this re- 
action, Fe3+ states within the passive layer 
of the iron surface are slowly reduced to 
Fe2+ and therefore the Fermi level in the ox- 
ide is raised. The Kelvinprobe detects this 
Fermi level in the oxide as the Fermi level 
adjusts itself to the given electrode poten- 
tial and therefore allows direct observation 
of the changing Fe2+/Fe3+ concentration 
during the transient from air to an argon- 
purged atmosphere (Grundmeier and Strat- 
mann, 1999a). It has been found before 
(Stratmann et al., 1983a, b), that the oxide 
reduction needs considerable time due to 
the transport of material through the solid 
phase. Therefore, the electrode remains at 
anodic potentials for longer times, as the ox- 
ide reduction allows a galvanic element to 
exist even in the absence of oxygen. A clos- 
er look at Fig. 7-61 a reveals that a sudden 

0 1000 2000 3000 
Distance to defect [pm] 

Figure 7-60. Corrosion potential pro- 
file as measured during cathodic delam- 
ination on iron in the presence and in 
the absence of oxygen in the atmosphere 
(Leng et al., 1999~) .  
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Figure 7-61. Transient of the corrosion potential measured within the delaminated zone after a sudden change 
from air to Ar (left) and from Ar to oxygen (right) (Leng et al., 1999~) .  

potential change is observed after a short de- 
lay time of less than 100 s. Then the poten- 
tial remains constant at -0.2 VSHE, which is 
due to the oxide reduction. After reduction 
of the oxide layer, the potential decreases 
again to its final value (-0.45 VSHE), which 
is identical to the value of an iron surface in 
an electrolyte free of oxygen. 

The transient measured after changing 
the oxygen activity from a low value of 1 bar 
(10' N m-2) (Fig. 7-61 b) is much faster and 
shows a distinct delay time of 60 s between 
the change of the activity and the onset of 
the potential rise (Leng et al., 1 9 9 9 ~ ) .  Ob- 
viously, the re-oxidation of the reduced 
layer by oxygen is fast in comparison to the 
electrochemical oxide reduction. The time 
delay may be used to measure the local dif- 
fusion coefficient of oxygen through the 
polymer. The diffusion coefficient is given 
as (Riecke and Bohnenkamp, 1984) 

(7-1 13) 
d 2  

Do, = 
20 ( t  - tmix ) 

where d is the thickness of the coating, t the 
time after changing the composition of the 
atmosphere from argon to oxygen, and tmix 
the mixing time necessary to replace the gas 

phase in the atmosphere, and therefore 

(7-1 14) 

According to Eq. (7-1 14) the time t between 
a change of the oxygen activity and the on- 
set of the potential rise has been measured 
as a function of the polymer thickness d. 
Figure 7-62 shows a typical result. The 
slope of the plot allows the diffusion coef- 
ficient of oxygen inside the polymer to be 

" I  

0 0.0001 0.0002 
Squared polymer thickness [cm'] 

Figure 7-62. Time lag between the change of the oxy- 
gen activity and the onset of the potential rise as a 
function of the polymer thickness (Leng et al., 1999~) .  
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derived, and for the given polymer a value 
of 4.4x10-* cm2 s-l results. It should be ob- 
vious that the Kelvinprobe is a suitable tech- 
nique for the investigation of the diffusion 
coefficient of oxygen. The measurement is 
fairly easy to perform and does not require 
free polymer films. If a smaller chamber is 
used, the mixing time can be reduced sig- 
nificantly and then the diffusion coefficient 
can also be measured through very thin organ- 
ic coatings. Furthermore, the measurement 
is strictly localized (measured area approx- 
imately 30 pm) and therefore a map of the 
diffusion coefficient could be established 
for different sites of the polymeric coating. 

7.4.6.3 Polymer Coated Galvanized Steel 

If a galvanized steel surface is investigat- 
ed by the scanning Kelvinprobe, two situa- 
tions have to be distinguished: The defect 
may be prepared only up to the zinc surface 
and then zinc is present at the metal/poly- 
mer interface as well as inside the defect, or 
the defect is prepared down to the steel sub- 
strate and then an additional galvanic ele- 
ment is set up between zinc at the interface 
and zinc at the defect, the interface being the 
sacrificial anode necessary to cathodically 
protect the bare iron. 

The first situation is quite similar to the 
delamination of organic coatings from steel, 
as has been described before (Furbeth and 
Stratmann, 1999a). A typical potential pro- 
file as measured during delamination is 
shown in Fig. 7-63, and the interpretation of 
the potential profile is identical to the one 
discussed for iron earlier. However, as zinc 
is amphoteric subsequent reactions will start 
in the alkaline electrolyte at the interface 
which differ significantly from the one ob- 
served on iron, which is rather stable under 
alkaline conditions. The differences are ob- 
vious if the potential profiles along the inter- 
face are measured after a sudden drop of the 

I 
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Figure 7-63. Potential profiles measured during de- 
lamination from a galvanised steel surface (defect 
only down to zinc) (Furbeth and Stratmann, 1999a). 

oxygen activity in the atmosphere. Figure 
7-64 shows such profiles measured on a 
sample that had first been delaminated in air, 
the length of the delaminated zone being ap- 
proximately 7 mm (Furbeth and Stratmann, 
1999a). In particular, a fast cathodic poten- 
tial shift of about 0.8 V is observed at the 
delamination frontier, which then shows a 
slow potential relaxation to a value similar 
to the one of the defect. In the absence of 
oxygen and therefore in the absence of any 
faradaic current, the local equilibrium po- 
tential will be measured by the Kelvinprobe 
and therefore the huge potential shifts of 
Fig. 7-64 reflect a local change of the chem- 
ical environment at the interface, which 
changes with time and distance to the de- 
fect. Immediately after removing oxygen 
from the atmosphere, the chemistry at the 
interface is still given by the galvanic ele- 
ment, which had been in operation just be- 
fore the exchange. The fact that now the de- 
lamination front shows a potential more 
negative than the potential at the defect is 
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Figure 7-64. Potential pro- 
files during delamination of 
a polymer from galvanised 
steel before and after a sud- 
den decrease of the oxygen 
activity in the atmosphere 
(Furbeth and Stratmann, 
1999 a). . - - 1360min 

, . . . . . 

0 -2000 -4000 -6000 -8000 -10000 0 -2000 -4000 -6000 -8000-10000 
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easily explained by the alkaline pH, which 
stabilizes a very negative equilibrium po- 
tential due to the Pourbaix diagram. The ob- 
served potential of -1.1 VsHE would refer to 
a pH of 11 according to the potential-pH 
diagram of the zinc/water system (Pourbaix, 
1974). If now the atmosphere is kept oxy- 
gen-free for a longer time, the pH gradient 
will lead to a diffusion of hydroxyl ions from 
the delaminated area to the defect. This re- 
sults in a decrease of the pH in the delami- 
nated area towards near neutral values, so 
that after longer times the equilibrium 
potential of the delaminated zone and the 
defect will be fairly equal (Fig. 7-64). 

If the defect is prepared down to the steel 
substrate, the potential profiles show two 
plateaus (Fig. 7-65) (Furbeth and Strat- 
mann, 1999b) the first one corresponding to 

the anodic dissolution of zinc and the sec- 
ond one corresponding to the cathodic de- 
lamination front which precedes the zone of 
anodic dissolution. The profiles have been 
interpreted such that first cathodic delami- 
nation takes place, even if iron is exposed 
to the electrode in the defect. As soon as the 
interface is destroyed by cathodic delami- 
nation, the zinc starts to cathodically pro- 
tect the defect and then a local anode is 
formed within the delaminated zone close 
to the defect. This mechanism could also be 
proven by measurement of the local equilib- 
rium potential after removing oxygen from 
the atmosphere. Also, the width of the ca- 
thodically protected zone within the defect 
has been analyzed with the scanning Kel- 
vinprobe (Fig. 7-66) (Furbeth and Strat- 
mann, 1999~) .  Immediately after the addi- 

Figure 7-65. Potential map dur- 
ing delamination for galvanized 
steel, the defect being prepared 
down to the steel substrate 
(Furbeth and Stratmann, 1999b). 
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Figure 7-66. Potential profiles during delamination 
for galvanized steel, defect prepared down to steel. 
The profile shows as well the cathodic delamination 
as the cathodically protected zone within the defect 
(Fiirbeth and Stratmann, 1999~).  

tion of electrolyte, the whole defect is ca- 
thodically polarized. With time the interface 
delaminates, as is seen in the shift of the po- 
tential jump towards the polymer-coated 
surface. When delamination has reached a 
certain distance from the defect, the cathod- 
ic polarization is obviously not able to reach 
far enough to protect the whole defect any 
longer and iron within the defect starts to 
corrode actively. Such measurements are 
important for improving the quality of coat- 
ings as some pigments will leach out to- 
wards the defect, change the rate of electro- 
chemical reactions on the defect, and there- 
fore influence the width of the cathodically 
protected zone. 

7.4.6.4 Polymer Coated 
Aluminum Alloys 

On aluminum substrates no homogene- 
ous delamination is observed such as on 
steel or galvanized steel, but delamination 

takes place locally (“filiform corrosion”). 
Filiform corrosion (FFC) is not only ob- 
served on aluminum but also on iron, alu- 
minum alloys and magnesium alloys. Fila- 
ments, which consist of an electrolyte-filled 
“active head” at the tip and a “tail” of cor- 
rosion products, start growing from salt con- 
tamination, e.g., NaC1, at imperfections in 
the coating (scratches, edges, pores, etc.). 
Oxygen and water are required for filiform 
corrosion, but there is only a certain range 
of relative humidity (RH) in which filiform 
corrosion is stable. The lower limit depends 
on the critical relative humidity of the 
liquid in the “active head” of the filament, 
the upper limit is reported to be at approx. 
95% RH, above which blistering (alumi- 
num) or homogeneous cathodic delamina- 
tion (steel, galvanized steel) sets in. There- 
fore, the standard tests for FFC require stor- 
age of the samples at a constant, “ideal” RH 
(about 80-85%), in which the filaments 
grow relatively fast. 

The electrochemical mechanism of fili- 
form corrosion is described by a differential 
aeration cell between the front (low oxygen 
concentration) and the back (open to air 
through the cracked/porous tail of dry cor- 
rosion products) of the filament’s “active 
head”. Therefore, the head is the local anode 
and the tail the local cathode, the opposite 
to the cathodic delamination described ear- 
lier. This is shown in Fig. 7-67 where an op- 
tical photograph of the filiform head is com- 
pared to the potential distribution in air (cen- 
ter) and in nitrogen (right) (Schmidt and 
Stratmann, 1998). 

In humid air, the potential distribution in- 
dicates an area of more negative corrosion 
potentials at the front of the filament, fol- 
lowed by a more positive area immediately 
behind it. This kind of potential distribution 
is expected from the theory for a galvanic 
corrosion cell with a local anode (metal dis- 
solution; more negative corrosion poten- 
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tial) and a local cathode (oxygen reduction; 
more positive potential). This measurement 
therefore confirms the electrochemical 
mechanism of filiform corrosion as the one 
of anodic undermining. 

After a change of the atmosphere from air 
to nitrogen gas, significant potential chang- 
es are observed. In particular, a zone with- 
in the track approximately 0.5 mm away 
from the local anode shows a dramatic ca- 
thodic potential shift. This potential shift 
may again be due to a change of the local 
pH which is associated with the existence of 
a local cathode at which oxygen is reduced, 
as under these conditions the aluminum 
electrode will have a rather negative elec- 
trode potential. If this interpretation is cor- 
rect, then the central part of Fig. 7-67 shows 
the local cathode where oxygen is present 
and the right-hand part of Fig. 7-67 shows 
the local anode where oxygen is absent. 

7.4.6.5 Industrial Coatings 

Up to now, only the stability of model 
metal/polymer interfaces has been dis- 
cussed by the scanning Kelvinprobe. How- 
ever, additional investigations have also 
been performed with industrial samples on 
the basis of steel and galvanized steel. Then 
the metal is pre-treated by phosphates and 
chromates, and polymer-coated either by 
cathodically electro-deposited paints or by 
coil-coating lacquers. The defect is either 
prepared in a similar manner as before (de- 
fect size typically 1 cm2), or the coating is 
locally destroyed by scratching, as in con- 
ventional industrial tests. Some aspects of 
these investigations are summarized below. Figure 7-67. Filiform corrosion on polymer coated 

aluminum alloy. (a) photograph; corrosion potential 

Influence of the Delamination Rate on the 
Results Obained with the Kelvinprobe 

distributions in air (b) and nitrogen (c) as measured 
with the SKP at constant RH (90%). From black to 
white: increasing corrosion potential. 

Figure 7-68 shows as limiting examples 
a fast and a slow delaminating system (Alt- 
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Figure 7-68. Examples of technical coil coating systems based on galvanized steel. (a) Fast delamination; (b) 
extremely slow delamination. The samples had been exposed before to 3% NaCl at 40°C for times as indicated 
(Altgassen, 1996). 

gassen, 1996). The samples had been ex- 
posed to a diluted NaCl solution at 40°C 
first, taking into account the fact that the 
electrolyte only covers the defect and the 

figure also demonstrates the limit of detect- 
ability of delamination of very stable coat- 
ings on well pre-treated surfaces. 

gas phase in front of the polymer is saturat- 
ed with water. The fast system (a) shows a 
delamination rate of approximately 23 pm 

Influence of the Defect Type 
on the Potential Profiles 

h-' and a square root dependence, whereas 
the slow one (b) delaminates with a rate of 
0.4 p d h  and a linear time dependence. The 

Figure 7-69 shows potential profiles of a 
coil-coating system on galvanized steel for 
defects only prepared down to a) zinc and 
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Figure 7-69. Potential profiles as measured during delamination from galvanized steel defect prepared down to 
zinc (a) and down to steel (b) (Altgassen, 1996). 

b) steel, respectively (Altgassen, 1996). For 
these particular systems, the delamination 
rates are quite similar, however, if the de- 
fect is only prepared down to zinc, then the 
zinc potential is also measured at the delam- 
inated interface, whereas for the defect pre- 
pared down to steel the iron potential dom- 
inates even at the delaminated surface, 
where zinc is still present at the interface. 

Obviously, the interface can be strongly PO- 

larized by the defect, which will result in 
different delamination mechanisms. 

ofthe Defect Size 
on the Potential Profiles 

In Fig. 7-70 results for the same coating 
are compared, in which the defect is always 
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Figure 7-70. Potential profiles measured during delamination from galvanized steel defect always prepared 
down to steel. (a) small defect size (scratch); (b) large defect size ( 1  cm2) (Altgassen, 1996). 

prepared down to the steel substrate (Alt- 
gassen, 1996). However, for Fig. 7-70b the 
defect size is large (1 cm2) and for Fig. 
7-70a it is small (scratch width less then 
1 mm). In the first case, the metal/polymer 
interface is polarized to the steel potential 
and fast delamination is observed due to 
massive cathodic protection of the large de- 

fect (during protection the interface dis- 
solves anodically), whereas the small defect 
is polarized by the zinc interface onto the 
zinc potential and a much smaller delami- 
nation rate is observed. Obviously, the de- 
fect type and size has a strong influence on 
the kinetics of the electrochemical reactions 
at the delaminated interface. 
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Origin of the Potential of the Intact 
Interface 

In some cases and in particular for steel 
substrates, a relation between the mean de- 
lamination rate and the potential difference 
between the defect and the intact interface 
has been observed (Stratmann et al., 1996). 
As the potential of the defect is fairly con- 
stant, the potential difference is determined 
by the potential of the intact interface and 
for some systems increasing stability of the 
interface has been observed for a decreas- 
ing potential of the intact interface. There- 
fore, for some systems of technological im- 
portance (cathodically primed steel), the po- 
tential of the intact interface has been ana- 
lyzed as a function of the pre-treatment, the 
deposition conditions, and the curing tem- 
perature of the polymer (Klopfer, 1996). A 
typical result is summarized in Fig. 7-71. 
The potential of the untreated steel is com- 
pared to the potentials of the phosphated and 
the phosphated and polymer-coated steel. In 

some cases, the surface is further treated by 
a chromate rinse and an alternative nonchro- 
mate rinse. Further, the curing temperature 
has been varied between 175 and 190°C and 
the electrochemical conditions during elec- 
tro-deposition have been changed as indi- 
cated. It is quite obvious that the potential 
of the bare metal (+0.4 V) is the highest pos- 
sible potential, as here the rate of oxygen re- 
duction is fast and therefore the oxide layer 
is highly oxidized. The same potential is ob- 
tained for the phosphated surface. If, how- 
ever, the steel substrate is further treated by 
the electro-deposition paint, then rather neg- 
ative potentials result at the intact interface. 
This is interpreted as strongly inhibited kinet- 
ics of the oxygen reduction, which results in 
a negligible oxidation of the iron oxide at the 
interface and is therefore reflected in a high 
density of Fe2+ states within the oxide scale. 

For the given system, a relation exists 
between the mean delamination rate and the 
potential of the intact interface as shown in 
Fig. 7-72. The smaller the potential differ- 

Figure 7-71. Potentials of the intact interface as a function of the pretreatment, the curing temperature and the 
electrochemical conditions during electrodeposition of the paint (Klopfer, 1996). 
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Figure 7-72. Dependence of the mean 
delamination rate from the electrode 
potential difference between defect 
and intact interface. Samples from Fig. 
7-71 (Klopfer, 1996). 

ence between defect and intact interface and 
therefore the more negative the potential of 
the intact interface, the smaller the delami- 
nation rate. This relation makes sense con- 
sidering the mechanism of cathodic delam- 
ination, as for this mechanism the delami- 
nation process is determined by the rate of 
oxygen reduction at the metal/polymer in- 
terface, and the rate will also determine the 
re-oxidation of the oxide layer. The smaller 
the rate of oxygen reduction, the smaller will 
be the rate of re-oxidation (the electrode po- 
tential will be more negative) and the small- 
er will be the rate of delamination. 

General Kinetics of Delamination 

For nearly all technical systems, the de- 
lamination rate could be described by a sim- 
ple power law (Altgassen, 1996) 

A x = k ( i r  (7-1 15) 

where k is the delaminated distance after a 
reference time to and a the slope of the plot 
log Ax versus log t ,  which is equal to 1 for 
a linear time dependence and 0.5 for trans- 
port limitation. 

Figure 7-73 shows a corresponding 
log Ax versus log t plot for numerous tech- 

nical systems with different defect types and 
sizes, different coatings, different pre-treat- 
ments, etc., for galvanized steel. It is obvious 
that all the curves are almost parallel, and in 
fact the slope only varies between 0.5 and 1 .O, 
whereas the offset (log k )  varies by two or- 
ders of magnitude, characterizing the rather 
different stabilities of the different interfaces. 

A rather interesting plot is shown in 
Fig. 7-74, where the exponent a is plotted 
versus the rate constant k for all investigat- 
ed systems (Altgassen, 1996). With one ex- 
ception, all data approach a value of a = 1 
for small rate constants, whereas for high 
rate constants a value of a = 0.5 is observed. 
This is interpreted by a transport controlled 
delamination process for a weak interface 
(high value of k) ,  whereas for a stable inter- 
face (low value of k )  a charge transfer con- 
trolled reaction predominates (a  = 1). This 
interesting result demonstrates the impor- 
tance of the rate of electron transfer at the 
buried interface for the stability of the met- 
al/polymer interface, and it is suggested to 
improve the stability of the inner interface 
by strong inhibition of the electro-reduction 
of oxygen at this interface. This is the aim 
of current investigations using modified 
metal surfaces with a blocked interface as 
the substrate for a technical coating. 
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Figure 7-73. log-log plot of the delamination kinetics for numerous technical coil-coating systems based on gal- 
vanized steel with different defect sizes, different defect types, different coatings and different pretreatments 
(Altgassen, 1996). 

Figure 7-74. Plot of the exponent of Eq. (7- 
115) versus the rate constant k. a = 0.5: trans- 

7.4.7 Application of the Kelvinprobe: 
Corrosion Protection 
by Modified Metal Surfaces 

interface. It is beyond the scope of this chap- 
ter to describe all possible means of modi- 
fying a reactive metal surface, e.g., for cor- 

For many applications, metal surfaces are rosion protection; this is discussed else- 
modified by inorganic or organic layers in where in detail. In the following sections, 
order to provide better adhesion or better only those aspects of surface modification 
chemical stability of the metal/polymer are discussed in which investigations with 



372 7 Novel Electrochemical Techniques in Corrosion Research 

the Kelvinprobe have proven to be quite use- 
ful. The examples are chosen somewhat ar- 
bitrarily and represent only typical exam- 
ples of an examination of a modified metal 
surface with a scanning Kelvinprobe. 

7.4.7.1 Metal Surfaces Modified 
by Monolayers of Organic Molecules 

For these studies, iron surfaces were cov- 
ered by one monolayer of an organosilane 
using a Langmuir-Blodgett (LB) tech- 
nique. It has been of interest to detect de- 
fects within the monomolecular coatings 
and to follow the delamination of the LB 
film starting from these defects. For both 
applications, the Kelvinprobe was applied 
successfully. The application is based on 
Eq. (7-78), in which the Volta potential dif- 
ference is related to the work function of the 
metal under investigation. As the work 
function is changed by the dipole potential 
of the surface [Eq. (7-75)], ordered mono- 
layers locally change the dipole potential 
and therefore also the work function of the 
metal. 

This is clearly seen by Fig. 7-75, which 
shows an SEM image of an iron surface 
which is partly covered by one monolayer 

of octadecylsilane. The bright areas are 
covered by the highly ordered LB mole- 
cules, whereas the dark areas are uncoated. 
Both sets of information are based on local 
Auger analysis. It is interesting that the 
same contrast is obtained with the scanning 
Kelvinprobe (Fig. 7-75) due to the differ- 
ence in the local dipole potential (Strat- 
mann et al., 1991, 1995; Wolpers et al., 
1990, 1991). The scanning Kelvinprobe is 
an ideal tool to investigate the local stabil- 
ity of monolayer-coated materials in the 
presence of aggressive environments. It is 
possible to prepare monolayer coatings 
nearly free of defects using either the Lang- 
muir-Blodgett or the self-assembly tech- 
nique. Then the Kelvinprobe will detect a 
homogeneous corrosion potential and the 
delamination may be studied in the presence 
of artificial defects. This is shown in Fig. 
7-76a. The iron surface has been coated by 
one monolayer of dimethyl-hexadecylsila- 
no1 and is partly destroyed by two scratch- 
es in the form of a cross (Stratmann et al., 
1995). The potential difference is small in 
comparison to Fig. 7-70b, due to a much 
smaller dipole moment of dimethyl-hexade- 
cylsilanol. If such a surface is exposed to 
a very aggressive S02-containing atmos- 

Figure 7-75. Iron modified by 0.7 monolayers of octadecyltrichlorosilane (n-OTS). (a) SEM map; (b) Volta 
potential map; bright area: surface covered by OTS; dark area: surface not covered (Stratmann et al., 1995). 
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Figure 7-76. Volta potential map of iron modified by 1 monolayer of dimethylhexadecylsilanol. (a) immediate- 
ly after scratching the surface; (b) surface scratched after 20 h corrosion in a humid SO,-containing atmosphere 
(Stratmann et al., 1995). 

phere, the defect will activate (negative 
electrode potential) and delamination will 
start from the defect. Figure 7-76a shows 
delamination from an actively corroding de- 
fect. The delamination is visible in an in- 
creasing width of the active zone, and is ab- 
solutely comparable to the delamination of 
bulk coatings as shown in Fig. 7-58. It is al- 
so obvious from Fig. 7-76 that the degrada- 
tion starting from the defect is much faster 
than the degradation of the homogeneous 
film. These investigations based on the 
scaning Kelvinprobe make it possible to op- 
timize an interface, as they provide direct 
information on the stability of the first 
monolayer which is attached to the sub- 
strate. 

7.4.7.2 Metal Surfaces Modified 
by Ultra-Thin Plasma Polymers 

Besides highly ordered monolayers, 
ultra-thin plasma polymers may also be used 
to stabilize the interface metal/organic coat- 
ing efficiently. The details of this technique 
are summarized elsewhere in detail (Grund- 
meier and Stratmann, 1995,1998,1999 a, b, c; 
Grundmeier, 1997); again only those as- 

pects will be discussed here that are related 
to the use of the scanning Kelvinprobe 
(Grundmeier and Stratmann, 1999a). 

The Kelvinprobe has proven to be useful 
in the analysis of those reactions that take 
place during the cleaning of the oxide cov- 
ered metal surface (in this particular situa- 
tion, iron) in an oxygen or argon plasma. If 
the iron surface is treated in an oxygen plas- 
ma, then at the oxide/plasma interface Fe2+ 
is likely to be oxidized to Fe3+ by reaction 
with positive holes. The formation of an ox- 
ide surface with a decreased concentration 
of Fe2+ as opposed to the natural oxide could 
be confirmed by Volta potential measure- 
ments. According to Eq. (7-102), a ten-fold 
decrease in the concentration of Fe2+ at the 
surface leads to an increase of 59 mV in the 
potential if the number of Fe3+ states is near- 
ly constant. It could be shown that the po- 
tential of the plasma-oxidized area is about 
400 mV anodic to the potential of the native 
oxide, which indicates that the concentra- 
tion of Fe2+ states in the oxide surface is de- 
creased by a factor of more than lo6. If the 
plasma-oxidized surface is again treated in 
an argon plasma, then an enrichment of Fe2+ 
is found after the treatment which results in 
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a lowering of the Volta potential as meas- 
ured with the Kelvinprobe. 

The delamination of ultra-thin plasma 
polymers in the presence of a defect may al- 
so be followed by the Kelvinprobe (Grund- 
meier et al., 1997). Figure 7-77 shows as a 
result the concentric delamination of a 5 nm 
thick plasma polymer in the presence of 
a circular defect filled with a saturated 
NaCl solution. Quite comparable to the de- 
lamination of bulk coatings, negative poten- 
tials of about -300mVsHE are measured 
within the defect after the period of activa- 
tion, and very positive potentials of about 

Figure 7-77. Potential distribution above the circu- 
lar defect and the surrounding intact plasma polymer 
coated area at different corrosion times (Grundmeier 
et al., 1997). 

+250 mVsHE are observed in the intact re- 
gion. With increasing corrosion time, the 
delamination front marked by the sharp de- 
crease of the corrosion potential shifts into 
the former intact area and reveals that de- 
lamination is taking place. It can be conclud- 
ed from the former results that the delami- 
nation of the ultra-thin polymers behaves in 
a similar manner to that of thick convention- 
al primers. However, the interface may now 
be analyzed by surface analytical methods, 
and this allows optimization of the stability 
of the ultra-thin coating. To reveal the influ- 
ence of an interfacial plasma treatment of 
the delamination kinetics of a lacquer-coat- 
ed surface, Fig. 7-78 shows potential maps 
of a surface that had been modified by a plas- 
ma polymer (5  nm) on only one half (Grund- 
meier and Stratmann, 1998). After the treat- 
ment, the sample is fully coated by a poly- 
urethane coating of 100 pm thickness. Far 
away from the defect, the electrode poten- 
tial of the plasma polymer modified surface 
is about 100 mV higher compared to the iron 
surface coated only with the primer. This is 
due to oxidation during the cleaning treat- 
ment in the oxygen plasma. This is associat- 
ed with delamination rates that differ strong- 
ly between the modified and the unmodified 
part of the surface, as is seen by the rather 
different rates at which the steep potential 
increase is shifted towards the intact inter- 
face. 

7.4.7.3 Metal Surfaces Modified 
by Inorganic and Organic Layers 

It has been discussed before that essen- 
tially the oxygen reduction at the met- 
al/polymer interface leads to delamination 
of the organic coating for iron and galva- 
nized steel. Attempts have therefore been 
made not only to modify the organic phase, 
but also to modify the inorganic surface in 
order to reduce the rate of oxygen reduction 
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primer/HMDSI-plasma polymer/Fe-oxide/Fe Figure 7-78. Potential profiles of an 
iron specimen which had only one 
side plasma polymerized (monomer: 
- hexamethyldisilane), coated by 
a 100 pm thick 1-component primer 
(x = 0: defect border; y < 0: not plas- 
ma modified; y > 0: plasma polymer- 
ized). The thickness of the HMDSI- 
plasma polymer (HMDSI-PP) was 
5 nm (Grundmeier and Stratmann, 
1998). 

at this interface. This is possible by chang- 
ing the electronic properties of the oxides 
present on the metal surface. Iron and zinc 
oxides are usually highly doped semicon- 
ductors and therefore do not inhibit the rate 
of oxygen reduction significantly. A1,0, 
however is an insulator, and therefore the 
rates of electron transfer reactions are high- 
ly inhibited on aluminum based alloys. Bi- 
nary Fe-A1 alloys have therefore been de- 
veloped that allow the formation of A1,0, 
scales by selective oxidation at tempera- 
tures of 900°C and low oxygen activity in 
the atmosphere (Scheiterlein, 1995; Warn- 
bach, 1987; Rommerskirchen, 1996). The 
thickness of the oxide scale is of the order 

of 10 nm, but the delamination rate is al- 
ready significantly reduced, as seen in 
Fig. 7-79 (Dannenfeldt and Stratmann, 
1997, 1998, 1999). 

However, alumina is still chemically in- 
stable in the alkaline electrolyte formed as 
a consequence of cathodic delamination. 
Therefore, the alumina surface has to be 
modified further in order to increase its 
chemical stability. This is possible using or- 
ganic phosphonates which organize on alu- 
mina surfaces and form highly ordered 
monolayers. It has been proven that due to 
this treatment the alumina substrate is sig- 
nificantly stabilized in alkaline environ- 
ments, and furthermore the monolayer is 
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Figure 7-79. Delamination rate on iron, iron modified by A1203 and iron modified by A1203 and 1 monolayer 
of octadecylphosphonate (Dannenfeldt and Stratmann, 1999). 

highly impermeable for ions and therefore 
will not allow the formation of a compact 
electrochemical double layer. Therefore, 
the organic monolayer stabilizes the inter- 
face further and the delamination rate as 
measured by the scanning Kelvinprobe de- 
creases significantly (Fig. 7-79). 

In summary, the scanning Kelvinprobe is 
not only an ideal instrument for analyzing 
the stability of metal/polymer interfaces, 
but such interfaces my also be optimized 
using the Kelvinprobe in an appropriate 
manner. 
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8.1 Historical Background 

Cathodic protection (CP) was first ap- 
plied by Davy (1 824) in the U.K. by attach- 
ing zinc plates to hulls of ships with copper 
sheathing bound to the wooden framework 
by steel nails. The corrosion of copper was 
retarded, but strong biofouling of the hull 
occurred, decreasing the speed of ships and 
leading to the method not being used for a 
long time. 

Zinc-plating of steel has been used for 
over 100 years and is also a type of cathod- 
ic protection, as in most environments the 
coating acts as a sacrificial anode in relation 
to the steel base. The first CP in Germany 
was applied by Geppert and Liese ( 19 10) for 
the protection of pipelines from the hazard- 
ous interaction of stray currents. In the 
U.S.A. Kuhn (1933) successfully, imple- 
mented a method to prevent the corrosion of 
oil and gas underground pipelines. In 1938 
in Houston, the Mid-Continent Cathodic 
Protection Association was founded. In 
1936 the General Electrolysis Meeting in 
Houston was held to discuss the problems 
of the interference of CP installations with 
underground structures. The activities of 
both associations led in the U.S.A. in 1943 
to the formation of NACE (National Asso- 
ciation of Corrosion Engineers), an organ- 
ization that to a significant degree still stim- 
ulates the development of cathodic protec- 
tion in the U.S.A. and the rest of the world. 

Hoar (1938) from the University of Cam- 
bridge formulated one of the first electro- 
chemical principles of CP, which is in force 
to the present day. The scope of application 
of CP systematically increases. After the 
Second World War, in Canada and the 
U.S.A. over 5000 transport sea-going ves- 
sels were grouped and subjected to CP with 
success. Since 1989, the Environmental 
Protection Agency in the U.S.A. has re- 
quired the use of effective anticorrosion pro- 

tection methods in the form of cathodic pro- 
tection from users of underground steel 
tanks and pipelines with aggressive chemi- 
cals. This contributes to the protection of the 
environment from pollution (amongst oth- 
ers, natural resources of potable water and 
soil). It should be noted that the cathodic 
protection method, with well established 
theoretical and technological foundations in 
the 20th century, will become one of the 
most important technologies in the fight 
against the corrosion of metal and rein- 
forced concrete structures in the 21st cen- 
tury. 

Similarly, another electrochemical pro- 
tection method is developing, i.e., anodic 
protection, but on a smaller scale. Edeleanu 
(1 954) pointed to anodic protection (AP) as 
an effective method of controlling the cor- 
rosion of metals in aggressive chemical en- 
vironments. Riggs and Locke (1981) gave a 
detailed history and bibliography of inves- 
tigations on passivity and anodic protection 
from 1790 to 1979. The first reports on the 
practical application of AP in the U.S.A. for 
fighting the corrosion of steel chemical ap- 
paratus in a sulfuric acid environment came 
from Locke et al. (1960), Riggs et al. (1960), 
Shock et al. (1960), and Sudbury et al. 
(1960). 

The International Abstracts of the 
World’s Corrosion Control Literature 
COR*AB, issued by NACE covering the 
years since 1980, is one of the widest liter- 
ature databases in the world (approx. 72 000 
abstracts), and includes approximately 3000 
papers concerning CP and over 100 papers 
on AP. The first textbooks devoted to CP 
were published in the U.K. and the U.S.A. 
and written by Morgan (1959) and Apple- 
gate (1960). In Poland in the same year a 
textbook was published devoted to the anod- 
ic, cathodic, and sacrificial protection of 
metals in technology (Juchniewicz, 1960). 
In the U.S.A. Peabody (1967) produced an 
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extensive dissertation which was published 
by NACE. In Germany Baeckmann and 
Schwenk (1971) edited a textbook with well 
known German cathodic and anodic protec- 
tion specialists as co-authors. The textbook 
was translated into many languages, and a 
third edition prepared by Baeckmann and 
Schwenk (1989) was publised recently in 
the U.S.A. (Baeckmann et al., 1997). In Rus- 
sia Pritula (1950) wrote a textbook concern- 
ing the cathodic protection of pipelines and 
tanks, while Kuzub (1983) wrote a textbook 
on the scope of anodic protection of metals. 
In the Czech Republic a textbook devoted 
to anodic protection was published (Novak, 
1987). Today, electrochemical protection 
technologies, combined with other anticor- 
rosion techniques, are being more widely in- 
vestigated and used in the protection of met- 
al structures from corrosion and the protec- 
tion of the environment. More information 
on this subject is given by Baeckmann et al. 
(1997). 

8.2 Basic Concepts 

Electrochemical protection is divided 
into cathodic and anodic protection. Ca- 
thodic protection based on the change of po- 
tential of a metal in the negative direction is 
realized in electrolytic environments, in 
most cases neutral, mainly of steel and re- 
inforced concrete structures. A well-de- 
signed and correctly realized CP reduces the 
corrosion rate to almost zero. In practice it 
is realized with the use of an impressed cur- 
rent or protectors (galvanic anodes). The 
scope of application is enormous and con- 
tinuously increases. With the use of this 
technology it is possible to protect vessels 
and ships, docks, berths, pipelines, deep 
wells, tanks, chemical apparatus, under- 
ground and underwater municipal and in- 
dustrial infrastructure, reinforced concrete 

structures in the atmosphere as well as 
underground parts, tunnels (e.g., Eurotun- 
nel), and other metal equipment. Apart from 
general corrosion, it also reduces corrosion 
cracking, pitting corrosion, fatigue corro- 
sion, and erosion-corrosion of metal mate- 
rials. It can be used for the protection of new 
structures, as well as of those in operation 
(partly corroded). In Fig. 8-1 the effect of 
the application of CP on the number of 
breakdowns of pipelines transporting water 
is shown (Swedish data). 

Figure 8-2 shows a CP installation of a 
sea-going vessel. The elements of a protec- 
tion installation will be described in more 
detail in Sec. 8-4, which is devoted to im- 
pressed current CP technology. 

Anodic protection based on the polariza- 
tion of a protected metal in the positive po- 
tential direction is applied under different 
corrosion conditions than for CP. The theo- 
retical corrosion areas of resistance and pas- 
sivity of different metals in the potential- pH 
systems can be found in Pourbaix (1966). 
Anodic protection is mainly used for active- 
passive metals and alloys used in aggres- 
sive, oxidizing environments with small 
concentrations of chloride and other aggres- 
sive ions. Obtaining the passive state re- 
quires the use of potentiostats and continu- 
ous monitoring of the passive state. Even an 
instantaneous interval in protection can 
cause catastrophic corrosion. A type of 
anodic protection, the so-called galvanic 
AP, can be obtained by applying a coating 
of a more noble metal on the protected ele- 
ment, e.g., platinum, on titanium, or admix- 
ing with noble metals, for example, as in the 
case of alloy steels. 

The implementation of anodic protection 
usually requires using a well-equipped cor- 
rosion laboratory and specialist apparatus. 
It is mainly applied in the chemical and nu- 
clear industries, during the production of 
fertilizers, and for the protection of heat ex- 



390 8 Cathodic and Anodic Protection 

8 -  

6 -  

4 -  

2 -  

No 
Leaks Y A  

A’ 
I I 1 1 

Year of 
construction 

Figure 8-1. Effect of CP on leaks of water from pipelines [Proc. 4th Int. Con5 CEOCOR (1997), reprinted by 
permission]. 

ed zinc reference 
lead silver anode reference electrode electrode 

Figure 8-2. Cathodic protection of a sea-going vessel; only the more important elements of the protective in- 
stallation have been shown (courtesy of Corrpro Companies Europe Limited, U.K.). 

changers and tanks with hot concentrated 
acids: sulfuric, nitric, phosphoric, ammoni- 
um nitrate, etc. Industrial constructions with 
anodic protection are usually made of car- 
bon steels, alloy steels, titanium, nickel and 
its alloys, etc. Widespread use of anodic pro- 
tection is proceeding more slowly than for 
cathodic protection. However, the use of 
technical achievements of applied and new 
technologies of electrochemical protection 
in the economy and industry is continuous- 

ly increasing (Heitz, 1995). A comparison 
of features of cathodic and anodic protec- 
tion is given in Table 8- 1. 

8.2.1 Principles of Cathodic Protection 

In Fig. 8-3 a schematic diagram of an im- 
pressed current cathodic protection system 
is shown. 

During protection by an external current, 
the following reactions usually take place 
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Table 8-1. Comparison of anodic and cathodic protectiona. 

Cathodic protection Anodic protection 

Applicability: 
Metals all metals and alloys active-passive metals 

and alloys only 
Solution corrosivity weak to moderate for practical systems moderate to aggressive 

Installation lower high 
Maintenance lower high 
Operation higher very low 
Throwing power low very high 

Rectifiers constant current or controlled potential controlled potential 
Applied current higher very low 

depends on the cathodic reduction 
current. Is not an exact measure 
of corrosion rate but increases 

with corrosion rate 
usually determined by empirical testing 

Comparative cost: 

often a direct measure 
of corrosion 

rate during protection 

can be accurately determined Operating conditions 
or experience by electrochemical measurements 

a From Jones (1996), reprinted with permission. 

I _--- - -----__ -^________c------ 

Figure 8-3. Schematic diagram 
of an impressed current cathod- 
ic protection system; 1 - struc- 
ture to be protected, 2 - rectifi- 
er, 3 - anode in backfill, 4 - 
connection to pipeline, 5 - ca- 
thodic cable, 6 - anodic cable, 
7 - test station, 8 - test connec- 
tion, 9 - reference electrode. 

on an auxiliary anode, i.e., oxidation of the 
metal (anode material), water, and chlorides 
(if present) 

The liberated electrons flow in the elec- 
tric cable to the cathode (protected struc- 
ture), polarize it, and are consumed in ca- . .  

M + Mn+ + n e- 
thodicreactions on its surface, for example, 
in acidic solutions 

2 H,O + 4 H+ + 0, + 4 e- (8-4) 

2C1-+C12+2e- (8-3) 0, + 4H+ + 4e- + 2 H,O (8-5) 

(8-2) 2 H+ + 2 e- + H2 
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in neutral solutions 

0, + 2 H,O + 4e- -+ 4OH- (8-6) 

(8-7) 

The current I polarizing the cathode de- 
creases the corrosion current I,,, of a cor- 
rosion cell on the surface of the metal, so 
decreasing the corrosion rate. Cathodic pro- 
tection of underground or underwater steel 
structures is attained when the flowing cur- 
rent polarizes the structures cathodically to 
the value of the protective potential. In the 
case of steel, -0.85 V is usually assumed 
against the Cu/sat.CuSO, electrode (in fu- 
ture designated CSE). Freely corroding car- 
bon steel (with no cathodic protection) usu- 
ally has a potential in the -0.50 to -0.65 V 
range vs. the CSE. In Fig. 8-4 the effect of 
a cathodic current on the potential of steel 
and its corrosion losses in flowing sea wa- 
ter is shown. 

In accordance with the kinetic theory of 
electrode processes, especially the theory 

Ma+ + e- + M(n-1)+ 

15°C. 2 4 mls. 14 days, 0.17 sq drn 

of mixed potential of Wagner and Traud 
(1 938), complete quantitative information 
on the corrosion rate under an applied po- 
tential is ensured by knowledge of the 
course of the partial polarization curve of 
the anodic process, i.e., ionization of the 
metal. According to this theory and state- 
ments of Mears and Brown (1938), 100% 
CP effectiveness is ensured by polarization 
of the metal to the value of the reversible 
potential of the anodic reaction when the 
resultant rate of the anodic process is equal 
to zero. In such a case only cathodic pro- 
cesses proceed on its surface, for example, 
reduction of oxygen dissolved in water ac- 
cording to Reaction (8-6). These relations 
illustrating the principle of cathodic protec- 
tion are presented in Fig. 8-5. 

In accordance with the aforementioned 
theory, the value of the potential at which 
corrosion of the metal is hindered is called 
the protective potential, and the current re- 
quired to obtain it in relation to the surface 
is called the protective current density. The 

Current Density, rnNrn2 

Figure 8-4. Effect of a ca- 
thodic current on the corro- 
sion and potential of steel in 
flowing sea water [LaQue 
(1975). reprinted by permis- 
sion]. 
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Figure 8-5. Cathodic pro- 
tection by impressed current 
Iapp in neutral aerated water 
[Jones (1996), reprinted by 
permission]. 

0.01 0.1 10 100 
log CURRENT DENSITY (pA/cm2) 

rate of decrease of the corrosion current 
caused by cathodic polarization depends on 
the Tafel coefficient b, of the anodic reac- 
tion. In Fig. 8-6 a decrease of the corrosion 
rate of a metal has been illustrated as the re- 
sult of cathodic polarization by 100 mV for 
two corrosion systems of differing b, val- 
ues. For a system with a b, value that is two 
times lower, the same polarization value 
leads to a decrease of the corrosion rate of 
over three times. 

The presence of a corrosion environment 
with ionic conductance of an electric cur- 
rent is an indispensable condition for the ap- 
plication of electrochemical protection. A 
short summary of the characteristics of CP 
is given below: 

The advantages of CP include 
high effectiveness (almost loo%), 
facile regulation of the polarizing current 
and potential, 

the possibility of protecting large surfac- 

0 the possibility of automation. 

The disadvantages are: 

high installation costs, 
0 the necessity of systematic control and 

maintenance, and 
the possibility of causing interference to 
neighboring metal structures. 

Cathodic protection can have a harmful ef- 
fect in the case of so-called overprotection 
(the potential of steel below -1.1 V vs. the 
CSE), as the metal can be damaged by hy- 
drogen and the coatings delaminated. Also, 
cases are known of corrosion cracking of 
pipelines (SCC) covered by cathodic protec- 
tion due to the common interaction of a car- 
bonatehicarbonate environment formed as 
the result of cathodic processes and cyclic 
changes of stress (Procter, 1986). More infor- 

es, and 
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Figure 8-6. An example of the reduction of the corrosion rate in relation to the anodic Tafel coefficient as the 
result of cathodic polarization by 100 mV [Funahashi and Bushman (1991), reprinted with permission]. 

mation of the principles of CP can be found 
in the works of Wagner (1952, 1957), Kriv- 
ian (1984), Dexter et al. (1984), Ashworth 
(1986), Shoesmith (1987), Morgan (1987), 
Baeckmann et al. (1997), Jones (1986, 1996), 
Baboian (1995), and Juchniewicz (1988). 

8.2.2 Current and Potential Distribution 

A choice of CP installation working con- 
ditions is advised in which a uniform distri- 
bution of current and potential is ensured on 
the surface of the construction protected 
from corrosion. A uniform cathodic pola- 
rization should ensure an equal decrease of 
the corrosion rate on the whole metal sur- 
face. The potential and current distribution 
is however a function of many variables, 
and fulfilling the condition of equipotential- 
ity of the surface is a very difficult task in 
practice. Classic methods of current and po- 
tential distribution calculation for simple 
geometric structures are given in the works 

of Morgan (1987), Baeckmann et al. (1997), 
and Parker and Peattie (1995). 

The current and potential distribution on 
structures with cathodic protection will be 
described for the example of underground 
pipelines belonging to the group of linear ob- 
jects. The calculations are based on the rela- 
tion where potential and current are a func- 
tion of the distance x along the steel pipe- 
lines covered with a coating, and are given 
by the so-called attenuation equations 

AEx = AEo exp (- ax) (8-8) 
Z, = I, exp (- ax) (8-9) 

where AEx is the change of the potential at a 
distance x from the drainage point, AEo the 
change of potential at the drainage point, Zx 
the current at distance x from the drainage 
point, Zo the current at the drainage point, and 
a the attenuation constant described by 
equation 

a = f i  (8-10) 
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where r is the lenghtwise resistance of the 
pipeline (in i2 m-') and g the conductance of 
the insulation (in S m-'). Typical potential 
distributions on pipelines with low quality 
insulation are presented in Fig. 8-7. 

Significant progress has been noted in re- 
cent years in the field of anticorrosion pro- 
tection of pipelines due to economic reasons 
and increasing requirements of the protec- 
tion of the environment. Modern plastic 
coatings, due to their excellent insulation 

properties, ensure an almost linear distribu- 
tion of the potential along a pipeline with ca- 
thodic protection. In Fig. 8-8 the potential 
distribution is shown along such a pipeline 
with high quality insulation with local de- 
fects. 

The obtained potential distribution is al- 
most discrete in character in this case. The 
potential along the pipeline route has a prac- 
tically constant value, while at single points 
of coating discontinuity sharp potential 

Distance 
Figure 8-7. Potential distribution on a pipeline with cathodic protection. 
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Figure 8-8. Schematic di- 
agram of cathodic protec- 
tion of a pipeline with de- 
fects in the insulation and 
the corresponding poten- 
tial distribution. 
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peaks are observed, indicating uncovering of 
the base metal. The value of the potential in 
the damaged places depends on the area of 
steel in contact with the electrolytic environ- 
ment: the greater the area, the smaller the ca- 
thodic polarization. As a result, such a situ- 
ation may occur (as in the figure) where, in 
spite of maintaining a protection potential on 
the whole pipeline, conditions for full ca- 
thodic protection would not be met in plac- 
es of significant damage of the insulation. 
Unfortunately, this inconvenience cannot be 
eliminated by increasing the parameters of 
the cathodic protection installation as this 
could cause harmful effects (overprotection) 
in smaller defects. This situation requires a 
new approach to the distribution of potential 
and current along the pipeline, to equipment 
needed for monitoring, as well as methods 
of counteraction. 

Orazem et al. (1993, 1997) and Kennel- 
ley et al. (1993) took up this subject from the 
theoretical as well as the practical point of 
view, considering the cathodic protection of 
pipelines covered with insulation, character- 
ized by leakiness (holidays and discrete hol- 
idays). Mathematical models have been 
created for different placements of anodes 
and their distance from the pipeline. In sev- 
eral papers, results are presented of theoret- 
ical calculations of the current and potential 
distribution and their comparison with 
experimental results. The finite element 
technique was used to solve the Laplace 
equation for potentials under boundary con- 
ditions, which describe the state of the insu- 
lation and the metal surface. Carson and 
Orazem (1998) also investigated the pola- 
rization characteristics of a pipeline as a 
function of time based on the formation of 
calcium precipitates. The results of these in- 
vestigations were utilized in the construction 
of cathodic protection for the Trans-Alaska 
pipeline. More information on the CP of in- 
sulated pipelines is given in Sec. 8.4.4, while 

more advanced current and potential distri- 
bution calculation methods are described in 
Sec. 8.9. 

Particular attention is devoted to corro- 
sion problems and cathodic protection in the 
U.S.A. The Department of Transportation in 
1973 showed that 44.7% of all defects to gas 
pipelines were due to corrosion. Further in- 
vestigations showed that 98% of gas pipe- 
lines corroded on external surfaces, while 
91% of these gas pipelines were not 
equipped with cathodic protection. Also of 
interest is the fact that only 5% of the total 
surface was attacked by corrosion, leading 
to the possibility of repairing the gas pipe- 
lines and further usage after the application 
of cathodic protection. Important informa- 
tion concerning the cathodic protection of 
pipelines is given in NACE Standard RP 
0169-96. Additional information is given by 
Cameron et al. (1993), Harvey (1994), 
Dowling et al. (1993, Juchniewicz and 
Sok6lski (1996), Sok6lski (1997), and Riz- 
zo and Wildman (1997). 

8.2.3 Potential Measurement 

The measurement of he potential of cor- 
roding metal or reinforced concrete struc- 
tures is a traditional measurement technique 
in electrochemical protection diagnosis. In 
spite of the widening criticism and lack of 
possibility of calculating the corrosion rate 
from potential measurements, these meas- 
urements are commonly used in practice. 
Modern science is searching for new diag- 
nostic methods which will allow direct 
measurement of the corrosion rates of polar- 
ized structures. More information on this 
subject will be given in Sec. 8.3. Measure- 
ments of potentials of structures are carried 
out, amongst others, to determine: 

the corrosion hazard degree as a result of 
the occurrence of macrocells (e.g., gal- 
vanic, concentration), 
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the presence of stray currents and the de- 
gree of their harmful interaction, 

0 the distribution and range of anodic and 
cathodic zones as a result of the occur- 
rence of macrocells and stray currents, 
the degree of polarization as a result of 
the flow electric currents, and 

0 the effectiveness and range of electro- 
chemical protection. 

Although laboratory measurements do not 
usually create any problems, the determina- 
tion of the potential of exploited metal struc- 
tures is sometimes more troublesome, and 
the obtained result is burdened by a small- 
er or greater error. The following are neces- 
sary for measurements: a potential meter of 
high internal resistance above 100 kR V-’, 
a metallic connection with the structure (the 
so-called potential link), and a reference 
electrode. A schematic diagram of potential 
measurements has shown in Fig. 8-9. 

Potential measurements of a polarized 
structure, especially in soil, are burdened 
with an error resulting from the voltage drop 
between the structure and the reference elec- 
trode. This error depends on the resistance 
of layers of corrosion products and insula- 
tion, and the resistance of the electrolytic 
environment. Equation (8-1 1) shows the 
amount of ohmic potential drop in the mea- 
surement of the potential of a structure 
with CP 

where Ecp is the potential of a polarized 
structure, E,,,, is the corrosion potential (be- 
fore applying CP), A E  is the change of po- 
tential as a result of cathodic polarization, 
and IR is the ohmic voltage drop. 

Elimination of the ohmic component is 
usually realized by the “on- off” technique, 
which is of low accuracy and requires con- 
siderable experience. Martin (1982) has pre- 
sented seven techniques of potential meas- 
urement with the elimination of the ohmic 
component used in the cathodic protection 
of pipelines. They all have advantages and 
disadvantages. Much corrosion damage of 
pipelines with cathodic protection was 
caused by the occurrence of the IR compo- 
nent in measurements of the potential, lead- 
ing to a state in which pipelines were gen- 
erally underprotected. At the Technical Uni- 
versity of Gdansk, studies are carried out 
on the use of electrochemical ac techniques 
in CP diagnosis. Accurate determination of 
the IR component is possible by, amongst 
other techniques, impedance spectroscopy 
(EIS), (Juchniewicz and Jankowski, 1993). 
Potential measurements of steel structures, 
e.g., pipelines in agglomerations with a 
large traffic of trams, which generate stray 
currents, require a specialist approach and 
will be described in the section on stray cur- 
rents (Sec. 8.6), More information on the 
subject of potential measurements can be 
found in the papers of Piron (1987) and Ne- 

Ecp = E,,,, + AE + IR (8-1 1) koksa and Turnipseed (1996). 

1. I- 

Figure 8-9. Potential mea- 
surements of metal structures: 
a) buried tank, b) ship hull, 
where: I - potential meter, 
2 - connection to structure, 
3 - Cu/CuS04 electrode, and 
4 - zinc reference electrode. 
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8.2.4 Reference Electrodes 

Reference electrodes used in electro- 
chemical corrosion measurements should 
fulfil three basic requirements: 

1. They should be characterized by a con- 
stant and reproducible potential value. 

2. They should not undergo polarization 
under the measurement conditions. 

3. They should exhibit a small temperature 
dependency of the potential. 

In field measurements of potential one of 
the four types of reference electrode is usu- 
ally used: 

i) copper sulphate - Cu/sat.CuSO, (CSE), 
ii) silver chloride in a saturated solution of 

potassium chloride - Ag/AgCl/sat. KCl, 
iii) silver chloride in sea water, or 
iv) zinc in sea water. 

In laboratory investigations, apart from 
the above-mentioned electrodes, the satu- 
rated calomel electrode - Hg/Hg2Cl,/sat. 
KCl is most frequently used (SCE). 

In Table 8-2, minimal CP potentials are 
given, measured in relation to different ref- 
erence electrodes used in practice. 

When choosing the reference electrode, 
it is necessary to stick to the principle that 
they should have a common ion with the en- 
vironment into which they are inserted. For 
example, the silver chloride electrode is ap- 
plied in sea water and chloride solutions. In 
measurements of the potential of reinforced 

Table 8-2. CP potentials of steel in relation to vari- 
ous reference electrodes. 

Electrode CP potential of steel (V) 

Cutsat. CuSO, (CSE) -0.85 
AgIAgCltsat. KCI -0.15 
AgIAgCltsea water -0.80 
Hg/Hg,Cl,/sat. KCI -0.78 
Znlsea water +0.25 

concrete structures, silver chloride elec- 
trodes are frequently used, along with oth- 
ers which will be described in Sec. 8.7. 

Before starting potential measurements, 
the correctness of indications of the refer- 
ence electrodes should be checked. In the 
simplest way, this can be carried out by 
measuring its potential in relation to another 
electrode of an exactly known potential val- 
ue. When recalculating potential values of 
reference electrodes, nomograms or calcu- 
lation tables should be used. Such calcula- 
tions are taken into account in an increasing 
number of computer programmes used for 
collection and processing results of poten- 
tial measurements, More information on 
reference electrodes can be found in the 
works of Ives and Janz (1961), Weng and 
Wilde (1986), and Ansuini (1996). 

8.2.5 Cathodic Protection Criteria 

As a criterion of cathodic protection , it 
is necessary to know in general the value of 
an easy to measure variable at which pro- 
tection from corrosion is ensured to an as- 
sumed degree. The necessity of using in 
practice agreed protection criteria results 
from the impossibility of determining the 
degree of corrosion retardation as a result of 
using cathodic protection by direct corro- 
sion rate measurements. The adoption of a 
given CP criterion is the basic element of 
each project and has a decisive effect on its 
operation. Apart from the technical impor- 
tance, i.e., the requirement of obtaining the 
required degree of protection against corro- 
sion processes, it also has a very significant 
effect on the economical situation. At 
present in CP, thermodynamic criteria are 
mainly used based on the potential value of 
the polarized structure. Current criteria are 
used to a smaller degree and determined on 
the basis of empirical data concerning the 
required protective current density. 
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8.2.5.1 Potential Criteria 

Minimum potential values at which ca- 
thodic protection of metals and alloys is ob- 
tained in typical corrosion environments are 
given in Table 8-3. 

Potential criteria recommended by 
NACE (RP0169-96) for the cathodic protec- 
tion of steel and cast iron are given in 
Table 8-4. 

In the case of steel structures with cathod- 
ic protection, the maximum potential should 
not be more negative than -1.1 V versus the 
CSE. Exceeding this value requires appro- 
priate investigations and justification. More 
information on this subject is given by Hei- 
dersbach (1987), Heidersbach et al. (1 987), 
Treseder et al. (1991) and British Standard 
BS7361: Part 1 (1991). 

A critical paper on the present potential 
criteria was published by Gummow (1993) 
who described the effect of the placement 
of a reference electrode during measure- 

Table 8-3. Minimum potentials for cathodic protectiona. 

ment on the ZR ohmic voltage drop, the im- 
portance of the resistivity of soil, the pres- 
ence of bacteria, and the temperature. Gum- 
mow also warns against overprotection of 
the structure and recommends maintaining 
the CP potential of steel in the range -0.85 V 
to -1.1 V versus the SCE. Bash (1996) crit- 
icizes the stringent polarization potential of 
-0.85 V as it subjects many pipelines to 
risks of cracking caused by hydrogen em- 
brittlement as the result of CP. 

Extensive investigations of potential cri- 
teria of gas pipelines were sponsored by the 
American Gas Association in 13 field sta- 
tions in the U.S.A., Canada, and Australia. 
Results published by Barlo (1994, 1996, 
1997) distinctly point to the complexity of 
the problem. A large effect was shown of 
the properties of the corrosion environment, 
i.e., the moisture in the soil, its resistivity, 
and its corrosivity, and of the temperature 
on parameters of cathodic polarization. The 
last edition of NACE Standards RP 0169- 

Metal or alloy Reference electrode (and conditions of use) 

copperkopper silverkilver silver/silver zinc/sea waterb 
sulfate chloridekaturated chloridehea waterb 

(in soil and potassium chloride 
fresh water) (in any electrolyte) 

Potential (V)' Potential (V)" Potential (V)" Potential (V)" 

Iron and steel 
aerobic environment -0.85 
anaerobic environment -0.95 

Lead -0.60 
Copper-based alloys -0.50 to -0.65 
Aluminum 

Positive limit -0.95 
Negative limit -1.20 

0.75 -0.80 +0.25 
-0.85 -0.90 +O. 15 
-0.50 -0.55 +0.50 

-0.40 to -0.55 -0.45 to -0.60 +0.60 to +0.40 

-0.85 -0.90 +0.15 
-1.10 -1.15 -0.10 

a extracts from BS 7361: Part 1 (1991), reproduced with permission; for use in clean, undiluted, and aerated 
sea water. The sea water is in direct contact with the metal electrode; all figures have been rounded to the near- 
est 0.05 V. 
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Table 8-4. Criteria for the cathodic protection of steel and cast iron piping". 

Criterion Notes 

A negative (cathodic) potential of a least 
850 mV with the cathodic protection applied. This potential is 
measured with respect to a saturated copperkopper sulfate refer- 
ence electrode contacting the electrolyte. Voltage drops other 
than those across the structure-to-electrolyte boundary must be 
considered for valid interpretation of this voltage measurement. 
A negative polarized potential of at least 850 mV relative 
to a saturated copperkopper sulfate reference electrode. 
A minimum of 100 mV of cathodic polarization between the 
structure surface and a stable reference electrode contacting the 
electrolyte. The formation of decay of polarization can be meas- 
ured to satisfy this criterion. 

Consideration is understood to 
mean the application of sound en- 
gineering practice in determining 
the significance of voltage drops 
by methods such as: 

measuring or calculating the 
voltage drop(s), 
reviewing past performance of 
the cathodic protection 
system, 
evaluating the physical and 
electrical characteristics of the 

Special conditions: 
1. On bare or ineffectively coated pipelines where long-line corro- determining whether or not 

pipe and its environment, and 

there is physical evidence of 
corrosion. 

sion activity is of primary concern, the measurement of a net 
protective current at pre-determined current discharge points 
from the electrolyte to the pipe surface, as measured by an earth 
current technique, may be sufficient. 

2. In some situations, such as the presence of sulfides, bacteria, 
elevated temperatures, acid environments, and dissimilar metals, 
the above criteria may not be sufficient. 

3. When a pipeline is encased in concrete or buried in dry or aerat- 
ed high-resistivity soil, values less negative than the criteria list- 
ed above may be sufficient. 

a NACE International (1998), reprinted by permission. 

96 (1996) points to the need of taking into 
account the mentioned factors when choos- 
ing CP criteria. 

At present, the most frequently used CP 
criterion in the case of steel structures is the 
potential value of -0.85 V versus the CSE 
at a flowing protective current. The basic 
disadvantages of potential criteria are: no 
possibility of recalculation of the potential 
of steel to the corrosion rate, the occurrence 
during potential measurement of the ZR oh- 
mic voltage drop, and a large differentiation 
of protective potential values according to 
the environmental conditions. This infor- 
mation questions the generally adopted cri- 

terion of -0.85 V against the CSE electrode. 
In Table 8-5, protection potentials of steel 
are given in different environmental condi- 
tions. 

Up to the present day, discussions are be- 
ing held on why, in environments where sul- 
fate-reducing bacteria are present, the cor- 
rosion of steel is only reduced at a potential 
of -0.95 V vs. the Cu/CuS04 electrode. 

Also, another approach to the potential 
criteria of CP exists. It is assumed that po- 
larization of a structure from a corrosion po- 
tential to a protection potential Ecp requires 
the delivering an appropriate current den- 
sity. This current is known from empirical 
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Table 8-5. Protection potential of steel in different 
environment conditions. 

Conditions Potential 
vs. CSE (V) 

Unaerated soil, presence -0.95 
of sulfate-reducing bacteria 

Ordinary soil -0.85 
Aerated soil e > 100 R m 
Aerated soil @ > 500 s1 m 

-0.75 
-0.65 

data for typical systems under given appli- 
cation conditions, and its value can be ap- 
plied interchangeably with the potential cri- 
terion. In Table 8-6, typical cathodic protec- 
tion current densities are given for steel in 
soil and sea water. 

Table 8-6. Approximate current requirements for the 
cathodic protection of steel". 

Environment conditions Current density 
(mA m-2) 

Immersed in sea waterb 
Stationary 

Well-coated 1-2 
Poor or old coating 2-20 
Uncoated 20-30 

Low velocity' 
Well-coated 2-5 
Poor coating 5-20 
Uncoated 50- 150 

Well-coated 5-1 
Poor coating 10-30 
Uncoated 150-300 

Medium velocityd 

High velocitye 

Buried underground 
Soil resistivity 

0.5 - 5 s1 m 1-2 
5 - 1 5 R m  0.5-1 
15 - 40 s1 m 0.1-0.5 

Poor coating or uncoated 250- 1000 

a Metals Handbook (1978), reprinted by permission; 
structures or vessels; 0.3-1 m s-I; 1-2 m s-'; 
turbulent flow; pipelines or structures, coated or 

wrapped. 

More information on potential criteria of 
CP can be found in relevant publications, 
e.g., Dearing (1994), Bennett (1993), Glass 
and Chadwick (1994), and Barlo and Berry 
(1 984). 

8.2.5.2 Kinetic Criteria 

Due to the more accurate verification and 
criticism of cathodic protection criteria used 
up to now, the possibility of introducing 
new, more rational criteria is being consid- 
ered. The so-called kinetic criteria will 
probably be adopted. Modern investigation 
techniques using the theory of kinetics of 
electrode processes will probably find ap- 
plication in direct measurements of the cor- 
rosion current on cathodically polarized 
structures. Instead of intermediate control 
of the effectiveness of anticorrosion protec- 
tion on the basis of potential measurements, 
it seems significantly more purposeful to 
maintain a corrosion rate of the cathodical- 
ly protected structure in an accepted range. 

Adoption of the concept of kinetic crite- 
ria allows a simple optimization of protec- 
tive installation working parameters. In 
many cases it is unnecessary to fully retard 
the corrosion of a protected metal structure. 
Deep cathodic polarization is an expensive 
process. It requires the application of high 
power equipment, developed anodic 
systems, and is connected with high opera- 
tion costs. For practical reasons, partial pro- 
tection is sufficient in most cases, ensuring 
a decrease of the corrosion rate to such a lev- 
el at which the assumed lifetime of the struc- 
ture is attained. Evaluation of the effective- 
ness of cathodic protection based on a cri- 
terion taking into account the degree of de- 
crease of corrosion process rates can be- 
come in the near future a new, important ap- 
plication element in the anticorrosion pro- 
tection technology. 



402 8 Cathodic and Anodic Protection 

8.3 Contemporary Trends 
in Cathodic Protection Criteria 

Concepts of CP kinetic criteria were pos- 
tulated from the beginning of the 1970s, but 
at that time no appropriate measurement 
method was available to put them into prac- 
tice. Reliable corrosion rate measurements 
of metals in CP conditions were ensured by 
only two physical methods: gravimetric and 
resistometric measurements. Both methods 
allow the determination of increasing cor- 
rosion losses over longer time intervals (due 
to relatively low sensitivity); however, they 
do not allow the determination of the instan- 
taneous corrosion rate. Such information 
would be required by users of CP installa- 
tions, allowing the regulation of protective 
parameters in a feedback system. 

8.3.1 Determination of the Corrosion 
Current Under Cathodic Protection 
Conditions 

In order to determine the corrosion cur- 
rent on freely corroding metal structures, 
numerous dc and ac electrochemical meth- 
ods are used, but unfortunately most of them 
cannot be used for the control of polarized 
systems in their present form. The situation 
has improved since the mid- 1980s, when the 
need for corrosion rate control methods at 
potentials different from the corrosion po- 
tentials was recognized. The electrochemi- 
cal nature of processes accompanying CP 
suggests the application of such methods for 
the control of its effectiveness. In the fol- 
lowing sections, the most important inves- 
tigations are presented in this scope. A flow 
chart of methods that could find application 
during the monitoring of the effectiveness 
of electrochemical protection is given in 
Fig. 8-10. 

8.3.1.1 Direct Current Methods 

Jones (197 1,1972), based on kinetic con- 
siderations, postulated the adoption of a cri- 
terion for a permissible corrosion rate on the 
basis of a polarization characteristic of a 
given corrosion system determined before- 
hand. In order to determine the corrosion 
rate at polarisation potential Ecp, knowl- 
edge of the course of the partial curve of the 
anodic reaction is necessary. The first steps 
in the analysis of partial currents of corro- 
sion systems were made by Stern and Geary 
(1957), who described the method of deter- 
mination of the Tafel coefficient b, of the 
anodic reaction on the basis of direct cur- 
rent measurement results of the cathodic po- 
larization curve. Extrapolation of the linear 
section of this curve to a corrosion potential 
E,,,, allows reproduction of a fragment of 
the anodic polarization partial curve at 
chosen potential values, as a difference be- 
tween the polarization current and the par- 
tial cathodic current. 

Jones and Lowe (1969) applied the de- 
scribed procedure for the estimation of the 
anodic Tafel constant for samples of steel 
exposed in soil, while Schwerdtfeger (1958, 
1961) did so for steel and aluminum in soil 
and sea water. However, satisfactory con- 
formity between calculations and experi- 
mental measurements was not obtained in 
all cases. The applicability of the described 
method is in accordance with assumptions 
limited to corrosion systems with activation 
control showing a distinct Tafel slope over 
the range of cathodic polarization. The pres- 
ence of concentration and ohmic polariza- 
tion renders determination of the correct b, 
value difficult or impossible, and therefore 
the method did not find wider application in 
practice, especially in cathodic protection 
technology where it was to be applied. 

An interesting method of determination 
of the corrosion current of a cathodically po- 
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Figure 8-10. A flow chart of potential methods for the control of metal corrosion rates under cathodic protec- 
tion conditions. 

larized electrode was presented by Meas and 
Fujioka (1990). These scientists assumed in 
their considerations the simplest model of a 
corroding electrode with the participation of 
two activation controlled electrode reac- 
tions: anodic (ionization of metal) and ca- 
thodic (reduction of any depolarizing agent). 
By using kinetic equations describing the 
currents of both reactions as a function of 
the potential and taking into account reverse 
reactions, they derived simplified relations 
allowing numeric calculations of the par- 
tial anodic current. The following data 
are required for calculations: to character- 
ize the freely corroding electrode: Ecorr, 
Icon, and to characterize the polarized elec- 
trode: E, I ,  and R,, where R, is the polariza- 
tion resistance of an electrode determined 
as a derivative of the potential in relation to 
the current at a cathodic polarization poten- 
tial E. 

As can be seen, the method does not re- 
quire knowledge of the Tafel coefficients. 
The authors proposed the determination of 
R, values by means of finite differences 
without switching off cathodic polarization, 
but only changing the polarization of the 
electrode by a small value A E  and measur- 
ing the resulting increase of current AZ. The 
ratio of these quantities approximately de- 
termines the required resistance R,. As a 
more elegant solution they recommend 
measurement by the impedance method, 
which allows more accurate determination 
of the polarization resistance with elimina- 
tion of the ohmic and diffusion components. 

Another dc method of corrosion current 
determination of a cathodically polarized 
electrode at a value close to E," was de- 
scribed by Qamar and Husain (1992). For 
the calculations, a set of at least three pairs 
of potential-current data is required, as ob- 
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tained in the vicinity of the protective po- 
tential, although the authors of the method 
recommend the use of a larger number of 
data to increase reliability. The authors of 
the method presented results of calculations 
obtained for a hypothetical corrosion sys- 
tem of assumed parameters, confirming its 
correctness; however, they did not publish 
results for real corrosion systems. 

8.3.1.2 Alternating Current Methods 

Alternating current electrochemical 
methods show potentially much wider pos- 
sibilities for investigations of the kinetics of 
polarized corrosion systems. Their applica- 
tion does not require switching off of the 
current or its drastic change, so disturbing 
the equilibrium, but only perturbs the polar- 
ized system with a small, defined ac signal. 
Analysis of the response signal as a func- 
tion of time or frequency theoretically al- 
lows complete information on the polariza- 
tion characteristics of the system to be ob- 
tained and thus also the rates of controlled 
electrode processes. However, attempts to 
use ac methods for the analysis of corrosion 
systems have met with one major problem: 
they do not at the moment allow for the im- 
plementation of elaborate solutions in in- 
dustrial applications. 

Electrochemical Impedance Spectroscopy 
fJW 

The first attempts to use impedance meas- 
urements for monitoring the corrosion of 
metals in cathodic polarization conditions 
were made in the U.S.A. in the 1980s. Ruck 
et al. (1985) and Thompson et al. (1988) an- 
alyzed the nature of impedance spectra ob- 
tained for steel exposed in soil and concrete 
at various levels of cathodic polarization 
(from E,,,, to -1.2 V vs. CSE). They ob- 
served significant quality differences be- 

tween spectra determined for freely corrod- 
ing and cathodically protected electrodes, 
which in their opinion were the basis of dif- 
ferentiation between systems correctly pro- 
tected and those with no protection. Similar 
trials using EIS for the optimization of the 
CP potential are described by Sozhan et al. 
(1993). They investigated the effectiveness 
of the CP of welded steel in brine over the 
potential range from corrosion to -1.0 V vs. 
SCE using the impedance and gravimetric 
techniques. Their evaluation of the results 
of impedance measurements is also qualita- 
tive in character and does not include cal- 
culations of the corrosion current. 

A different approach to impedance meas- 
urements of electrodes in CP conditions was 
assumed by Juchniewicz and Jankowski 
(1993). They elaborated a quantitative 
method, allowing the determination of the 
partial anodic current of polarized elec- 
trodes. They proposed an electric equivalent 
circuit of a polarized electrode describing 
the impedance characteristic of an electrode 
as a function of the applied potential. It has 
been assumed that on the electrode one ac- 
tivation controlled anodic reaction and one 
cathodic reaction with mixed activation- 
diffusion control proceeds. The adopted 
electric equivalent circuit is presented in 
Fig. 8-1 1. 

This schematic diagram is possibly sim- 
ple and universal, as it models a freely cor- 
roding electrode as well as a cathodically or 
anodically polarized one. To determine the 
metal corrosion rate in cathodic polarization 
conditions, the resistance value R, should be 
determined on the basis of the measured im- 
pedance characteristic. The “IMP-CP’ com- 
puter software was prepared for this (Jan- 
kowski and Karciarz, 1992) permitting the 
determination of the partial anodic current I, 
provided that the Tafel coefficient values b, 
and b, and the polarizing current Zare known. 
The applied fitting procedure uses the Mar- 
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Figure 8-11. Equivalent circuit of a polarized electrode obtained by modification of the Randles diagram, where 
R, is the electrolyte resistance, C,, the double layer capacity, R, the charge transfer resistance, R, the anodic 
process resistance, R, the cathodic process resistance, CPE the constant phase element, and Z, the diffusion im- 
pedance. 

quardt algorithm and takes into account 
meeting additional conditions which limit 
the number of solutions. Attempts to using 
the "IMP-CP' programme for the analysis 
of theoretical and experimental data con- 
firmed its usefulness. In most investigated 
cases, it allowed correct estimation of the 
kinetics of the corrosion process for the free- 
ly corroding metal, as well as when cathod- 
ically polarized. Promising results have 
been obtained, amongst others, for cathod- 
ically polarized steel in an aqueous environ- 
ment. Examples of impedance measurement 

results for cathodically polarized steel elec- 
trodes are presented in Fig. 8-12. 

Two-month measurements of the effec- 
tiveness of CP of water heaters carried out 
for comparison by the EIS and gravimetric 
techniques have shown good compliance of 
the corrosion rates obtained by two indepen- 
dent methods (Jankowski and Juchniewicz, 
1994). Application of the EIS technique for 
the determination of the corrosion current 
of steel in a heterogeneous environment 
such as soil caused significantly greater 
difficulties. Usually, strongly flattened, dif- 

1750, 
PClOnD E = -0.780 V vs SCE 
*U E = -0.725 V vs SCE 
QOOOO E = -0.676 V vs SCE 

Figure 8-12. Impedance 
spectra of cathodically po- 
larized steel in water for dif- 50 

Z', ncm2 ferent potential values. 
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fused, and difficult to interpret impedance 
spectra were obtained, the analysis of which 
relatively rarely allowed accurate determi- 
nation of the corrosion rate, although a de- 
crease in the corrosion current density was 
generally observed with an increase of ca- 
thodic polarization (Juchniewicz et al., 
1995). 

Faradaic Rectification 

Srinivasan and Murphy (1991) presented 
a method of determination of the corrosion 
rate of a metal cathodically polarized to a 
potential close to the reversible potential of 
the anodic reaction using Faradaic rectifica- 
tion. The method is based on measurement 
of the shift of the constant component of the 
current or potential resulting from perturba- 
tion of a system nonlinear in character with 
a harmonic signal. Assuming the possibil- 
ity if also running, apart from the anodic and 
cathodic reactions, the reverse anodic reac- 
tion, the authors introduced mathematical 
dependencies allowing the determination 
of the corrosion current of an electrode on 
knowing its corrosion potential and the 
Tafel coefficients of all three analyzed reac- 
tions. They tested the correctness of the 
elaborated method on two corrosion systems: 
cathodically polarized steel in 0.5 M H,SO, 
and 0.5 M Na2S04. In accordance with pre- 
dictions, they obtained results confirming 
the general trend of decreasing corrosion 
current with increasing cathodic polariza- 
tion, but due to the short measurement time 
and minimal corrosion losses in these con- 
ditions, they were not able to verify their 
calculations by another independent meas- 
urement technique. 

Harmonic Analysis (HA) 

An inconvenience of the ac methods de- 
scribed earlier is the necessity of knowing 

Tafel coefficients of the investigated corro- 
sion process in order to determine the cor- 
rosion rate. The method of harmonic analy- 
sis is devoid of this shortcoming. It uses the 
nonlinear nature of corrosion processes, and 
on the basis of a single measurement at a 
chosen frequency allows determination of 
the corrosion current, as well as of the Taf- 
el coefficients. The method is based on the 
perturbation of a corroding electrode with a 
low amplitude sinusoid signal and measure- 
ment of the generated harmonic currents of 
frequencies equal to multiples of the basic 
signal. The theoretical principles of the HA 
method elaborated by scientists from India 
(Prabhakara Rao and Mishra, 1977) and 
Hungary (Devay and Meszaros, 1979) ena- 
bled determination to the first order of ki- 
netic parameters of freely corroding elec- 
trodes. 

McKubre and Syrett (1983, 1988) were 
the first to adapt the method of harmonic 
analysis for the control of the corrosion 
rate of cathodically polarized systems. They 
presented a theoretical description of the 
problem and developed the measuring 
technique by making measurements over 
a wide range of frequencies from 1 Hz to 
10 kHz. The method applied by them is 
known in the literature as harmonic impe- 
dance spectroscopy (HIS). It is based on the 
measurement of the zero, first, second, and 
third harmonics of the current response of 
an electrode perturbed by a voltage sinusoid 
signal. The elaborate mathematical treat- 
ment of results theoretically gives the pos- 
sibility of obtaining admittance data inde- 
pendent of the frequency. The numerical so- 
lution of a system of three equations with 
three unknowns allows the determination of 
required AE, b,, and b, values, and finally 
the corrosion current. The authors of the HIS 
method carried out attempts to determine 
the corrosion rate of copper-nickel alloys, 
steel, and titanium under cathodic protec- 
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tion conditions in sea water, obtaining how- 
ever slightly lower results compared with 
gravimetric investigations. The HIS meth- 
od requires, however, (as stated by the au- 
thors themselves) further investigations, as 
its usefulness for the control of more com- 
plex corrosion systems with the participa- 
tion of ohmic and diffusion polarization, 
e.g., of steel in soil or concrete, has not been 
confirmed up to now (Thompson and Syrett, 
1993). 

Systematic investigations on the applica- 
tion of the harmonic analysis method for 
monitoring corrosion processes have been 
undertaken at the Technical University of 
Gdansk in recent years. Amongst others, 
theoretical and experimental work is being 
performed on the application of the HA 
method for the control of the corrosion rate 
of polarized electrodes. Jankowski (1997) 
analyzed the effect of an anodic reverse re- 
action on harmonic currents generated by 
the metal electrode under cathodic polariza- 
tion conditions. Numerous laboratory and 
field measurements were carried out for ca- 
thodically polarized steel electrodes in wa- 
ter and soil. However, great difficulties were 
encountered in the interpretation of the re- 
sults of harmonic current measurements, as 
the investigated corrosion systems are char- 
acterized by mixed control, exhibiting, apart 
from activation polarization, also ohmic and 
concentration polarization. Even the appli- 
cation of a measurement signal of very low 
0.01 Hz frequency did not ensure elimina- 
tion of reactance effects under these condi- 
tions. Up to now there is lack of verified 
methods of harmonic analysis of such com- 
plex systems. In order to overcome the dif- 
ficulties, a new method has been developed 
to analyze the results of harmonic current 
measurements (Jankowski, 1998 a). It has 
been shown that knowledge of the three first 
harmonic components of an electrode per- 
turbed with a sinusoid signal allows repro- 

duction with sufficient accuracy of the sta- 
tionary polarization curve section in the E 
f Uo potential range, where Uo is the ampli- 
tude of the measurement signal. The deter- 
mined polarization characteristic can be 
easily cleared of errors resulting from the 
presence of the ohmic component and the 
capacitance current. Mathematical analysis 
of such determined polarization curves with 
available software utilising multiple regres- 
sion methods allows determination of the re- 
quired parameters, such as the corrosion 
current and the Tafel coefficients. Their 
knowledge in turn enables determination 
of the partial anodic current of an electrode 
for any potential value. Examples of mea- 
surement results of the corrosion rate of 
cathodically polarized steel in flowing tap 
water are given in Table 8-7 (Jankowski 
1998b). 

The data fitting procedure can be carried 
out depending on the requirements of dif- 
ferent corrosion process models, including 
the simplest case of two activation con- 
trolled reactions (anodic and cathodic), as 
well as more complex systems with the par- 
ticipation of a greater number of reactions 
proceeding with mixed activation-diffu- 
sion control. 

Table 8-7. Results of calculations of the corrosion 
rate of cathodically polarized steel by the harmonic 
analysis (HA) and resistometric (ER) methods. 

Potential of steel 
(mV vs. SCE) 

Corrosion rate (pm year-') 

HA method ER method 

-550 130 139 
-600 112 96 
-650 48 35 
-700 39 30 
-750 40 33 
-800 28 24 
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Electrochemical Noise infrastructures against corrosion. Complete 

The method of electrochemical noise 
measurement is another promising method 
of evaluating CP effectiveness, and has been 
developing dynamically. It is a completely 
noninvasive measuring technique, allowing 
qualitative (determination of type of dam- 
age) and quantitative determination (deter- 
mination of corrosion current) on the basis 
of measurements of microfluctuations of 
potential and current of a metal electrode. 
Only single attempts of using this technique 
for the control of cathodically polarized 
systems have been made up to now. Goell- 
ner et al. (1986) have shown that cathodic 
polarization of aluminum with pitting cor- 
rosion in an NaClO,+NaCl solution from 
-600 mV to -1000 mV causes a radical 
change in the generated current noise in the 
form of a decrease in its amplitude by sev- 
eral orders of magnitude. 

From the presented review, it is apparent 
that at present we do not have at our dispo- 
sal a reliable and effective electrochemical 
technique enabling rapid and accurate de- 
termination of the corrosion current of met- 
als in cathodic polarization conditions, al- 
though achievement of the assumed aim 
seems much closer. At present, there is a sig- 
nificant demand for such types of methods, 
which could be the basis of modern on-line 
monitoring systems of corrosion of polar- 
ized structures, and would introduce an ex- 
pected technological breakthrough in the 
control of the effectiveness of electrochem- 
ical protection. 

8.4 Impressed Current Cathodic 
Protection 

large complexes of pipelines, cables, tanks, 
sheet pile walls, piles, and industrial appa- 
ratus are at present protected by this meth- 
od. It is generally used in maritime fleets 
and in maritime and industrial construc- 
tions. Large industrial enterprises apply CP 
for the protection of strategically important 
installations such as pipelines, gas pipe- 
lines, objects in oil refineries, electric pow- 
er stations, mills, and chemical works. In re- 
cent years, the CP of reinforced concrete has 
been intensively implemented, which will 
be described in more detail in Sec. 8.7. 

Impressed current cathodic protection re- 
quires the presence of an ac power supply 
for CP stations. Also, another energy sourc- 
es are used, such as batteries, photoelectric 
cells (Miiller Filho et al., 1998), diesel ther- 

Impressed current cathodic protection is 
a method widely used in technology for pro- 
tecting underground and underwater metal 

Figure 8-13. Modern automatically controlled recti- 
fier. 
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moelectric generators, and gas generators. 
Skoulikidis and Tsakopoulos (1978) inves- 
tigated the use of lightning electricity for the 
CP of concrete reinforcement. For this, the 
protected structure was connected through 
diodes with lightning conductors, to enable 
the drawing of electrons. In Fig. 8- 13, a pho- 
tograph is shown of a modern, highly effi- 
cient cathodic protection station. 

Usually power sources from 1 to 10 A are 
used (rarely 50-100 A), which at a voltage 
from 5 to 24 V or to 60 V ensure the real- 
ization of CP of modern underground and 
underwater objects. Due to the application 
of modern high quality coatings and insula- 
tion, the current demand for cathodically 
protected metal structures has decreased, 
creating new, beneficial conditions for the 
development of this technology, at the same 
time decreasing the hazard of pollution of 
the environment. 

8.4.1 Electrical System 

A schematic diagram of a typical system 
of cathodic protection is presented in Fig. 8- 
14. The system is made up of two electric 

0 
P O  

circuits: polarizing (current) and control 
(potential). 

The main elements of a polarizing circuit 
are as follows: low voltage source of dc cur- 
rent, protected structure and auxiliary anode 
placed in the same electrolytic environment. 
The protected structure is connected to the 
negative pole of the power source, and the 
anode to the positive pole. The control cir- 
cuit contains a potential meter (voltmeter) 
of high internal resistance, a reference elec- 
trode (permanent or portable), and potential 
terminal, i.e., an electric conductor connect- 
ing the structure with the terminal of the po- 
tential meter. Modern reference electrodes 
can be used for many years. The effective- 
ness of a protective installation depends 
fundamentally on the correct functioning of 
the dc power source and the reliable work 
of anodes. 

8.4.2 Cathodic Protection Stations 

Cathodic potection stations (rectifiers) 
are made up of a device powering the ca- 
thodic protection system with a current and/ 
or voltage (potential) adjustment equipped 

Filter Filter 

Trigger 

One or more 
auxiliary electrodes 

TE 
Q Selector switch 

Figure 8-14. Circuit diagram of an impressed current cathodic protection system (Changernieur and Legrand, 
1992). 
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with appropriate meters and protection sys- 
tems for each circuit. Depending on the de- 
signation, current consumption and resis- 
tance values in the electric circuit, basic pa- 
rameters of the station, i.e., power, voltage, 
and nominal current, can change over a large 
range of values. It is recommended that the 
nominal voltage of cathodic protection sta- 
tions of metal structures to be used in water 
environments does not exceed 24 V, while 
those used to protect buried metal structures 
and reinforced concrete should not exceed 
60 V (up to 100 V in some countries). 

Constructions of cathodic protection sta- 
tions are differentiated and frequently ad- 
justed to individual technical requirements 
for a given protected object. Apart from ba- 
sic equipment elements such as a transform- 
er, a rectifier, regulation systems, voltage 
and dc current meters, switches, fuses, and 
terminals for connecting electric cables, a 
station can be equipped with an electric me- 
ter, a potential meter for continuous control 
of the polarization degree of the structure, 
signalizing systems, a lightning protector, 
and others such as a remote monitoring 
system (McMillan, 1993). 

If large variations in the operation condi- 
tions of the objects occur, e.g., moving ves- 
sels or buried pipelines in the field of inter- 
action of stray currents, then automatic ca- 
thodic protection stations are indispensable. 

In cathodic protection stations 220 V ac 
rectifiers are used with silicon diodes or 
steered thyristor rectifiers, the output pa- 
rameters of which are automatically regu- 
lated. As a result of the development of elec- 
tronics, field power transistors have been 
introduced and used for the construction of 
cathodic protection stations in the form of 
superacoustic transistor converters. Such 
stations have over approx. 30% energetic 
efficiency, much smaller dimensions and 
mass, they work quietly, and are easily reg- 
ulated automatically over the range of out- 

put current and protective potential. In new 
solutions, microprocessor steering of CP 
stations is used. 

When choosing rectifiers it is necessary 
to take into account the type of anodic ma- 
terial, which could be prone to corrosion at- 
tack caused by dc current ripples. The effect 
of dc ripples from cathodic protection rec- 
tifiers is relatively less known by installa- 
tion users. At high thyristor ignition angles, 
when the current waveform is in the form of 
pins, corrosion of Ti/Pt anodes occurs. Efird 
(1982) has shown a disadvantageous effect 
of the shape of the current waveform on the 
premature failure of Nb/Pt anodes in a CP 
system of two North Sea offshore oil pro- 
duction platforms. Juchniewicz et al. (1981) 
have shown that the current waveform from 
a thyristor power source causes accelerated 
corrosion of platinum and platinized titani- 
um anodes exposed in 0.1 M NaCl solution 
(see Fig. 8-15). 

More information on CP stations can 
be found in Baeckmann et al. (1997), Chap- 
ter 8. 

8.4.3 Anodes 

Today's CP designers have a wide choice 
of anodes type for the anticorrosion pro- 
tection of structures working in different 
corrosion environments. In 1890 Thomas 
Edison applied a steel anode for the pola- 
rization of a steel hull. Within years, dynam- 
ic development of anodic materials oc- 
curred, leading to a drastic reduction of their 
corrosion by several orders of magnitude 
during the flow of polarizing current, i.e., 
from kilograms to milligrams (for example, 
steel anodes show a consumption of approx. 
10 kg A-' year-', while Ti/Pt anodes show 
only 8 mg A-' year-'). 

soluble as the result of current flow, e.g., 

Anodic materials are divided into: 

carbon steel, aluminum, 
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Figure 8-15. Comparison between unit platinum 
weight losses (k) for Ti/Pt anodes vs the electric 
charge (or time) in 0.1 M NaCl under different cur- 
rent waveform conditions; mean anode current den- 
sity 1000 A m-'. 

sparingly soluble, e.g., high silicon cast 
iron, graphite, or 
insoluble, e.g., platinized titanium or ti- 
tanium covered with mixed metal oxides 
(MMOs). 

Depending on the type of anodic materi- 
al used, the chemical composition of the ox- 
idation reaction products affecting the 
stability of anodes is different. Typical 
anodic reactions are given in Sec. 8.2.1. 
The most important anodic materials used 
at present are listed in Table 8-8. 

The aim of anodes in cathodic protection 
is to conduct the polarizing current to the 

Table 8-8. Selected anodes for cathodic protection. 

Selected impressed Consumption Current 
current anodes (kg A-l year-') density 

(A m-') 

Iron/s tee1 9-11 5- 10 
14% Silicon-iron 0.5 40 
Graphite 0.5 20 
Magnetite 0.004 100 
Conductive polymers 0.5 0.5 
Lead alloys 0.1 50 

Consumption 
(mg A-l year-') 

Ferrite on titanium 500 150 
Platinized titanium 8 200-2000 
Platinized niobium 8 200 - 2000 
Mixed metal oxides 1-6 100- 500 

protected structure. The parameters of the 
installation and the effectiveness of the pro- 
tection depend on the work of the anodes. 
The rate of consumption of anodes and the 
permissible density of conducted current are 
the most important factors characterizing 
the properties of anodes and determining 
their practical usability. An anodic material 
should meet the following requirements: 

0 low consumption, independent of the 
type of environment and formed anodic 
reaction products, 
low anodic polarization, independent of 
the type of electrochemical reactions, 

0 high conductance and low resistance of 
the anode/environment border, 

0 high reliability, 
0 high mechanical resistance, 
0 high resistance to wear and erosion, 

low cost, and 
0 the possibility of production in any shape 

and size. 

Traditional anodic materials such as: car- 
bon steel, aluminum, high-silicon cast iron, 
impregnated graphite, and lead alloys will 



41 2 8 Cathodic and Anodic Protection 

not be described here due to the limited 
scope of this work. The above materials are 
more widely described in available litera- 
ture, for example, Moreland and Howell 
(1989) and Shreir and Hayfield (1986). 

8.4.3.1 Platinized Titanium 

Anodes made from platinized titanium 
(Ti/Pt) have been developed and imple- 
mented by Cotton et al. (1958). These 
anodes behave electrochemically in the 
same way as platinum, but are much less ex- 
pensive. The thickness of the platinum layer 
depends on the operation requirements. 
Usually platinum layers of 2-5 pm thick- 
ness are used, applied on a titanium base by 
electrodeposition, thermal decomposition 
of platinum compounds, plating, or others 
methods. Ti/Pt anodes are used in CP 
systems of sea-going vessels, off-shore con- 
structions, reinforced concrete, and heat ex- 
changers. Almost 40 years of use have con- 
firmed the usefulness of theses anodes, 
which without suffering any damage with- 
stand high current densities of up to 10000 
A rn-, and can work in many aggressive cor- 
rosion environments. The working current 
density varies from 100 to 2000 A m-,. The 
supply voltage in sea water cannot exceed 
1 1 V (breakdown potential). Exceeding this 
value can lead to destruction of the titanium 
base. In other electrolytes with no chlorides, 
higher voltages can be used of up to 60 V. 
Ti/Pt anodes are especially sensitive to the 
presence of alternate currents of 50 Hz or 
lower frequencies, which cause catastroph- 
ic corrosion of platinum (a direct current 
anodically dissolves approx. 8 mg Pt A-' 
year-'). Ti/Pt anodes work badly in acidic 
soils, alkaline precipitates of Mg(OH), and 
Ca(OH), contaminated with iron, tin, or 
manganese oxides, and in solutions of su- 
crose and other organic compounds (Juch- 
niewicz, 1962; Juchniewicz et al., 1966; 

Juchniewicz and Hayfield, 1969; Shreir et 
al., 1994; Hayfield, 1998a). 

8.4.3.2 Platinized Niobium and Tantalum 

Platinized niobium and tantalum anodes 
are used in circuits of increased resistance, 
requiring the application of higher voltages 
(for example, when using new conducting 
coatings for the protection of reinforced 
concrete). Platinum consumption on these 
anodes is similar to that for Ti/Pt anodes and 
is equal to 8 mg A-' year-'. They are used 
for the protection of underground structures 
in deep anodic beds, where there is little 
space for the localization of anodes. It is rec- 
ommended to keep Ta/Pt and Nb/Pt anodes 
under a constant voltage. More detailed in- 
formation on Nb/Pt and Ta/Pt anodes is giv- 
en by Nekoksa and Hanck (1980). 

8.4.3.3 Mixed Metal Oxides 

Mixed metal oxide (MMO) anodes are 
more and more frequently used in CP sys- 
tems, substituting traditional anodes made 
from ferrosilicon and similar materials. 
These anodes are light and unbreakable, 
which makes them attractive for many appli- 
cations. MMO-type anodes were patented by 
Beer (1958). They are produced on a titani- 
um base, which is covered with metal oxides 
characterized by electrocatalytic properties 
(RuO, + TiO,, or RuO, + TiO, + IrO, in 
quantities of 15-20 g rn-,). They are also 
called DSAs (dimensionally stable anodes). 
They are manufactured in the form of tubes, 
tapes, wire, meshes, and bars finished with a 
hermetic terminal and tested with helium for 
leaks. Mesh anodes have found application 
in the cathodic protection of reinforced con- 
crete bridges, viaducts, and off-shore struc- 
tures. Anodes containing iridium oxides fa- 
cilitate oxygen and not chlorine evolution 
from electrolytic environments, so prevent- 
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ing acidification of the environment, which 
is especially hazardous for reinforced con- 
crete structures. MMO anodes work in a wide 
range of current densities from 0.1 to 750 A 
m-2. They are usually used up after 10 or 
more years, depending on the density of the 
applied current. In cathodic protection of re- 
inforced concrete low current densities of ap- 
prox. 0.2 A m-2 are usually applied, and their 
lifetime is assumed to be 50 years. The sup- 
ply voltage should not exceed 10 V. Due to 
the large surface of anodes, usually a voltage 
of 2-3 V is sufficient to maintain an ap- 
propriate polarization. The presence of some 
substances, e.g., iron compounds, fluorides, 
and bromides has a harmful effect on the 
work of MMO anodes. More detailed infor- 
mation on this type of anode is given by Hay- 
field (1998 b). 

8.4.3.4 Conducting Polymers 

Polymeric anodes produced from 1975, al- 
so called cable and composite anodes, ensure 
a beneficial linear distribution of current and 
potential on the protected structure in cathod- 
ic protection systems. They have found ap- 
plications for the cathodic protection of 
underground pipelines, tanks, and reinforced 
concrete structures in the vicinity of factories 
and municipal areas. Cable anodes, similar 
to graphite and ferrosilicon anodes, are 
placed in a conducting backfill enabling the 
transfer of some electrochemical reactions to 
the carbon backfi Wenvironment phase inter- 
face. The applied anodic current density usu- 
ally ranges from 0.5 to 1.5 A m-*. Conduc- 
tion of current in polymeric anodes can take 
place in two ways: 

1. as the result of a strong electric field 
between conducting particles, or 

2. as the result of direct contact of the 
conductor particles on the macroscopic 
scale. 

Aharoni (1971) investigated the condi- 
tions of formation of a network made up of 
conductor particle chains with an average 
number of contacts, which decrease the re- 
sistivity of the polymeric composition. Wa- 
laszkowski et al. (1995a) applied EIS (elec- 
trochemical impedance spectrosocpy) in in- 
vestigations of the resistance of composite 
materials and showed that changes in the 
spectra of the high-frequency part can be 
used for the evaluation of the electric prop- 
erties of composites for anodic materials. 
Smith et al. (1992) used a cable anode for 
the CP of large underground fuel tanks and 
Jensen and Tems (1988) used cable anodes 
for the CP of internal surfaces of water pipe- 
lines in which cement coatings were ap- 
plied. Polymeric anodes are sensitive to 
contamination by natural oils. More infor- 
mation is given by Walaszkowski and Orli- 
kowski (1997), Walaszkowski and Janicki 
(1997), Darowicki et al. (1998), and Darow- 
icki and Orlikowski (1998). 

8.4.3.5 Carbon Backfills 

The aim of carbon backfills is to take over 
part of the anodic reactions on their surface, 
causing a decrease in the transfer resistance 
of current to the surrounding environment. 
The large developed surface of the carbon 
backfill ensures its long life and neutraliza- 
tion of acidification at the anode. Also, it 
maintains a high moisture content, so pre- 
venting increased resistance and tempera- 
ture and making ignition more difficult 
(Burkhart, 1980). As a result of electroos- 
mosis processes, anodic beds drying can 
take place. To avoid this, the installation of 
anodes is recommended in backfills below 
the level of underground water. As backfill 
material, granulated metallurgic coke, cal- 
cinated petroleum coke, electrographite, or 
their mixtures are used. Sometimes, activa- 
tion of backfill grains of 1-10 mm diameter 
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is used with metal oxides with electrocata- 
lytic properties (as in MMO anodes, e.g., 
MnO,). The resistivity of applied backfills 
is usually equal to 0.1-0.35 R m (uncom- 
pressed) and decreases to below 0.01 R m 
after the application of appropriate com- 
pression (Shreir et al., 1994). 

Walaszkowski et al. (1995b) applied the 
EIS technique in the investigation of anod- 
ic systems and backfills; this technique can 
provide information on the mechanism of 
anode-backfill interactions. By this meth- 
od the ohmic resistance of the backfill layer 
can be determined, as well as the resistance 
of anodic processes occurring on the anode- 
backfill-environment phase interface. The 
authors proposed an electric equivalent cir- 
cuit of polarized anodic systems (Fig. 8-16). 

The high frequency semi-circle deter- 
mines the electric parameters of the backfill 
layer, while the low frequency semi-circle 
determines the electrochemical properties 

. 

of the system components R, and CPE,. Pa- 
rameters of the second semi-circle depend 
on the density of the polarizing current. 

The possibility of gas blocking caused by 
oxidation of carbon to CO,, and the forma- 
tion of oxygen gas as a result of the oxida- 
tion of water are disadvantages of carbon 
backfills. That is why the ventilation of 
anodic beds is used. More information on 
anodic backfills is given by Shreir et al. 
(1994) and Walaszkowski (1991). 

8.4.3.6 Anodes Installation 

The applied anodes have a significant ef- 
fect on the parameters of cathodic protec- 
tion stations. The largest power losses of the 
systems occur on them. For this reason, spe- 
cial attention is given to the most beneficial 
choice of anodic materials, their shape and 
dimensions, their placement in relation to 
the protected surface, and the anode trans- 

- 

RuOx in graphite 

0,OS M NazSO4 
-+- i=lOA/mZ 

Figure 8-16. An electric 
equivalent circuit of an 
anode-backfill system and 
its impedance spectrum. No- 
tation: Re electrolyte resis- 
tance, R, backfill resistance, 
R, anodic process resis- 
tance, and CPE, and CPE, 
the constant phase elements. 
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fer resistance. Anodes can be applied either 
as single anodes or in groups, depending 
amongst other things on the type of struc- 
ture, the cathodic protection station param- 
eters, the environmental conditions, and 

lack of susceptibility to seasonal chang- 
es in the soil moisture, 
almost complete lack of interaction of the 
cathodic protection with neighboring un- 
protected metal structures. 

others. In areas with no underground infra- 
structure they are usually placed at signifi- 
cant distances from the structure - mostly 
from 50 to 400 m. On the other hand, dur- 
ing the protection of the same types of struc- 
tures in the vicinity of municipal areas, 
where a large concentration of other under- 
ground objects occurs, the distance of 
anodes can be equal to several or over 10 m. 
Anodes can also be mounted directly on the 
protected structure, for example, during ca- 
thodic protection of the underwater part of 
the hull of a vessel, heat exchangers, etc. 

In each case the aim is to obtain the best 
possible distribution of current and poten- 
tial on the protected structure in given con- 
ditions, and also a possibly low transfer re- 
sistance of the anode. The resistance de- 
pends primarily on the resistivity of the sur- 
rounding environment and the dimensions 
and shape of the anodes. In the case of bur- 
ied metal structures, anodes should be in- 
stalled in such places in which the soil is 
characterized by the smallest resistivity and 
a constant, possibly high moisture content. 
More information is given by Leeds (1995). 

In some cases (low level of underground 
water, elevated resistivity of upper soil 
layers, high concentration of underground 
structures, etc.), so-called deep anodic 
groundbeds are made in which an anode is 
placed at a depth from 15 to 100 m, or more. 
These show the following advantages: 

For more information, see NACE Stan- 
dard RP 0572-95 (1995). 

Deep anodic groundbeds also have some 
disadvantages, which limit their applica- 
tion. These are as follows: high installation 
cost (especially drilling of openings) and 
more difficult control of work and renova- 
tion of the system. In some countries, the 
role of deep groundbeds is fulfilled by (where 
possible) anodes placed in old, exploited 
drilling shafts, significantly decreasing in- 
stallation costs. 

The resistance R (in ohms) of a single 
anode placed horizontally in soil can be de- 
termined by use of the Dwight equation 

0 . 1 6 ~  4 L  
2.3 log ~ + 

L d 

where d is the diameter of the anode includ- 
ing backfill (in meters), h the depth of in- 
stallation of the anode (in meters), @ the re- 
sistivity of soil (in ohm meters), and L the 
length of the anode with backfill (in meters). 

A series of empirical formulae used for 
the calculation of the resistance of anodes 
of different shapes and configurations can 
be found in the works of Morgan (1987) and 
Baeckmann et al. (1997). To ensure reliable 
functioning of a protective system, attention 
is given to other factors, especially the con- 
nection of the electric cable to the anode. 
The conductor lead from the anode is espe- 
cially subject to breakdown and should be 
carefully chosen. Its connection with the 
anode should be insulated in such a way that 
no water penetrates over many years of op- 
eration of the protective installation. It is al- 

significantly lower transfer resistance, al- 
lowing the application of cathodic pro- 
tection stations of lower power, 
a more advantageous distribution of cur- 
rent, and at the same time of potential on 
the protected surface, 
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so important for assembly works to be car- 
ried out in accordance with compulsory reg- 
ulations over the range of low voltage 
electrical installations, whilst covering all 
safety requirements. For mor information, 
see Benedict (1986). 

8.4.4 Cathodic Protection and Coatings 

American experience at the beginning of 
the 20th century obtained during the trans- 
port of gas in noninsulated pipelines has 
shown that after several years due to corro- 
sion only approx. 10% of the pumped gas 
reached the receivers. This was an pointer 
for applying insulation on pipelines and 
then, in the 1930s, cathodic protection. At 
present, only pre-insulated tubes are used 
for the construction of more important pipe- 
lines. At the construction site, only welded 
connections of each section are protected 
with thermoshrinkable sleeves or appropri- 
ate tapes. Conditions for the protection of 
the environment are fulfilled by modern ma- 
terials used to protect underground struc- 
tures, e.g., pipelines and tanks, such as: 
PVC, PE, PP, rubber and modified epoxide, 
and polyurethane resins. The multilayer in- 
sulation system is made up to a thermally 
activated primer and a polyolefin external 
layer connected to it. Monolayer coatings 
are usually prepared by the fluidization 
method. This concerns coatings, for exam- 
ple, from polyethylene (PE). The stability 
of insulated structures depends on: 

mechanical damage obtained during 
transport and assembly at the construc- 
tion site, as well as during use (pressure 
of backfill soil), 
chemical damage connected with the ag- 
gressiveness of the environment, 
thermal damage connected with the 
working conditions of pipelines, includ- 
ing temperature changes of pumped me- 
dia, 

0 biological damage resulting from the ac- 
tion of microorganisms and fungi devel- 
oping in the soil, and 

0 ageing processes of insulation material. 
Modern coatings should be characterized 

by appropriate parameters, guaranteeing the 
requird quality of the coating and long-term 
protection of the structure. The most impor- 
tant parameters are as follows: 
0 elasticity of the material, 
0 adhesion to the base and interlayer adhe- 

tear resistance, 
0 impact resistance, 

absorbability, 
0 resistance to alkalis, and 
0 resistance to wear. 

sion, 

In the initial development stage of mod- 
ern pipeline coatings, thick polyolefin coat- 
ings were used in Europe, while in the 
U.S.A. relatively thin FBE (fusion bonded 
epoxy) coatings were used. At present, trials 
are connected with the wide application of 
polypropylene as the external coating layer. 
The applied coatings and insulation on steel 
pipeline surfaces are a barrier to corrosion 
factors. Appropriate adhesion of the coating 
to the steel base is the condition for the for- 
mation of barrier protection. As shown by 
Mayne (1994), penetration of each coating 
by water and oxygen is sufficient to initiate 
corrosion of the base. High adhesion to the 
metal base is the factor that decides the pro- 
tective properties (Funke, 1986). 

Effective and economic anticorrosion 
protection of structures is obtained by the 
simultaneous application of appropriately 
chosen insulation coatings and cathodic 
protection. Both types of protection can be 
applied simultaneously and they can mutu- 
ally supplement each other (Peabody, 1967). 
The general schematic diagram of a modern 
anticorrosion protection system of pipelines 
is presented in Fig. 8-17. 
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Corrosion Protectidn for Buried Pipelines Figure 8-17. Anticorrosion 
protection system of modern 

Cathodic pipelines. 
protection 

metal potentials 

protection 
I I 

The application of new insulation mate- 
rials and technologies has led to a decrease 
in the required protective currents. The role 
of cathodic protection is limited to the pro- 
tection of small defects in the insulation, 
which cannot be removed during the long- 
term operation of structures for economic 
and technical reasons (Munger and Robin- 
son, 1981). 

The unit insulation resistance is a signif- 
icant parameter determining the usefulness 
of structural insulation in cathodic protec- 
tion. It characterizes the cathodic protection 
current transfer resistance from the ground 
to the pipeline. The interaction range of ca- 
thodic protection, and the protective current 
density change depend on its value. The val- 
ue of the unit insulation resistance Ri is de- 
termined from the formula (Baeckmann et 
al., 1997) 

(8-13) 

where Ri is the unit insulation resistance 
(Q cm2), EON the pipeline potential meas- 
ure when the CP current is on (V), EoFF the 
pipeline potential measured when CP cur- 
rent is off (V), and j the mean cathodic pro- 
tection current density (A m-2). 

The determined value of the unit insula- 
tion resistance in real conditions depends 
not only on the resistance parameters of the 
insulation material, but also on the resis- 
tance of the environment and the electrolyte 
resistance in insulation defects. Mainly de- 
fects, their number, and size affect the unit 
insulation resistance value, as the conduc- 
tivity of the insulation material is usually 
several or over ten times lower than the con- 
ductivity of the electrolyte in defects. The 
value of the unit insulation resistance de- 
creases during use. This is connected with 
ageing of the insulation material, penetration 
of the insulation by water and ions from the 
surrounding environment, the formation of 
new defects in the insulation due to the de- 
structive interaction of the environment, ex- 
ternal as well as internal; interaction of the 
transported medium, changes in its temper- 
ature and pressure, and mechanical tension. 
Mostly, the unit insulation resistance chang- 
es exponentially as a function of the oper- 
ating time. The process of insulation ageing 
can thus be observed and forecast on the ba- 
sis of unit resistance measurements. The in- 
sulation ageing process causes an increase 
in the current demand of cathodic protection 
installations with time. Usually, a current 
increase of one order is observed after 
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10 years of operation of insulated structures. 
Analogously, a decrease of one order is ob- 
served of the unit insulation resistance. 
Prognosis concerning the state of the insu- 
lation during the expected operation period 
enables the choice of appropriate devices 
and their parameters (current output). 

Insulation used on underground steel 
structures causes a significant decrease in 
the demand for a cathodic protection cur- 
rent. Structures with no insulation usually 
require a current of approx. 25 mA mP2 den- 
sity, structures with bituminous coatings 
0.05-0.25 mA mP2, and structures with 
polyethylene coatings (1.8-3.0 mm) only 
approx. 0.01 mA mP2. 

The application of coatings from materi- 
als with very high insulation parameters 
caused new hazards, which did not occur on 
earlier structures. Very good dielectric prop- 
erties of the insulation on underground 
structures cause high static tension to appear 
on them. Also, charges formed as a result of 
overvoltage on electrical devices or light- 
ning cannot be led away into the ground. 
This can cause a hazard to the lives of per- 
sonnel and damage to equipment on pipe- 
lines. The application of protective devices 
is necessary, the presence of which decreas- 
es the effectiveness of cathodic protection. 
Location of a pipeline near high voltage 
transmission lines is also dangerous, as it 
causes the formation of induced alternate 
currents in the pipeline. Damage of the pipe- 
line can occur where relatively small defects 
are present. 

The application of coatings with high in- 
sulation parameters causes the cathodic pro- 
tection circuit to be short-circuited only 
through insulation defects. Polarization 
conditions in places of damage are deter- 
mined by the size of the damage and its dis- 
tance from the anode, which is affected by 
the voltage drop on a low conducting medi- 
um such as soil or sand. It is difficult to de- 

termine whether in these conditions mini- 
mal cathodic protection criteria are fulfilled, 
for example, a potential of -850 mV vs. 
CSE (Gummow, 1993). 

8.4.4.1 Cathodic Disbonding 

In some cases on structures protected by 
insulation and simultaneously protected by 
cathodic protection, disadvantageous phe- 
nomena can occur, manifested by loss of ad- 
hesion of the coating to the base in areas 
around insulation defects (Leidheiser and 
Wang, 1981,1983; Jack, 1994; Beavers and 
Thompson, 1996). Usually, the disbonding 
areas increases during operation, causing a 
local loss of insulation properties and, as a 
result, corrosion of the structure. The effec- 
tiveness of an anticorrosion coating or insu- 
lation depends to a significant degree on the 
resistance to disbonding around defects. 
Many authors investigated the behavior of 
different types of coatings in laboratory and 
field conditions (Beasley and Barrien, 1987; 
Mills, 1989). The results of studies are not 
unequivocal. The susceptibility to disbond- 
ing depends not only on the type of coating, 
but also on the method of application and 
preparation of the metal surface before ap- 
plication of the coating (Beavers et al., 
1993). 

On disbonded areas under the protective 
coating, corrosion of the metal may occur 
as a result of the action of corrosion micro- 
and macrocells and stray currents. In micro- 
cells, oxidation and reduction reactions may 
proceed locally in the area of the defect and 
the disbonded surface. In the macrocell, the 
oxidation reaction takes place in the defect 
and the reduction reaction in another place 
in the structure, causing cathodic disbond- 
ing. Corrosion caused by stray currents is 
similar to corrosion in the macrocell. The 
oxidation reaction occurs in such a case in 
the area of the defect or on the disbonded 
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surface. The cathodic protection current 
flows mainly through defects to disbonded 
areas, or directly through the coating. The 
current flowing through the defect is a func- 
tion of the electrolyte composition and the 
geometry of the disbonded surface; howev- 
er, it does not depend on the type of coat- 
ing. In the cathodic reaction zone, under the 
coating alkalization of the environment may 
be observed, resulting from the oxygen re- 
duction reaction Eq. (8-6) in oxidized envi- 
ronments or the hydrogen evolution reac- 
tion 

2 H 2 0  + 2e-+ 2OH-+ H, (8-14) 

in oxygen-free environments and at lower 
cathodic protection potentials. In this area, 
bubble formation is observed along with al- 
kalization of the environment to high pH 
values (Sharman et al., 1993; Skar et al., 
1989); these cause disbonding of the coat- 
ing in several different ways by chemical as 
well as mechanical mechanisms. The main 
subject of discussion is the disbonding 
mechanism of a coating from the metal sub- 
strate and the route of cation transport to 
places of OH- ion formation (Parks and 
Leidheiser, 1986). Transport of cations 
through the coating or through the defect or 
along the metalkoating interface is dis- 
cussed (Fig. 8-18). 

Parks and Leidheiser (1986), whilst in- 
vestigating this problem, stated that under 

disbonding area metal 

Figure 8-18. Schematic diagram of the two modes by 
which cations can reach the disbonding front. 

cathodic protection conditions the transport 
of cations through the coating predomi- 
nates. The mechanism of cathodic disbond- 
ing is similar under conditions where no ca- 
thodic protection is used; however, this phe- 
nomenon occurs on a much smaller scale 
and the dominating form of cation transport 
is the route along the metalkoating inter- 
face. It has been stated that the disbonding 
rate increases with the increase of the ca- 
thodic current (at fixed remaining parame- 
ters). As the transport of charge carriers 
through the coating is limited by its resis- 
tance, then the disbonding rate should be a 
function of the coating resistance. The ad- 
vantageous effect on the rate of cationic dis- 
bonding of aluminum pigments in contrast 
to zinc pigments has been stated, confirm- 
ing these assumptions (Steinsmo and Bar- 
dal, 1989). At present, the choice of coat- 
ings and insulation used together with ca- 
thodic protection takes into account these 
requirements. 

Another phenomenon observed in sys- 
tems protected with insulation and cathod- 
ic protection is electroosmosis resulting 
from the existence of an electric potential 
gradient in the insulation layer causing mi- 
gration of water and ions through the coat- 
ing to the metal base. This can lead to dis- 
bonding of the coating from the metal. 
Counteraction against this phenomenon is 
carried out by limiting the migration routes 
(decrease of insulation porosity) and in- 
creasing the adhesion of the coating to the 
metal (especially in the presence of water - 
so-called wet adhesion). Electroosmosis 
phenomena can be dangerous under dis- 
bonding conditions for incorrectly applied 
layers of insulation tapes, as they favor the 
gathering of water and ions under the coat- 
ing, as well as the development of microbi- 
ological corrosion. Electrophoresis can be 
another disadvantageous phenomenon, as a 
result of which migration of charged parti- 
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cles occurs, for example, fillers from the in- 
sulation in the direction of the anode, caus- 
ing destruction as a result of increased po- 
rosity. 

Cathodic disbonding has recently been 
the subject of many investigations. Differ- 
ent methods are used for this, most frequent- 
ly; electrochemical impedance spectroscopy 
(Mansfeld, 1989; UmeyamaandTakai, 1989), 
scanning acoustic microscopy (Kendig et 
al., 1989), ellipsometry (Ritter and Kruger, 
1980; Ritter, 1984), and the method of la- 
beled atoms (Parks and Leidheiser, 1986). 

8.4.4.2 Field Testing of Insulation 

In the case of important underground 
(main pipelines, tanks) and underwater 
(drilling rigs) structures, monitoring sys- 
tems of cathodic protection installations are 
being more widely used. The main reason 
for introducing these systems is to enable 

observation of the technical state and work- 
ing parameters of equipment, and also of the 
state of insulation on protected objects. In 
the latter case, the unit insulation resistance 
is most frequently controlled, and this glo- 
bally characterizes the state of the insula- 
tion and thus the number and area of defects 
in the insulation. Their number in the initial 
period mostly depends on the care taken dur- 
ing assembly works and the transport of pro- 
tected elements (no mechanical damage to 
insulation). With further operation, the state 
of the insulation depends on the method of 
use of the structure and also on the proper- 
ties of the surrounding environment. At 
present, when accepting a structure with in- 
sulation, polarization measurements of the 
pipeline are carried out in accordance with 
Eq. (8-6), on the basis of which detection of 
insulation defects is possible. A correctly 
prepared insulation made from polyethy- 
lene coatings should exhibit a unit insula- 

Table 8-9. Field insulation and cathodic protection test methods. 

Pearson’s Enables detection Localization of all defects Inspection of the whole pipeline 
method of defects of coatings and metal objects, delivers is necessary, there is no differen- 

tiation between coating defects 
and other metal objects, cathodic 
protection effectiveness cannot 
be determined, corrosion cannot 

and other metal objects, information on the size 
possibility of application of the defect. 
without existence of 
cathodic protection 
installations. be determined. 

CIPS Enables detection of Localization of area with Requires inspection of whole 
(close interval defects of coatings, insufficient protection, pipeline, may not show coating 
potential evaluation of cathodic localization of coating disbonding, does not determine 
survey) protection effectiveness, defects, indication of corrosion. 

CP station current defect size. 
is used. 

DCVG Enables detection Localization of all defects, Requires inspection of the whole 
(dc voltage of coating defects, possibility of evaluation pipeline, does not allow evalua- 
gradient CP station current of defect size, possibility tion of effectiveness of CP, 
survey) is used. of detection of effectively may not point to coating dis- 

running corrosion processes, 
alternate currents do not 
interfere with the method. 

bonding, does not indicate extent 
of corrosion, does not register 
defects continuously. 
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tion resistance of at least lo5 $2 m2, and the 
cathodic protection current of the steel base 
can under these conditions be of the order 
of yA m-2. 

In Table 8-9, three of the most frequent- 
ly used methods of field pipeline insulation 
tests during cathodic protection are given. 

The oldest Pearson method uses alternate 
currents for checking the insulation. In Fig. 
8-19, a schematic diagram is shown of the 
detection of insulation leakiness by the 
Pearson method. 

The close interval potential survey 
(CIPS) and the DCVG (direct current volt- 

age gradient) methods use the direct current 
for testing the cathodic protection station. 
In Figs. 8-20 and 8-21, the respective prin- 
ciples of both measurement methods are 
presented. 

The CIPS method is based on the connec- 
tion of a thin, strong cable to the tested pipe- 
line and making readings of the potential 
every 10-20 cm along the route of the pipe- 
line against a portable reference electrode. 
The cable with a scale wound on a drum is 
used at the same time to measure the dis- 
tance with an accuracy of 1%. Also, satel- 
lite localization can be used, giving the po- 

ElQc trodoa 
Figure 8-19. Schematic diagram of 
the detection of insulation defects on a 
pipeline by the Pearson method. 
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Figure 8-20. Schematic diagram of testing insulation leakiness by the CIPS method. (From Global Cathodic 
protection Ltd.) 
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Electric probes Probes placed Electric probes Figure 8-21. Principles of the DCVG 
from the left. symetrically. from the right. method [Slatter et al. (1993), reprinted 
Swing of a pointer No deflection Swing of a pointer with permission]. 

Equipotential lines 

sition with an accuracy of 1 m (GPS sys- 
tem). Over several channels of the record- 
er, potential “on”, “off” values and distanc- 
es are simultaneously recorded. Quartz 
clocks, DCF clocks (radio signals sent out 
of Frankfurt), and GPS clocks which can be 
used over the whole world can be used for 
synchronization. Special software is most 
frequently used for the treatment of record- 
ed data. Results can be stored in the form of 
databases which can be compared during 
consecutive measurements. 

The DCGV method enables the detection 
of defects in the insulation by the determi- 
nation of zones of inflow and outflow of po- 
larizing current. A potential gradient is 
measured in the ground with a very sensi- 
tive voltmeter and two CSE electrodes 
placed on both sides of the investigated 
pipeline at distances from each other of 
1-2 m. Defects can be localized with an ac- 
curacy of 10-15 cm on pipelines placed at 
a depth of up to 6 m. The shape and extent 
of the defects are determined from potential 
gradient graphs and soil resistivity measure- 
ments in the vicinity of the epicentre. Dur- 

ing measurements, the CP station works in 
the ON/OFF mode, for example at 1.1 Hz 
(on for 0.3 doff for 0.6 s). Chmilar and 
Holtsbaum (1993) showed that potential 
readings after 0.2 s for insulated pipelines 
and 0.3 s for uninsulated pipelines after 
switching off the current can be erroneous 
due to the impedance characteristic of the 
structure. More information is given by 
Thompson (1993). 

Sometimes joint methods (e.g., CIPS and 
DCVG) are used. A worker walking along 
the pipeline records the distance as well as 
the on/off potential changes at small inter- 
vals of, e.g., 0.5 m, vs. a close CSE refer- 
ence electrode. Measurements are supple- 
mented with potential ON/OFF gradients in 
one or two directions perpendicular to the 
pipeline. The method requires synchronous 
switching off of all DC current sources po- 
larizing the tested pipeline section. These 
types of measurements allow determination 
of the effectiveness of CP and detection of 
insulation leakiness (places of increased po- 
tential). Polak et al. (1997) point out that the 
applied methods of detection of insulation 
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defects on underground pipelines are not re- 
liable in the presence of constant stray cur- 
rents and in pipeline corridors. He propos- 
es a new method, which determines the re- 
sistance of the defect, its maximum area, 
and the protective current density in the 
place of the defect. Implementation of these 
field methods significantly decreased the 
number of underground pipelines break- 
downs. More information on field investi- 
gations of insulation is given by Matocha 
(1995), Leeds and Grapiglia (1995), and 
Funk and Schoneich (1997). 

Trials have been undertaken to evaluate 
the state of insulation using electrochemi- 
cal techniques, in particular electrochemi- 
cal impedance spectroscopy to determine 
the disbonding area, the “break-point fre- 
quency” method proposed by Haruyama et 
al. (1987), or the “pseudocapacitance meth- 
od”. Field measurements require the forma- 
tion of mathematical models of cathodical- 
ly polarized underground or underwater 
structures. The finite element method 
(FEM) and the boundary element method 
(BEM) are used, allowing prediction of the 
current and potential distribution of large 
structures covered with coatings, e.g., pipe- 

lines, and the correct interpretation of ob- 
tained data. However, electrochemical 
measurements in environments of low con- 
ductivity, such as soils and sands, may cause 
additional difficulties connected with the 
ohmic voltage drop. 

8.4.5 Case Study 

As an example of an impressed current 
CP protection installation, we will discuss 
the protection of the internal surface of 
large diameter cooling water pipelines in 
one of the Polish electric power stations 
(Fig. 8-22). After 20 years of operation of 
steel pipelines, which corroded in water of 
high salt content (containing over 500 mg 
C1 dm-3 + 750 mg SO4 dm-3) at a rate of 
0.2-0.5 mm year-’, CP was applied. 

On the basis of laboratory tests, it had 
been shown that the cathodic polarization of 
steel by 100 mV ensures a decrease of the 
corrosion rate of approx. 90% in these con- 
ditions. On the basis of model investiga- 
tions, the attenuation coefficient a and the 
conductance g of the insulation coating were 
determined. The “OKPLIN’ software was 
used for the calculation of the current and 

Figure 8-22. Impressed cur- 
rent CP installation of the 
internal surface of large diam- 
eter pipeline. 
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potential distribution and CP parameters. 
Maximum distances L, were calculated 
between anodes placed centrally along the 
pipeline axis, to ensure the required poten- 
tial changes. Depending on the diameter, 
they were equal to 

for d l  = 1.6 m + L,= 16.5 m 
for d2 = 2.0 m + L, = 18.7 m. 

In the CP project, the following factors were 
taken into account: 

0 the intense flow of water (30 000 m3 h-'), 
the elevated temperature of the water to 

the high oxygen and salt content, and 
0 damages to the protective coating. 

approx. 40 "C, 

The protective installation was made up 
of the following systems: 

0 anodic with a line supporting structure, 
power supply with 24 Vl50 A parame- 

a control system for checking the effec- 
ters, and 

tiveness of CP. 

LIDA type cable anodes were applied in 
the form of chains (cylindrical anodes con- 
nected with sections of cable) and highly ef- 
ficient Polish rectifiers. The control system 
was made up of 

silver chloride reference electrodes for 
control of the potential, 
steel coupons for gravimetric tests, and 
electric resistance probes for corrosion 
rate measurements. 

After four years of operation, a decrease 
of the potential by over 100 mV was noted 
on the whole surface of the pipeline. The 
protection current density did not exceed 
7 mA m-*. Gravimetric and resistometric 
tests have shown an over 95% effectiveness 
of CP. No corrosion defects were stated 
on LIDA anodes. The installation is still 

systematically supervised, while the applied 
solutions are successively implemented in 
further power blocks (Juchniewicz et al., 
1997). 

8.5 Sacrificial Anodes 

Anticorrosion protection of metal struc- 
tures using sacrificial magnesium, zinc, and 
aluminum anodes is the oldest and, at the 
same time, the simplest method of electro- 
chemical protection. Galvanic anodes are 
mainly used in cases where the structure is 
covered with a good insulation coating and 
low currents are required for protection, and 
also when lack of a power supply makes re- 
alization of cathodic protection impossible. 

Independence of a power source is the ba- 
sic advantage of galvanic anodes. Other ad- 
vantages are facile installation, the possibil- 
ity of local protection application (e.g., in 
places of particular hazard to the structure), 
an insignificant effect on neighboring un- 
protected structures, and a more rational, in 
comparison with cathodic protection, use of 
the protective current. 

The basic disadvantage of sacrificial pro- 
tection is the irreversible loss of anode ma- 
terial and the resulting need of its replace- 
ment; in addition, corrosion products of the 
anode can pollute the environment. Also, 
the range of application of galvanic anodes 
is limited by the resistivity (the specific re- 
sistance) of the environment and relatively 
small values of the protective current. A 
schematic diagram of sacrificial anode pro- 
tection is presented in Fig. 8-23. 

In the formed structure- sacrificial anode 
galvanic cell, electrons liberated during 
anodic ionization of the sacrificial anodes 
flow in a conductor to the structure and po- 
larize it cathodically. Typical information 
concerning the use of sacrificial anodes is 
given in Table 8-10. 
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Figure 8-23. Schematic diagram of cathodic protection of a buried pipeline with a prepackaged sacrificial anode 
[BS 7361, Part I (1991), reproduced with permission]. 

Table 8-10. Typical information on sacrificial anode materials. 

Alloy Environment Potential versus Consumption rate 
ref. electrode (V) rate (kg A-' year-') 

Magnesium 

6% Al, 3% Zn 
1.5% Mn soillfresh water -1.7 (cu1cus0,) 

Zinc 
0.5% AI, 
0.1% Cd 

Aluminum 
3-5% Zn, 
0.05% In 

sea water -1.05 
(AgIAgClisea water) 

sea water, -1.1 
sea-bed mud (AgIAgCllsea water) 

7.5 

1 1.25 

4.5 
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In Fig. 8-24, sacrificial protection of a 
drilling rig is shown. 

The sacrificial protection current ISA can 
be expressed in the form of an equation de- 
scribing the current in a corrosion cell 

EC - EA 

C R  
ISA = (8-15) 

where E, and EA are the potentials of 
the cathode (protected structure) and the 
anode, respectively, in zero-current con- 
ditions (in an open circuit), and C R is the 
sum of all resistances occurring in the sac- 
rificial protection system, i.e., transfer re- 
sistance of the anode, resistance of the en- 
vironment, transfer resistance of the cath- 
ode, and the resistance of the conductor con- 
necting the structure with the sacrificial 
anode. 

The first two mentioned resistances play 
the most important role in sacrificial protec- 
tion systems. Niscancioglu (1986) gave the 
most frequently applied equations for the 
calculation of the sacrificial anode resis- 
tance in CP installations of off-shore struc- 
tures (Table 8-1 1). 

The following criteria determine the 
practical usefulness of metals and sacrificial 
alloys: 

Figure 8-24. Sacrificial protection of a 
semisubmersible rig using aluminum anodes 
(courtesy of Jotun Cathodic Protection A S .  
Denmark). 

0 chemical composition of the material, 
0 an adequately high negative stationary 

potential in a given electrolytic environ- 
ment, 

0 uniform dissolution and delivering of the 
polarizing current, 
no anodic polarization, 

0 small self-corrosion, 
high real current output, and 
cost. 

Table 8-11. Common resistance formulas for cathod- 
ic protection of offshore installationa. 

Name Formulab 

Modified Dwight R=- In--1 2 z L  ( ‘aL ) (8-16) 

McCoy R = 0.315 Q fi (8-17) 

Waldron and Q 
Peterson 0.58 

R =  (8-18) 

R = -  Q (8-19) 
2s Lloyd’s 

a Benedict (1986), reprinted with permission; Q is 
the specific resistivity of sea water (Q cm), L is the 
anode length (cm), a is the mean effective radius of 
the anode (cross sectional arealn)”2 (cm), A is the ex- 
posed surface area of the anode (cm’), and S is the 
arithmetic mean of the anode length and width (cm). 
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Sacrificial protection requires periodical 
inspection of the working installation and, 
after some time, replacement of the anodes 
with new ones. Periodical inspections have 
no defined methods that would take into ac- 
count the electrochemical behavior of sac- 
rificial anodes. According to Hartt et al. 
(1997), who analyzed the sacrificial protec- 
tion of steel in sea water, applied depola- 
rization tests are insufficient. The authors 
proposed the application of Eq. (8- 15). 

Wyatt (1986) and Warnock (1995) point 
to the need for the correct design of sacrifi- 
cial protection of off-shore structures. Re- 
placement of sacrificial anodes is a serious 
problem for off-shore structures, oil and gas 
drilling platforms, pipelines, and underwa- 
ter structures. Traditional methods of sacri- 
ficial anode replacement are very inconven- 
ient. Brandt (1997) described a remotely op- 
erated vehicle, which has been produced to 
simplify the work of divers. Tran (1984) pre- 
pared the “ANO” programme on a program- 
mable calculator, which simplifies design- 
ing sacrificial protection (dimensions, life- 
time, current and design parameters, and 
costs). More information on the sacrificial 
protection of off-shore structures is given 
by Turnipseed (1996) and NACE Standard 
RP0387-90 (1990). The real current output 
of a sacrificial anode is defined as the mean 
current obtained during protection from one 
unit of mass of sacrificial material (in A h 
kg-9 

(8-20) 

where I s ,  is the mean sacrificial protection 
current (A), T is the period of functioning 
of the sacrificial anode (h), and Am is the 
sacrificial anode mass loss. 

As a result of self-corrosion of sacrificial 
anodes, leading to loss of their material, the 
real output differs from the theoretical cur- 

rent output calculated on the basis of 
Faraday’s law. More information is given by 
Schrieber (1986). 

8.5.1 Zinc Anodes 

Zinc used as a sacrificial material should 
be characterized by high purity (99.99% Zn, 
less than 0.003% Fe). The presence of im- 
purities such as iron, copper, and lead very 
negatively affects the work of a sacrificial 
anode. They cause passivation of the sur- 
face of zinc as a result of which the pola- 
rization current decreases in the protection 
system and the current output is decreased. 
In order to improve the sacrificial proper- 
ties of zinc, small amounts of alloy additives 
are introduced. The following have an ad- 
vantageous effect: aluminum (0.1-0.5% Al) 
and cadmium (0.02-0.15% Cd), and alumi- 
num (0.5% Al) and silicon (0.1% Si). 

Zinc sacrificial anodes are widely used 
according to U.S. Mil Spec. 18001-5 (1983). 
Zinc sacrificial anodes are used for the pro- 
tection of structures in sea water and soil, 
although the resistivity of soil should not 
exceed 20 CI m, The application of zinc sac- 
rificial anodes in fresh water, especially 
warm water, is problematic, as sometimes 
(depending on the chemical composition of 
the water) zinc undergoes passivation and 
changes its polarity in relation to the pro- 
tected steel structure. It is also known that 
pipelines transporting high temperature 
products protected with zinc sacrificial 
anodes exhibited intercrystalline corrosion 
and a decrease in protective properties 
(Crundwell, 1989). Fischer (1991) de- 
scribed the behavior of zinc sacrificial 
anodes in high pressure and temperature 
conditions in natural sea water. Investiga- 
tions showed a minimal effect of these pa- 
rameters on the work of zinc anodes at me- 
dium temperatures, increasing at high tem- 
peratures. The advantage of zinc sacrificial 
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anodes is their high current efficiency, the 
disadvantage is a small difference between 
the stationary potential of the sacrificial 
anode and the protective potential of steel 
structures (approx. 0.25 V). For more infor- 
mation on zinc sacrificial anodes, see Shreir 
et al. (1994) and Haney (1985). 

8.5.2 Magnesium Anodes 

Magnesium is characterized by a high 
theoretical current output, but simultane- 
ously undergoes strong self-corrosion, es- 
pecially in the presence of such impurities 
as iron, nickel, copper, silicon, lead, and tin. 
In such conditions, the current efficiency 
can be equal to only 25%. Magnesium sac- 
rificial anodes are used for the protection of 
metal structures in sea water, fresh water, 
and soils (resistivity of soil I 1 0 0  Q m). The 
disadvantage of magnesium sacrificial 
anodes is their small current efficiency and 
the possibility of sparking (initiation of an 
explosion) during rubbing of their surface 
(a blow), while an advantage is the large dif- 
ference between the stationary potential of 
an alloy and the protective potential of a 
structure (approx. 0.7 V). In environments 
of small resistivity (for example, sea water), 
such a high potential difference can lead to 
the destruction of coatings near sacrificial 
anodes. To avoid this, sacrificial anodes are 
installed at some distance from the struc- 
ture, or their surface is covered with a per- 
forated plastic coating. Sacrificial anodes 
with a perforated cover also ensure a more 
uniform distribution of current on the pro- 
tected structure, increased current output, 
and longer life-time. Also, composite sacri- 
ficial anodes made of two materials are used, 
with an aluminum alloy inside and magne- 
sium on the surface (Rossi et al., 1996; Ken- 
nelley and Mateer, 1993). For more infor- 
mation on magnesium anodes, see Baeck- 
mann et al. (1997) and Morgan (1987). 

8.5.3 Aluminum Anodes 

Pure aluminum easily undergoes passiva- 
tion, and the formed oxide layer has a sig- 
nificant resistance and strongly retards the 
polarization current flow. Only aluminum 
alloys are used for sacrificial protection. It 
is known that manganese and copper alloy 
additives cause a shift of the potential in the 
positive direction, while mercury, tin, and 
indium cause a shift in the negative direc- 
tion. 

The current efficiency of aluminum sac- 
rificial anodes is equal to approx. 50-90% 
and depends not only on the chemical com- 
position, but also on the operating condi- 
tions. Cases are known of intercrystalline 
corrosion of sacrificial anodes and their 
passivation, leading to the disappearance of 
protection. Espelid et al. (1996) developed 
an interesting method of investigating alu- 
minum sacrificial anodes used for the pro- 
tection of steel structures in sea water. The 
authors paid special attention to the elec- 
trochemical behavior of these sacrificial 
anodes. Turner et al. (1991) investigated 
aluminum anodes used for the protection of 
pipelines in waters with the EIS technique, 
by monitoring the increase of the protective 
current during deterioration of the protec- 
tive coatings. They showed that the EIS 
method enables investigation of the active- 
passive states, which was significant for alu- 
minum anodes. Additional information on 
aluminum sacrificial anodes is given by 
Murray et al. (1996). 

Practice has shown that in systems with 
high potential (magnesium) sacrificial 
anodes, the flow of polarizing current is 
mainly controlled by the number and dimen- 
sions of the anodes, while in the case of the 
application of low potential sacrificial 
anodes (zinc and aluminum), the type and 
state of the cathode (structure) is the con- 
trolling factor. This means that doubling of 
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the number of high potential sacrificial 
anodes in the system almost causes a two 
times higher polarizing current. In the case 
of low potential sacrificial anodes, doubling 
of their number will not distinctly affect the 
increase of current, but will extend the life- 
time of sacrificial anodes. Quality control 
of soluble anodes is one of the ways of ob- 
taining positive results in anticorrosion pro- 
tection. Over this range, the standard, pro- 
duction, and correct installation specifica- 
tions should be abided by. Ong (1994) de- 
scribes in detail the requirements concern- 
ing the control of all types of sacrificial 
anode. Out of the new investigation tech- 
niques of sacrificial anodes, the work of 
Uruchurtu and Dawson (1987) describing 
monitoring of electrochemical noise should 
be mentioned. Good correlation was found 
between the galvanic current and the stan- 
dard deviation of potential fluctuations. 

8.5.4 Backfills 

Sacrificial anodes used for the protection 
of buried metal structures are surrounded by 
so-called backfills, which are usually mix- 
tures of bentonite (fine clay absorbing wa- 
ter) with inorganic salts (gypsum, sodium 
sulfate, magnesium sulfate, sodium chlo- 
ride, etc.). The role of backfills is based on: 

Maintaining appropriate moisture around 
the sacrificial anode and a decrease of 
the transfer resistance of the sacrificial 
anode, 
ensuring a polarizing current that is con- 
stant with time, 
counteracting anodic polarization of the 
sacrificial anode, 
uniform dissolution of the sacrificial 
anode, and 
prevention of the formation of a badly 

More information on backfills is given by 
Shreir et al. (1994). 

8.5.5 Shape and Dimensions of Anodes 

The lifetime of each sacrificial anode de- 
pends on the current, which to a large de- 
gree depends on their shape and dimensions. 
The current output increases with the in- 
crease of surface (especially of high poten- 
tial sacrificial anodes). At the same time, 
given shapes can ensure a more or less uni- 
form alloy dissolution, as well as a smaller 
current flow resistance of the sacrificial 
anode. Sometimes the shape of the sacrifi- 
cial anode depends on the type of protected 
structure, e.g., used in heat exchangers or 
coolers. Most sacrificial anodes have a 
fused steel core (bar, flat bar), enabling con- 
nection with the structure, which can be 
made by direct screwing in or welding, or 
by an appropriate electric cable. The con- 
nection should ensure good electric contact 
during long term protective operation. More 
information is given by Qiu and Xu (1997). 

8.5.6 Installing Anodes 

Sacrificial anodes can be installed as sin- 
gle anodes or in groups. In practice, sacrifi- 
cial anodes are placed relatively close to the 
cathode (protected structure) to decrease the 
resistance of the electric circuit. In water, 
low potential sacrificial anodes can be 
mounted directly (through an insulation 
washer) on the protected surface, while it is 
better to place high potential sacrificial 
anodes on appropriate supports at some dis- 
tance (e.g., 0.6 m) from the cathode, which 
has an advantageous effect on the potential 
distribution. In soil, the method of sacrifi- 
cial anode installation depends on many lo- 
cal factors, e.g., 

conducting layer of corrosion products on 
the surface of anodes. 

the type and state of the structure, 
the resistivity of the soil, 
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0 access to the structure, 
0 the possibility of excavation works, and 
0 the existence of other buried objects mak- 

ing mounting difficult, etc. 

More information on the mounting of sac- 
rificial anodes is given by Waard (1993). 

8.6 Protection from Stray 
Currents 

8.6.1 General Characteristics 
of Stray Currents 

Currents flowing into electrolytic envi- 
ronments (ground, water) from inadequate- 
ly insulated working electric circuits are 
called stray currents. From the corrosion 
point of view, industrial equipment powered 
by dc currents is the most hazardous source 
of stray currents for metal underground 
structures. Alternate stray currents of 50 Hz 
frequency pose a much smaller hazard. Cor- 
rosion losses caused by them are estimated 
at several percent in relation to the corro- 
sion loss caused by dc stray currents of the 
same magnitude (Baeckmann et al., 1997). 

Stray currents flow in the direction of the 
negative pole of the source. On the way they 

may flow in or out of metal structures, such 
as underground pipelines and cables. In 
places where stray currents flow out of 
structures to electrolytes (ground, water), 
metal losses occur and the process is called 
electrolytic corrosion. Depending on the 
cufrent and duration of flow of stray cur- 
rents, corrosion of structures can cause mea- 
surable and immeasurable consequences, 
e.g., interruptions in the supply of water, en- 
ergy, lack of communication, pollution of 
the environment, gas explosions, fires, haz- 
ard to human life, etc. An example of the re- 
cording of potential changes of a metal 
structure caused by dynamic stray currents 
is shown in Fig. 8-25. 

8.6.2 Sources of Stray Currents 

Tram, rail, and metro dc electric tractions 
are the largest and the best investigated 
sources of stray currents. Outflow of stray 
currents occurs to the ground from rails, 
which are an element of the return network 
of traction circuits. Other sources of stray 
currents are: dc and ac high voltage trans- 
mission lines, cathodic protection systems, 
other industrial equipment, especially those 
using dc currents (welding machines, elec- 
trolytic plants, galvanizing plants, battery 

E VSCSE (mv) 

-400 I I 

-500 
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plants), as well as natural currents flowing sion of energy over large distances. These 
in the earth’s crust, the so-called telluric cur- systems can be monopolar or bipolar. The 
rent. monopolar system transmits energy in a sin- 

gle cable and uses the ground or sea as the 
8.6.2.1 Electric Tractions return circuit. These lines transmit a direct 

In electric traction circuits, electric loco- 
motives draw the current from the contact 
system through pantographs. The current is 
led away to the supply substation through 
the return circuit (rails and return conduc- 
tors). Some of the return currents leak from 
the rails and return to the source through the 
ground and underground metal structures 
neighboring with the traction. Leakage of 
some return currents to the ground always 
accompanies the exploitation of tractions, 
as the lengthwise resistance of rails is not 
equal to zero and the resistance between the 
rail and the ground is not equal to infinity. 
It is estimated that for welded rail circuits 
approx. 95% of return currents to power 
supply substation through rails, while the re- 
maining part leaks to the ground. Each 
electric discontinuity of rail circuits increas- 
es the leakage of stray currents, in extreme 
cases even to 50% of the return currents, and 
their instantaneous current in the ground can 
even reach hundreds of amperes. 

Traction stray currents are dynamic in 
character: their intensity and flow direction 
continuously change, depending on the load 
of the traction and localization of electric lo- 
comotives in relation to the power supply 
substation. As a consequence, dynamic chang- 
es of the potential of underground structures 
and random periods of their anodic and ca- 
thodic polarization occur. This renders de- 
termination of the hazard caused by electro- 
lytic corrosion difficult (Szeliga, 1994). 

current of an intensity of the order of kilo- 
amperes. Bipolar systems transmit energy 
in two or more conductors, while in special 
situations unbalanced currents can flow 
through the ground. They can have an inten- 
sity from several to several hundred am- 
peres. 

Currents flowing in the ground from 
HVDC lines can cause electrolytic corro- 
sion of metal structures, especially long 
structures (pipelines, telecommunication 
cables, earthing systems). Places of corro- 
sion attack are situated at the ends of the 
structures nearer to the cathode, to which 
currents flow through the ground. Stray cur- 
rents from HVDC lines can be dynamic or 
static in character (Fitzgerald and Kroon, 
1995). 

8.6.2.3 Cathodic Protection Systems 

The cathodic protection current flows in 
the ground from anodes to the protected 
structure. If a foreign metal structure is sit- 
uated in an electric field connected with the 
flow of protective current, it may be sub- 
jected to electrolytic corrosion. In particu- 
lar, structures that are near to or cross the 
route of the protected object or are situated 
near the anode are subjected to the interac- 
tion of current. Such situations are present- 
ed in Fig. 8-26. 

Part of the current flowing out of the 
anode reaches the neighboring unprotected 
structure, flows in it, and then leaves it at 
places of intersection or closeness to the 
protected structure. In such places, acceler- 
ated corrosion of unprotected objects oc- 

8.6.2.2 High Voltage Direct Current 
(HVDC) Transmission Lines 

High voltage direct current (HVDC) 
transmission lines are used for the transmis- 

curs. A change of the potential of unprotect- 
ed pipelines under conditions of interaction 
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Figure 8-26. The interaction of cathodic protection 
on neighboring unprotected metal structures: a) mu- 
tual location of protected and endangered structures, 
b) potential changes on endangered pipelines. 

of cathodic protection currents is schemati- 
cally presented in Fig. 8-26b. 

On endangered sections, changes of po- 
tential in the positive direction occur. The 
degree of interaction of cathodic protection 
depends on many factors, such as cathodic 
protection station parameters, the distance 
of the anode from the structure, the location 
of endangered structures in the electric field, 
the type of structure, its dimensions and 
shape, the presence and state of insulation, 
resistivity of the environment, etc. 

Interaction is determined on the basis of 
potential measurements of the endangered 

structure, carried out before and after turn- 
ing on the cathodic protection. If, as a result 
of turning on the protection, the potential 
change is exceeded in the positive direction 
from the stationary potential, then the inter- 
action is treated as hazardous. Numerical 
values of these changes are not uniform. For 
example, a flow of anodic direct current of 
100 mA m-2 density may not cause a signif- 
icant potential change in the case of a bur- 
ied, uninsulated structure, while an identi- 
cal current density on an insulated structure 
can cause a potential change exceeding 1 V. 
Thus, evaluation of the hazard degree of 
interaction of cathodic protection currents 
on the basis of potential changes is usually 
carried out separately for each endangered 
structure. Cathodic protection systems gen- 
erate a direct current from several hundred 
milliamps to over 10 A. They function con- 
tinuously, and their parameters remain prac- 
tically the same. That is why stray currents 
generated by these sources are most fre- 
quently static in character, i.e., their inten- 
sity and direction of flow do not change with 
time. To detect them, measurements are car- 
ried out during cyclic interruptions in the 
work of cathodic protection installations 
(Baeckmann et al., 1997). 

8.6.2.4 Industrial Equipment 

Welding machines, electrolytic plants, 
galvanizing plants, and battery plants are 
sources of stray currents where accidental 
leakage occurs from the working circuit to 
the ground, metal structures, or earthing 
system. The intensity of stray currents from 
industrial equipment may even reach sever- 
al hundred amperes. 

8.6.3 Corrosion Caused 
by Stray Currents 

Buried or underwater metal and rein- 
forced concrete structures located near de- 
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vices generating stray currents are endan- 
gered by electrolytic corrosion. Effects 
caused by stray currents can be detected in 
places where they flow into or our of struc- 
tures. In regions where stray currents flow 
out through an external surface of the struc- 
ture to the ground, anodic polarization of the 
metal occurs. Here, electrolytic corrosion 
processes and dissolution of the metal oc- 
cur (for example, for steel at a rate of ap- 
prox. 10 kg A-' year-'). The corrosion rate 
depends on the current intensity, the time 
of outflow from the structure, and the area 
through which it flows. Places where stray 
currents flow from the environment to the 
structure are not endangered by electrolytic 
corrosion. Here cathodic polarization oc- 
curs, and corrosion processes are inhibited. 

In electric tractions, positive polarity of the 
contact system and negative polarity of the 
return system are generally applied. In such 
systems, the greatest corrosion hazard to 
structures is expected near places of connec- 
tion of rails to the traction return substation. 

8.6.4 Hazard Determination 

Potential measurements of a given object 
are generally used for the evaluation of stray 
current interaction. A frequently changing 
value of this potential with time points to 
the presence of stray currents. Their flow 
can also be detected by measurement of the 
voltage drop on the ground surface. Stray 
currents are usually random in character, 
and that is why for measurement stochastic 
signal principles should be used. 

Unfortunately, in regions of stray cur- 
rents interaction the ZR component, which 
is difficult to determine, also affects the met- 
al structure potential measurement. The Val- 
ue of this component depends on the dis- 
tance of the electrode from the metal/elec- 
trolyte phase interface and the polarization 
current intensity, and its sign in the direc- 

tion of current flow. The presence of the ZR 
component frequently renders correct deter- 
mination of phenomena occurring on the 
phase interface impossible. Thus different 
methods are used to eliminate the ZR com- 
ponent. Martin (1982) gives seven such 
methods: 

1. measurement of the on-off potential of 

2. measurement of the on-off potential of 

3. impulse techniques, 
4. measurement of the potential of special 

probes, 
5. measurement of the potential in relation 

to an electrode placed near the pipeline, 
6. measurement of the voltage gradient in 

the ground, and 
7. ac current techniques. 

Unfortunately, only several of them can 
be used in interaction zones of stray cur- 
rents. For example, in cathodic protection 
systems the on-off technique is used, which 
in the considered conditions is unreliable 
(Baeckmann and Prinz, 1983). The ZR prob- 
lem can be avoided by measuring the poten- 
tial of a coupon galvanically connected with 
the structure, buried next to it, and simulat- 
ing an insulation defect (Baeckmann and 
Schwenk, 1989). Usually, the coupon is part 
of a special probe also containing a refer- 
ence electrode. Coupons are most frequent- 
ly used for the evaluation of the effective- 
ness of protective installations and not the 
corrosion hazard caused by stray currents 
(Lawson and Thompson, 1998). Also, the 
extrapolation method is used, which allows 
determination of the structure potential free 
of the ohmic component on the basis of volt- 
age drop measurements in the ground and 
the off potential (Baeckmann, 1983). A new 
system of corrosion hazard monitoring of 
underground structures has been developed 
in Belgium (Carpentiers et al., 1998). The 

the pipeline, 

the coupons, 
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CORREAL system enables measurement of 
the “real” potential with the elimination of 
the ZR component even in soils of high re- 
sistivity and with interactions of the ac cur- 
rents, simplifying identification of interfer- 
ence sources. 

Robertson (1993) points to CP interfer- 
ence in municipal and others areas, and lists 
techniques that can be used for their detec- 
tion. Backer (1997) describes the current 
interference of intersecting pipelines with 
CP in Canada. He points to the frequent lack 
of control measurement points on intersec- 
tions of pipelines, making the detection of 
hazards impossible. Each intersection of ca- 
thodically protected pipelines should have 
anticorrosion protection in the form of di- 
electric leakproof protective coatings, and 
should be checked by a CP expert to meet 
national standards on interference. In Eng- 
land, the criterion of a positive change of 
potential of a maximum of +20 mV is used. 
In Germany, apotential change of +lo0 mV 
is allowed, while NACE Standard RPO 169- 
96 (Sec. 8.9) does not allow any potential 
change of an underground structure endan- 
gered by current interference. 

Determination of the corrosion hazard of 
industrial structures in the field of stray cur- 
rent interaction, due to difficulties, is the 
subject of a relatively small number of pub- 
lications, for example, Bazzoni and Lazarri 
( 1  996). The correlation method described 
by Juchniewicz and Sok6lski (1985, 1986) 
allows, on the basis of field measurements, 
determination of the potential hazard to 
structures caused by electrolytic corrosion 
and the effectiveness of electrochemical 
protection from stay currents. The principle 
is based on simultaneous field measure- 
ments of two quantities connected by the 
presence of stray currents, and analysis of 
the spectrum of their mutual correlation. 
During field measurements, the following 
quantities are most frequently measured: 

0 voltage between the underground struc- 
ture and the source of stray currents (e.g., 
rails), 
the potential of the structure against a 
portable reference electrode. 

The degree of interaction of stray currents 
is determined from the correlation depen- 
dence of the structure potential and the volt- 
age between the structure and the source of 
theses currents. Examples of dependencies 
are presented in Fig. 8-27. 

If stray currents are random in character 
and have an alternate polarization, then 
from this relation the asymmetry coefficient 
ycan be determined of changes of the struc- 
ture potential E in relation to the stationary 
potential Es . The value of this coefficient is 
the measure of hazard. It determines the 
probability P that the potential value will be 
more positive than the stationary potential. 
In other words, it is the percentage share of 
time TE,Es of anodic polarization of the 
structure in the observation time T. The 
above dependencies can be given in the fol- 
lowing way 

(X 100%) (8-21) ~ E > E ,  y = P ( E  > Es) = - 
T 

Some period of anodic polarization of a 
structure is allowed at which a total effect 
of metal loss is not observed. This results 
from a certain degree of reversibility of elec- 
trode processes occurring on the metal- 
electrolytic environment phase interface. 
On the basis of laboratory and field mea- 
surements, the following criterion of corro- 
sion hazard to an industrial structure has 
been assumed due to electrolytic corrosion 
caused by stray currents: 

y< 30% no hazard, 
y= 30 - 50% 

y> 50% large hazard. 
average hazard, 
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Figure 8-27. Real correlation spectra: a) no protec- 
tion, b) polarized drainage, c) automatic drainage. 

Additional conclusions on the character 
of stray currents interaction in the place of 
measurement can be drawn from the shape 
of the correlation spectrum of measured 
quantities. Mostly, this takes the shape of an 
ellipse. All of its deformations (bends, dif- 
fusion, etc.) show, e.g., additional sources 

of stray currents, discontinuities of tractions 
return circuits, interaction of electrochemi- 
cal protection installations. More informa- 
tion can be found in the works of Juchnie- 
wicz and Sok6lski (1985,1986) and Zakow- 
ski and Sok6lski (1997). 

Digital recorders are essential for corro- 
sion measurements of stray current interac- 
tion. Rapid progress in this field led to the 
appearance on the market of a series of high 
class devices of this type. This in turn led to 
the development of computer software for 
the analysis of obtained measurement data. 
Methods of evaluation of the corrosion haz- 
ard caused by stray currents are being im- 
proved. Computer controlled stray current 
remote monitoring systems are more and 
more frequently used. More information can 
be found in the publications of Bazzoni and 
Lazzari (1996), Fitzgerald I11 et al. (1998), 
Britton (1991), Solomon and Maddocks 
(1992), and Flounders and Danilyak (1995). 

8.6.5 Limiting Hazardous Interaction 

The hazard caused by stray can be limit- 
ed mainly by: 

0 changes and preventive activities in cur- 
rent sources (limitation of their leakage 
to electrolytic environments), 

0 insulation of structures and the applica- 
tion of insulating flanges, and 

0 the application of electrochemical pro- 
tection of endangered structures. 

8.6.5.1 Preventive Activities 

Stray currents are a real corrosion hazard 
to metal underground infrastructures, caus- 
ing significant corrosion losses. Thus the 
electrolytic corrosion hazard should be pre- 
dicted at the structure design phase, and the 
route should be properly chosen (far from 
stray current sources). The problem of elec- 
trolytic corrosion also can be limited by ex- 
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cellent insulation. Its application can, how- 
ever, favor stray current flow phenomena in 
structures at significant distances from cur- 
rent sources and trigger corrosion hazards 
in these regions (e.g., on ends of pre-insu- 
lated pipeline sections). Correct construc- 
tion is very important, along with operation 
of the structure so as to minimize flow of 
stray currents. 

The following main activities are applied 
as preventive methods leading to the limi- 
tation of leakage of stray currents from 
electric traction return circuits: 
0 welding of rails (decrease of the resis- 

tance to flow of return currents), 
0 installing connectors between rails (de- 

crease of the rail network resistance and 
maintenance of an equal potential be- 
tween the rails), and 

0 the application of insulating washers 
between rails and cross-ties (which in- 
creases the resistance of the rails in rela- 
tion to the ground). 
Minimization of the harmful interaction 

of stray currents connected with the work of 
a monopolar HVDC line is based on the ap- 
plication of ground or maritime electrodes 
of small resistance. This is why they are of 
large dimensions and located in environ- 
ments of small resistivity. Bipolar systems 
should be exploited in such a way that leak- 
age of equalizing currents to the ground 
does not occur (Nikolakakos, 1998). 

In cathodic protection systems, the effect 
of stray currents interactions on neighbor- 
ing structures can be decreased by: 
0 the localization of anodes in soil in which 

a minimal electric field gradient is 
formed or there will be no interaction 
with other structures, 

0 application of sacrificial protection, if 
with its use the same protective effect can 
be obtained, instead of protection by an 
external power source, and 

0 connection of the endangered structure to 
the protected structure through a resistor 
(in endangered places). 

Stray currents from industrial equipment 
can be completely eliminated by their cor- 
rect use. 

8.6.5.2 Electrochemical Protection 

In the vicinity of electric tractions, pro- 
tection is realized by polarized or amplified 
electric drainage. Polarized drainage is 
made up of e.g., a regulated resistor and an 
element (e.g., a diode), enabling the flow of 
current in one direction from the protected 
structure to the traction rail. Polarized drain- 
age is used in the case where the rails at the 
point of leading currents away exhibit a neg- 
ative potential almost all of the time and a 
change of polarity can occur for only short 
periods. 

If polarized drainage does not ensure sat- 
isfactory protection of the structure, then 
amplified drainage can be applied. A dc 
power source is connected into the circuit of 
this drainage, which forces currents away, 
even in the case where the rails have a pos- 
itive potential in relation to the structure. 

The drainage operation is based on con- 
trolled removal of stray currents from the 
underground structure to the source of their 
formation. The harmful phenomenon of cur- 
rents outflow from the external surface of 
structures to the ground is eliminated in this 
way. Choice and localization of drainage de- 
vices should be preceded by determination 
of the electrolytic corrosion hazard (on the 
basis of specialist measurements) and anal- 
ysis of the situation in the field. More infor- 
mation on drainage is given by Chaker and 
Lindemuth (1994) and Pignatelli (1985). 

In the case of small harmful stray current 
interaction or a significant distance from 
their sources, impressed current cathodic 
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protection is used. Due to variations of the 
structure potential caused by changes in the 
intensity of stray currents, cathodic protec- 
tion stations are usually equipped with an 
automatic parameter regulation system. 

If the requirement for protective current 
is not high, then polarized sacrificial anodes 
can also be used for protection. These are 
connected with a protected object through 
semiconductor elements (diodes and tran- 
sistors). 

Elimination of the harmful interaction of 
dc currents generated by cathodic protection 
systems can be achieved by: 

the application of individual electro- 
chemical protection of the endangered 
structure, or 
connection of the endangered structure to 
the cathodic protection installation (com- 
mon cathodic protection). 

The choice of method depends on the lo- 
cal devices operation conditions. When a 
relatively small interaction is encoutered, 
the application of sacrificial anodes is rec- 
ommended for the individual protection of 
endangered structures (Fig. 8-28), the sac- 
rificial anode being connected in the places 
of occurrence of the highest positive poten- 
tial changes. 

To ensure flow of current in the required 
direction, a silicon diode is introduced into 
the circuit. Under interaction conditions of 

Anode n 

higher intensity currents, protection of the 
endangered structure is applied by addition- 
al cathodic protection stations. If the protec- 
tion installation as the source of additional 
hazard has an appropriate power reserve, 
then metallic connection of both structures, 
i.e., protected and endangered, is advised. 
To enable adjustment of the flowing current 
intensity, the connection is realized through 
a regulated resistor. Attainment of the same 
potential of the endangered structure as that 
before occurrence of the hazard, i.e., the sta- 
tionary potential, is treated as a criterion for 
the elimination of the harmful interaction of 
cathodic protection currents. Detection, de- 
termination of locations of highest hazard, 
and elimination of the harmful interaction 
are especially difficult problems in cathod- 
ic protection and require significant prac- 
tical knowledge of corrosion personnel 
supervising protective installations. More 
information is given by Ames (1989), 
Swaim (1995), Silkworth (1981), Alberizzi 
(1997), and Stella and Fucini (1997). 

8.7 Cathodic Protection of 
Reinforced Concrete Structures 

The cathodic protection of reinforced 
concrete structures due to its high impor- 
tance and dynamic development requires 
separate, more detailed discussion. 

I +  T- Rectifiek 

Sacrificial anode 
Figure 8-28. Elimination of the 
harmful interaction of cathodic 
protection using a sacrificial 
anode, where 1 is the pipeline pro- 
tected cathodically and 2 is the en- 
dangered pipeline. 
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8.7.1 Theoretical Principles 

The corrosion of reinforcement in con- 
crete is caused by destruction of the passive 
layer of steel when the pH of concrete falls 
from approx. 13 to below 9. There are two 
main causes of this phenomenon: contami- 
nation of concrete with chlorides and the 
carbonization process of concrete. 

Chloride ions initiate the corrosion of 
steel by destroying the passive layer. The 
greater the chloride concentration, the more 
rapid the depassivation of steel. Chloride 
ions enter concrete as a contamination of 
raw materials used for the production of 
concrete (mainly water and sand) and as the 
result of diffusion from the surrounding en- 
vironment especially in the case of apply- 
ing salt to roads. The high aggressiveness of 
chloride ions is explained by the autocata- 
lytic course of the ionization reaction of 
steel in their presence 
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Fe+2C1-+FeC12+2e- (8-22) 

FeC1, + 2 H,O + Fe (OH), + 
+ 2 H + + 2 C 1 -  (8-23) 

These processes, accelerated by the car- 
bonization of concrete, cause the formation 
of active-passive cells on the surface of 
steel, intensifying corrosion of the rein- 
forcement, It is considered that chloride 
contents in concrete should not exceed 0.4% 
by weight in relation to the dry mass of ce- 
ment. In many stated cases of corrosion of 
reinforced concrete structures, a higher 
chloride content was observed. 

Carbonization of concrete caused by the 
penetration of carbon dioxide into concrete 
leads initially to the formation of calcium 
carbonate as a result of reaction with calci- 
um hydroxide, and then to calcium hydro- 
gen carbonate, which is washed out by rain 
water from concrete capillaries. A decrease 
of the pH of the concrete environment to 
8-8.5 is the result and it causes destruction 

of the passive state of steel in concrete. More 
information on the effect of various factors 
on corrosion and the protection of reinforced 
concrete is given by Page et al. (1990). 

Glass and Buenfeld (1995) published a 
paper on the current density needed to 
ensure cathodic protection of the reinforce- 
ment of concrete exploited in the atmo- 
sphere, and pointed out that the cathodic 
current, apart from polarization, removes 
chlorides and alkalizes the surface layer of 
concrete on steel, having a positive effect on 
the effectiveness of protection. 

A number of processes are now defined 
as the electrochemical protection of rein- 
forced concrete: 

cathodic protection (CP), 
chloride extraction (CE), 
realkalization of carbonated concrete 
(RA), and 
cathodic prevention (CPR). 

Reinforced concrete electrochemical 
protection methods used against corrosion 
caused by contamination with chlorides or 
the carbonization process may be used for 
new structures, as well as those already used 
in soil, water, and atmospheric environ- 
ments. The first practical CP application 
was realized in the U.S.A. for the protection 
of a bridge contaminated with deicing salts 
(Stratfull, 1974). 

Electrochemical protection of reinforced 
concrete must take into account the follow- 
ing factors: 

ensuring electric continuity in the rein- 
forced concrete structure, 
the high resistivity of concrete up to 
20 000 Q m, 
the possibility of acidification and de- 
struction of the concrete structure near 
anodes during operation, and 
the large difficulties connected with the 
choice of questionable CP criteria and mon- 
itoring of the effectiveness of protection. 
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The principle of CP of concrete reinforce- 
ment is identical to that of the classic pro- 
tection method (see Sec. 8.2.1). Protection 
with impressed current is used, as well as 
sacrificial protection, mainly in the form of 
coatings with sacrificial properties applied 
by heat spraying. In spite of initial difficul- 
ties and ambiguities, the CP of reinforced 
concrete structures is presently very inten- 
sively implemented in practice. This meth- 
od has been applied for the protection of 
over 600 000 m2 of reinforced concrete 
structures in the U.S.A. and Canada, includ- 
ing over 500 bridges (data from 1998). In 
Europe, the CP of reinforced concrete us ap- 
plied mainly in the U.K., Norway, and Ita- 
ly. Information is given on application of the 
method in the Arabic countries, Korea, Ja- 
pan, and Australia. In Fig. 8-29, a schemat- 
ic diagram is shown of cathodic protection 
of a reinforced concrete bridge using anodes 
in the form of titanium mesh coated with 
mixed metal oxides (MMOs). 

Figure 8-29. Schematic diagram of cathodic protec- 
tion of a reinforced concrete structure, where 1 is the 
rectifiers, 2 the mesh anode (MMO), 3 the protected 
reinforcement of deck bridge, and4 the reference elec- 
trodes. 

Funahashi and Young (1997, 1998) have 
described laboratory and field investiga- 
tions of sacrificial protection of reinforced 
prestressed bridges in Florida. From the re- 
port, it appears that zinc coatings on bridg- 
es do not fully protect steel in reinforced 
concrete. Good results have been obtained 
in sea water, while unsatisfactory results 
have been obtained in medium aggressive 
environments. The current output of zinc 
anodes distinctly decreases on lowering the 
pH of the concrete environment as a result 
of the carbonization process. New anodes 
made of Al-Zn-In alloys have shown a 
distinctly higher current output than zinc 
anodes after two years of investigations. 
Zinc as well as aluminum-sprayed coatings 
ensure an approx. 15 years operation peri- 
od at a thickness of approx. 300 ym. 

Pourbaix and Cargo (1993) provided the 
information that Eurotunnel, a modern rein- 
forced concrete and steel structure, contains 
16 anodic beds of 100 m depth, which in the 
case of a hazard will protect a 2.5 km sec- 
tion of the tunnel. The total length of the tun- 
nel is equal to approx. 50 km, out of which 
38 km run under the sea. The method of CP 
protection of Eurotunnel is schematically 
presented in Fig. 8-30. 

8.7.2 Protection Criteria 

The technology of cathodic protection of 
reinforced concrete is to elaborate its own 
protection criteria, other than for steel struc- 
tures corroding in different environments 
than concrete. They are still mainly poten- 
tial criteria, used carefully so as not to lead 
to overprotection and as a consequence lib- 
eration of hydrogen and weakening of the 
adhesion of concrete to steel. In prestressed 
structures, the presence of hydrogen can 
lead to embrittlement. John and Messham 
( 1989) exhaustively describe the following 
protection criteria of reinforced concrete: 
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i 
Figure 8-30. Schematic diagram of cathodic protection 
of Eurotunnel [Pourbaix and Cargo (1993), reprinted with 
permission]. 

0 300 mV shift from as-found potential, 
100 mV potential decay after disconnec- 
tion of CP, 

0 potential-current relationship ( E -  log I ) ,  
and others. 

In the 1990s the most frequently used re- 
inforced concrete protection criterion has 
been the second criterion, i.e., a decrease of 
the potential by 100 mV, determined after 
disconnection of the polarizing current. 
Measurement of the potential was carried 
out after 4 h from CP disconnection (NACE 
Standard RP0290-90 (1990)). 

Swiat and Bushman (1993) describe the 
CP criteria of reinforced concrete structures 
in atmospheric conditions. The authors crit- 
ically assess criteria used in the U.S.A. and 
Canada during the CP of bridges. Broom- 
field (1997) describes theoretical and prac- 

tical problems of CP in reinforced concrete, 
including protection criteria used in the 
U.S.A. for bridge structures. Analysis of in- 
vestigation results on the CP criteria of steel 
in concrete was published by Bennett and 
Broomfield (1997), indicating the validity 
of experimental investigations in relation to 
conclusions based in theory or speculation. 
The authors discuss the future European 
Standard (CEN) (1996), commenting its 
usefulness. They point to the required pola- 
rization as a function of chloride concentra- 
tion at the surface of steel. For more infor- 
mation, see Bohdanowicz and Krakowiak 
(1996) and Juchniewicz et al. (1989a). 

8.7.3 Reference Electrodes 

Reference electrodes used in the CP of re- 
inforced concrete should meet the same re- 
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quirements as those used in classic cathod- 
icprotection (see Sec. 8.2.4). Up to now, they 
are a serious investigation problem. Bennett 
and Mitchell (1992) presented a technical 
outline of most frequently used electrodes 
for the control of reinforced concrete 
structures, including copper sulfate, silver 
chloride, graphite, catalytic metal oxide 
(MMO), and calomel electrodes. Their re- 
producibility, micropolarizability, electro- 
chemical hysteresis, and temperature coef- 
ficient are given. Huang et al. (1994) pre- 
sented results of investigations on the use- 
fulness of fixed and exchangeable reference 
electrodes: silver chloride and lead for the 
potential measurement of reinforcement 
under laboratory and field conditions. They 
stated a greater usefulness of the silver chlo- 
ride electrode for engineering applications. 
Dehghanian et al. (1995) carried out two- 
year investigations on molybdenudmolyb- 
denum oxide and mercury/mercury oxide 
electrodes stating that they have good 
properties (stable potential and small differ- 
ences of potential between the same elec- 
trodes). Arup et al. (1997) gave results of 
long-term investigations of the MnO, elec- 
trode designated for the control of the effec- 
tiveness of CP of steel in concrete. The elec- 
trode is characterized by a high potential 
stability (k 10 mV) and small polarization 
during flow of current (less than 1 mV C-l). 
The electrode works well in the laboratory 
over wide range of temperatures from 
10-80°C. 

Potential measurements of steel rein- 
forcement in concrete are relatively difficult 
and have been the subject of a interesting 
discussion carried out by Myrdal (1996). 

8.7.4 Anodes 

In the initial period of use of reinforced 
concrete CP, traditional anodes from im- 
pressed current CP systems were used. 

Within years, improved anodes were formed 
with a developed surface (decreased anod- 
ic current density) and elimination in this 
way of the dangerous acidification of con- 
crete and extension of the operation time. 
At present, sacrificial alloys of zinc and 
aluminum are also being investigated, fire 
sprayed on the concrete surface. An impor- 
tant role is also played by economic factors. 
In Table 8-12 the types of anodes currently 
used for the CP of reinforced concrete are 
listed. 

Wyatt (1993) describes some anodic 
systems used in the cathodic protection of 
reinforced concrete, discussing their advan- 
tages and disadvantages. In the 1990s, mesh 
titanium anodes (MMO) were mainly used 
for the CP of reinforced concrete (almost 
90%) (Tvarusko, 1993; Hayfield, 1998~).  It 
is worth mentioning that in 1986 conductive 
paints were used for the CP of reinforced 
concrete support columns on the Spaghetti 
Junction near Birmingham, obtaining very 
good operation results (private communica- 
tion). Hartt et al. (1997) discussed the re- 
sults of investigations of cathodic protection 
systems in concrete. According to them, no 

Table 8-12. Types of anodes for the cathodic protec- 
tion of reinforced concrete. 

Type Applications 

Mixed metal oxide 
Titanium mesh in overlay 
Conductive asphalt 

Conductive epoxy 
Grout concrete 
Conductive paint 
Sprayed zinc, aluminum 
Titanium 
Conductive polymers 

Conductive concrete 
Ebonex 

deck, substructure 
splash zone, piling's 

deck 

deck 
substructure 

substructure, deck 
splash zone 

substructure, 
splash zone 

deck, substructure 
splash zone, substructure 
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proper control method has been developed 
that would take into account the electro- 
chemical behavior of sacrificial anodes, 
whilst the applied depolarization and other 
tests are not sufficient for the evaluation of 
sacrificial protection systems of concrete in 
sea water. These factors are taken into ac- 
count in Eq. (8-24) proposed by Hartt and 
co-workers, resulting from transformation 
of the well-known Eq. (8-15): 

E,= R A ,  j ,  + E, (8-24) 

where E, is the polarized cathode potential, 
E, the polarized anode potential (instant 
current off values), R the anode to cathode 
resistance, A,  the cathode surface area, and 
j ,  the cathode current density. 

The above relationships should be known 
at the time of energizing and as part of sub- 
sequent surveys (Hartt and Chen, 1995). 
Sacrificial zinc anodes for the CP of rein- 
forced concrete are described by Hartman 
and Hillier (1997), while Kessler et al. (1996) 
describe zinc mesh anodes cast into concrete 
pile jackets. Other considerations of rein- 
forced cathodic protection are discussed 
by Simon et al. (1997), Kessler et al. (1997) 
and NACE Standard RP0187-87 (1987). 
Brown and Tinnea (1991) have described 
the causes of failures in the application of 
CP of reinforced concrete structures such as 
bridges, garages, etc. They point to the fact 
that CP systems were incorrectly designed 
and operated. They also give recommenda- 
tions for correct designing. Bianchetti (1993) 
in a review gathered information on the cor- 
rosion and CP of prestressed concrete cylin- 
der pipes. The author states that the operat- 
ing potential level of the polarization of steel 
in concrete for prestressed pipes should be 
in the range from - 0.5 to - 0.9 V vs. CSE. 

From the wide-ranging literature con- 
cerning the CP of reinforced concrete, pa- 
pers published in corrosion journals of dif- 

holm and Linder (1995), Glass et al. (1997), 
Brousseau et al. (1997), Pedeferri (1996), 
Tettamanti et al. (1997), Mietz and Isecke 
(1993), Xu (1994), Ali and Rasheeduzzafar 
(1991), Feliu et al. (1995), and Baboian 
(1995). 

8.7.5 Extraction of Chlorides 

In Fig. 8-31, a schematic diagram is 
shown of a typical electrochemical chloride 
extraction installation from reinforced con- 
crete. The principle of this method is iden- 
tical to the case of the CP of reinforced con- 

Figure 8-31. Schematic diagram of typical electro- 
chemical chloride extraction installation [Whitmore 

ferent countries can be mentioned: Seder- (1996), reprinted with permission]. 
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Crete. Also, external anodes are used and 
placed on the surface of the concrete, but 
the chloride extraction process is carried out 
using higher current parameters. Titanium 
anodes coated with mixed oxides (MMOs) 
are most frequently used as the anodic ma- 
terial. The current density is high and reach- 
es 20 A mP2 on the reinforced concrete sur- 
face. The system is aided by an electrolyte, 
frequently sodium carbonate with different 
additives. In the formed electric field, sim- 
ilar to cathodic protection, the migration of 
anions (chlorides) occurs to the external 
anode. On the surface of the anode, chlorine 
liberation reactions take place (Reaction 
8-3) along with the formation of hypochlor- 
ites (Reaction 8-25) 

C1, + OH- - C10- + H+ + C1- (8-25) 

The formed products are aggressive to con- 
crete and have to be removed from its sur- 
face with water. In parallel, on the surface 
of the steel reinforcement an oxygen depo- 
larization reaction takes place (Reaction 
8-6), causing alkalization of the concrete 
layer next to the reinforcement surface, and 
the passive state of steel is strengthened. It 
is important not to lead to overprotection of 
the steel and liberation of hydrogen. It has 
been observed that more chlorides are 
washed out near reinforcement bars than in 
the concrete mass, and that as a result of 
chloride extraction the steel potential be- 
comes less negative. The process of chlo- 
ride removal from reinforced concrete usu- 
ally lasts from 4 to 10 weeks. More infor- 
mation is given by Whitmore (1996), Mietz 
and Isecke (1993), Broomfield (1997), and 
Pate (1996). 

8.7.6 Realkalization of Carbonized 
Concrete 

Realkalization of concrete (RA) differs 
from CP and chloride extraction processes 

in the application of lower polarizing cur- 
rent densities of the order of 0.2-2 A m-2, 
whilst maintaining an identical system as for 
CE. Also, aqueous sodium carbonate solu- 
tions have to be used for the moisturizing of 
the concrete. OH- ions generated on the 
cathode (steel) alkalize the surface of the re- 
inforcement and after a time (up to 20 days) 
cause repassivation, which favors retarda- 
tion of the corrosion process of steel. Mietz 
and Isecke (1993, 1994) state that during re- 
alkalization of reinforced concrete the fol- 
lowing processes occur: 

0 adsorption as a result of capillary effects, 
0 diffusion, 
0 migration of ions, 
0 electrolysis, and 
0 electroosmosis. 

Time and current density are the most im- 
portant parameters of the realkalization pro- 
cess. More information is given by Mietz 
(1995), Pocock (1995), Al-Kadhimi et al. 
(1995), and Bertolini et al. (1998 a). 

8.7.7 Cathodic Prevention 

Cathodic prevention (CPR) is applied for 
new reinforced or prestressed structures, 
which are not contaminated by chlorides, 
but their contamination is expected during 
operation (for example, as a result of salt ap- 
plication on streets or the action of a sea at- 
mosphere, etc.). In such conditions, as a pre- 
vention, the reinforced concrete structure is 
subject to a process ensuring CP. Pedeferri 
(1996) and Bertolini et al. (1998 b) applied 
the CPR method (mainly in Italy) for the 
protection of prestressed reinforced con- 
crete structures of a total area of approx. 
140000 m2. Prevention works were carried 
out on new reinforced concrete motorway 
viaducts. In the CPR method, low cathodic 
current densities are applied of the order of 
1-2 mA m-,, starting prevention from the 
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beginning of operation, before it becomes 
contaminated with chlorides. In this pro- 
cess, up-to-date knowledge is used on pit- 
ting corrosion and the steel pitting corrosion 
potential. In Fig. 8-32, the effect of increas- 
ing chloride concentration on the anodic be- 
havior of steel in concrete is shown. 

The pitting potential of steel Epi, decreas- 
es from approx. + 500 mV vs. SCE (no chlo- 
rides in concrete) to approx. - 500 mV at high 
chloride contents. The pitting potential de- 
pends also on the temperature, pH, type of 
cement, porosity of concrete, etc. The high- 
est permissible chloride content for a given 
potential value at which the passive state is 
maintained is a critical value. The principle 
of the CPR method is based on increasing the 
critical content by decreasing the potential. 
Usually, a decrease of potential of 100 mV 
corresponds to an increase of the critical 
chloride contents by an order of magnitude. 
By applying cathodic polarization of the re- 
inforcement from the beginning of operation, 
such a high increase of the critical contents 
of chlorides in relation to the nonpolarized 
structure is obtained that such contents are 
never attained in operational practice. 

Three year observations in Italy have 
confirmed the effectiveness of the CPR 

method. The authors warn that this method 
can be applied on structures of simple 
geometry with effective monitoring (Berto- 
lini et al., 1997). More information is given 
by Pedeferri (1996) and Novokshchenov 
(1997). Cathodic protection of reinforced 
concrete is a new field, which has developed 
dynamically in recent years. All elements of 
it, such as, the applied materials, the protec- 
tion parameters, designing, the protection 
criteria, the operation conditions, the ele- 
ments of the environment, and the training 
of personnel, are subjects of concern for 
those interested in development of the meth- 
od. Economic factors result in the awarding 
of high subsidies for investigations in this 
field by interested countries. More informa- 
tion is given by Bazzoni et al. (1996) and 
Tettamanti et al. (1997). 

8.8 Other Applications 
of Cathodic Protection 

8.8.1 Alloy Steels 

The protection of alloy steels and other 
passivating alloys from local corrosion is at 
present an important investigation and tech- 
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Figure 8-32. Schematic illustration 
of the anodic behavior of steel in 
concrete in the presence of chlo- 

+ rides [Bertolini et a]. (1998b), re- 
log i ,  printed by permission]. 
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nical problem. More and more frequently, 
in addition to the improvement of alloy com- 
position, electrochemical protection is used 
as an effective protection from pitting, 
crevice corrosion, and corrosion cracking. 
Good results are obtained for the CP of al- 
loy steels and aluminum alloys in sea water 
(Linder, 1994). 

For many years, throughout the world 
studies have been carried out on the electro- 
chemical protection of cellulose bleachery 
filters (Garner, 1982; Thompson and Gar- 
ner, 1986); Rozwadowski and Juchniewicz, 
1996). 317L and 904L chrome-nickel 
steels, also containing molybdenum in 3- 
5% quantities, are the most frequently used 
construction materials of bleachery filters. 
Filter elements operate in one of the most 
aggressive corrosion environments of the 
chemical industry due to the following prop- 
erties: 

0 low pH values (1.5-3), 

0 elevated temperature (50-70°C), and 
o the presence of strong oxidizers (C12 and 

high chloride ion content, 

C102). 

Corrosion of filters occurs in the trans- 
passive state. Their cathodic protection is 
based on the polarization of steel to a poten- 
tial characteristic of the passive state. Gar- 
ner (1998) states that over 120 CP installa- 
tions have been applied, mainly in North 
America, for the protection against corro- 
sion of equipment made of austenitic stain- 
less steels operating in bleacheries. More 
information is given by Webster ( 1  989) and 
Singbeil and Garner (1987). 

8.8.2 Ships and Vessels 

The cathodic protection technology of 
vessel hulls is based on principles developed 
over many years. Sacrificial anodes are usu- 
ally applied for the protection of vessels up 

to 10 000 tons DWT. Impressed current ca- 
thodic protection is used for larger objects. 
Electrochemical protection should assist 
existing coating protection systems. Ap- 
propriate sets of organic coatings resistant 
to alkalis are used as coating protection 
(Berendsen, 1989). Cathodic protection sta- 
tions usually work in the automatic mode 
with continuous control of the hull poten- 
tial, which results from the variable operat- 
ing conditions. Continuous changes in the 
draught of hulls dependent on the load, 
waves, temperature changes, and salinity 
of the water have a large effect on the CP 
parameters, especially the current require- 
ment. Modern insoluble anodes are most 
frequently made from platinized titanium. 
Zinc sacrificial anodes are used for the pro- 
tection of tankers. Magnesium and alumi- 
num sacrificial anodes cannot be used due 
to the possibility of sparking and causing 
explosions. More information is given by 
Hargarter (1983), Trotman (1986), Foster 
(1988), Carson (1986), Evans (1989), and 
Heidersbach (1987 b). Excellent results are 
also obtained for nonactive fleet (Lloyd, 
1991; Barnard 1948). 

8.8.3 Offshore Structures 

The anticorrosion protection of offshore 
platforms subjected to difficult operating 
conditions is an especially responsible task. 
Apart from the continuous strongly corro- 
sive interaction of sea water, periodical 
phenomena are also encountered, such as 
storms, earthquakes, hurricanes, pressure of 
ice floats, and other phenomena increasing 
the corrosion hazard. These interactions 
cause stress and fatigue corrosion and oth- 
er forms of corrosion attack. In such condi- 
tions, special protective coating systems are 
applied to protect the objects, coupled with 
cathodic protection realized by the use of 
sacrificial anodes or an external power sup- 



446 8 Cathodic and Anodic Protection 

ply. Design, material, operating require- 
ments, and the methods of control are giv- 
en in NACE Standard RP0176-94 (1994). 

Recently, in Norway the largest rein- 
forced concrete drilling platform has been 
constructed and placed in the Troll sea gas 
field. Fischer (1988) described the under- 
water investigations carried out at a depth 
of 500 m on Tromsoflaket and Troll fields 
in order to design the CP of the platform. 
Results of investigations have shown that 
initial high polarizing current densities fa- 
cilitate the formation of compact, well ad- 
hering cathodic precipitates, difficult to re- 
move by sea waves. The precipitates signif- 
icantly reduce the protective current density 
in further operating conditions. An automat- 
ic logging unit for in situ monitoring of CP 
and environmental data has been used in in- 
vestigations. Caudle (1986) has stated that 
the CP of sea platforms placed on oil and 
gas fields at great depths requires a new ap- 
proach: computer modeling (e.g., “Seacorr” 
program), new design principles of sacrifi- 
cial protection systems, and appropriate 
coatings for underwater surfaces, which will 
decrease the CP requirement. More infor- 
mation concerning computer-aided design 
of CP installations is given by Stromen and 
Rodland (1980), Haroun (1992), Vennet et 
al. (1983), and Wyatt (1986). Requirements 
and the repair method of CP installations are 
described by Turnipseed (1996). 

8.8.4 Process Plants 

Cathodic protection is widely used in 
classic and atomic power plants, oil refiner- 
ies, chemical works, and for the protection 
of gas and water pipelines and other metal 
structures. Excellent results are obtained 
by this method during anticorrosion elec- 
trochemical protection of reactors, tanks, 
pipelines (external and internal surfaces), 
pumps, coolers, heat exchangers, etc. Con- 

tinuous development is observed in this 
area of computer-aided methods of design- 
ing CP, applied materials, and elements and 
monitoring systems of protection effective- 
ness. More information can be found in the 
works of Piazza (1978), Inagaki et al. 
(1995), Davis (1990), and Shepherd (1989). 

8.8.5 Storage Tanks 

Anticorrosion protection of storage tanks 
is of special importance due to increasing 
requirements concerning protection of the 
environment. Leaks of fuels and chemicals 
from corroded tanks can be the source of se- 
rious pollution of water and soil. Thus some 
countries require from the users the appli- 
cation of more effective protection means. 
The Environmental Protection Agency in 
the U.S.A. has set an example to be fol- 
lowed, as from 1989 it requires the applica- 
tion of high quality protection means, in- 
cluding cathodic protection, from users of 
underground steel tanks and pipelines with 
aggressive chemicals. If new structures do 
not meet these requirements, their operation 
is not allowed. A 10 year period has been 
set for the improvement of anticorrosion 
protection of old pipelines and tanks (see 
Federal Register 1988). 

Cathodic protection is applied for the pro- 
tection of internal surfaces of steel tanks, in- 
cluding the bottom, which is mainly endan- 
gered by corrosion (as a result of filling and 
emptying), and the external surface of the 
bottom. Different CP systems are applied 
with the use of sacrificial anodes, as well as 
impressed current. More information on the 
technical characteristics of different protec- 
tion systems, design guidelines, applied ma- 
terials, and monitoring systems can be 
found in: ANSI/API 65 1 - 1992 (1 992) Ciuf- 
freda et al. (1990), Collins et al. (1992), and 
Lehmann (1994). 
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8.8.6 Power and Telecommunication 
Cables 

In 1960 the CP technology of lead cas- 
ings of cables was recognized as one ensur- 
ing long-term protection in the power indus- 
try (Bow, 1993). At present, the use of cables 
with lead casings for power and telecommu- 
nications is decreasing. In 1978 in the 
Electric Power Research Institute (U.S.A.) 
guidelines were compiled for the CP of bur- 
ied cables with concentric neutrals, which 
are more or less up-to-date to the present 
day. At present in NACE, the TlOC-10 
group is working in the area of the CP of 
pipe-type cables. 

8.8.7 Electrochemical Protection 
of Water Installations 

The intensive corrosion of pipelines, 
tanks, and heat exchangers in home supply 
systems of hot and cold water is a serious 
problem. High corrosion aggressiveness of 
water is the main cause of corrosion. Elec- 
trochemical treatment of water is a method 
allowing effective protection of water in- 
stallations from corrosion processes and in- 
crustation. The method links CP processes 
and the electrolytic treatment of water caus- 
ing a decrease of its corrosivity. Reactors for 
the treatment of flowing water are the main 
elements of the protective installation. They 
are equipped with soluble aluminum anodes 
supplied from a low voltage dc source. The 
function of reactors can be fulfilled by oth- 
er devices, e.g., hot water dispensers. CP en- 
compasses by direct action internal surfac- 
es of the reactors, while the remaining part 
of the water installation is protected as the 
result of secondary processes of colloidal- 
chemical character. Aluminum hydroxide, 
generated as the result of the controlled dis- 
solution of aluminum anodes (in quantities 
below 0.2 mg dm-3) is distributed with wa- 
ter over the whole installation. On its inter- 

nal surface, a thin protective layer is formed 
of limited thickness of 0.1-0.3 mm, which 
effectively protects the metal from corro- 
sion processes and the growth of precipi- 
tates. 

The idea of the method is derived from 
Denmark and is known in Western Europe- 
an countries under the name “Guldager 
Elektrolyse”. The scope of application of 
this method is wide and includes potable wa- 
ter installations, hot water installations, and 
central heating made of different types of 
materials: carbon steels, galvanized steel, 
copper, and its alloys. The number of instal- 
lations protected in this way approaches 
50 000 (Guldager, 1998). In a newer edition, 
the work of the protective installation is 
steered by a microprocessor system, while 
the operating parameters are digitally re- 
corded on a special electronic card, allow- 
ing full control of all serviced intallations. 
Recently, a more efficient, different protec- 
tive system system has been developed, 
called “Katolysis”, which is based on ca- 
thodic dissolution of aluminum. More in- 
formation on electrochemical protection in 
water system is given by Juchniewicz and 
Jankowski (1991) and Juchniewicz et al. 
(1989 b). 

8.9 Designing Cathodic 
Protection Systems 

The basic principle in force during the de- 
signing of cathodic protection is the neces- 
sity of obtaining a uniform protective cur- 
rent distribution, and at the same time a po- 
tential distribution on the surface of the pro- 
tected structure (Morgan, 1987; Nisancio- 
glu, 1992; Baeckmann et al., 1997). The fol- 
lowing relationship is valid for impressed 
current cathodic protection 

U = I (RA+ R,+ R c )  + EA+ E c  (8-26) 
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where U is the voltage between the cathode 
(protected structure) and the anode, I the 
current flowing between the cathode and the 
anode, EA the electrode potential of the 
anode, Ec the electrode potential of the cath- 
ode, RA the transfer resistance of the anode, 
Rc the transfer resistance of the cathode, and 
R ,  the resistance of the electrolytic envi- 
ronment. 

Designing a cathodic protection installa- 
tion is based on the determination of these 
current and voltage values, so that the po- 
tential of the object (cathode) attains the 
value of the protection potential (Ecp)  

E c  = ECP 
For a sacrificial protection installation (with 
no external power source), Eq. (8-26) is re- 
duced to the form 

(8-27) ECP - EA I =  
R A + R R + k  

being an expanded version of Eq. (8-15). 
Obtaining a uniform distribution of pro- 

tective current on the whole protected sur- 
face of the structure is a complex problem. 
The current distribution, as well as the po- 
tential distribution, depends on many fac- 
tors, such as, the polarization capacity of the 
structure, the resistance of the environment 
and protective coatings on the structure, the 
dimensions and shape of protected struc- 
ture, etc. This distribution also depends on 
the shapes, placement and electrochemical 
characteristics of applied anodes. Taking 
into account all of these factors during the 
design process is difficult, thus during the 
design of cathodic protection installations, 
technical data corresponding to existing ca- 
thodic protection installations already in op- 
eration are frequently used. 

The technical design of a cathodic pro- 
tection installation should take into account: 
0 the topographic plan of the protected ob- 

ject and its technical use, 

0 the period of use and expected future use 

0 the dimensions of the object, 
0 the depth of placement of the object, 
0 the electric continuity of the object 

(placement of insulation joints, gate 
valves, seals, etc.), 

of the object, 

0 the type of protective coating, 
0 the existing corrosion defects, and 

the location of earthing and power sup- 
plies. 

In the design process, the nature of the 
electrolytic environment, the location of 
power sources such as traction stations, the 
neighboring metal structures the existing 
nearby cathodic protection installations, the 
high voltage lines, etc., must be taken into 
account. Choice of the type of anode is made 
taking into account economic, ecological, 
electrochemical-mechanical aspects, and 
also field-environmental conditions. In the 
case of sacrificial protection, apart from the 
mentioned matters, it is essential to deter- 
mine the expected operational time of 
anodes and changes with time of the electric 
field casued by the change of properties of 
soluble anodes. 

From the electric point of view, design- 
ing cathodic protection installations is based 
on the determination of the spatial distribu- 
tion of the electric field intensity between 
anodes and the protected structure as the 
cathode. Classic cathodic protection systems 
operate in ohmic control conditions (Mor- 
gan, 1987; Benedict, 1986). This means that 
the resistance magnitude between anodes 
and the protected structure is a factor affect- 
ing the distribution of electric field force 
lines. The transfer resistance between the 
anode and the electrolytic environment con- 
nected with electrochemical reactions, and 
the transfer resistance between the electro- 
lytic environment and the cathode, are usu- 
ally insignificantly small in relation to the 
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resistance of the electrolytic environment. 
The ohmic voltage drop of the electrolytic 
environment resistance is connected with 
the current distribution around the anode, 
which is placed at a distance from the cath- 
ode. Taking into account that the area of 
anodes is insignificantly small in compari- 
son with the cathode area, the cathodic pro- 
tection system to a first approximation can 
be considered as a cathode of defined di- 
mensions surrounded by point anodes. In 
such an approach, the design of a cathodic 
protection installation can be reduced to the 
application of the Ohm law and its modifi- 
cations. From this introduction, it is clear 
that designing of a cathodic protection in- 
stallation is a complex process. Usually, 
each designed installation requires an indi- 
vidual approach. For this reason, only the 
general mathematical methods used in the 
designing phase will be presented in this 
section. 

8.9.1 Current and Potential Distribu- 
tion in a Stationary Electric Field 

The current/potential distribution is 
understood as the relation of currendpoten- 
tial from spatial co-ordinates, and the poten- 
tial is understood as the electrode potential 
which is not determined in relation to earth 
but in relation to a given reference electrode 
maintaining a constant potential which does 
not change with time. Due to the necessity 
of determining spatial dependencies of po- 
tential and current, vectors of well-known 
relations describing the electric field are 

div J = 0 (8-3 1) 

f J d S =  I 
S 

(8-32) 

F = - grad E (8-33) 

where F is the electric field intensity vec- 
tor, J the current density vector, dS the sur- 
face vector, I the current, E the potential, 
and Q the resistivity. 

The presented equations are of funda- 
mental importance in the design process of 
cathodic protection installations. In the case 
of objects of simple symmetry, solving these 
equations allows determination of the po- 
tential and current profile changes in the 
form of strict mathematical relations. Equa- 
tion (8-28) is the mathematical notation of 
a potential field. If, in a conducting medi- 
um, and electric field of intensity F exists, 
then the voltage between points A and B is 
described by Eq. (8-29). Equation (8-30) is 
a vector notation of Ohm’s law. The electric 
field of a direct current is a potential field, 
the divergence of the current density vector 
is equal to zero (Eq. (8-31)). If the electric 
field flows through a closed surface S,  then 
the flux of the current density vector is equal 
to zero. Equation (8-32) expresses this state- 
ment. This equation expresses the continu- 
ity principle of an electric field. At the same 
time Eq. (8-32) gives the nonsource condi- 
tion of a vector current density field. In ac- 
cordance with Eq. (8-33), the electric field 
intensity vector is unequivocally described 
by potential changes in the function of spa- 
tial co-ordinates. 

used in the designing process 

rot F = 0 
8.9.2 Transfer Resistance 

(8-28) of a Spherical Anode 
B 

F dl = EA - Es 
A 

F = J Q  

(8-29) 

(8-30) 

The electric field intensity is connected 
with the flowing current density and is de- 
termined by vector Eq. (8-30). With spher- 
ical co-ordinates, the equation assumes the 
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forms 

e l  F = J (r) = ~ 

4 n r 2  

where r is the radius and Z = J d S  is the in- 

tensity of the flowing current. 
The potential of the sphere, the radius of 

which is equal to r in accordance with Eq. 
(8-29) is equal to 

(8-34) 

S 

03 

(8-35) el  E ( r )  = - j F d r  = - 

If the radius of the spherical anode is equal 
to ro, then the potential of the anode is equal 
to 

r 4 n  r 

(8-36) E(ro)=- el  
4 n  ro 

By inserting Eq. (8-36) into the known re- 
lationship R = U/Z, the dependence describ- 
ing the spherical anode resistance is ob- 
tained 

(8-37) e RA=- 
4 n  ro 

The transfer resistance of the spherical 
anode only depends on the resistivity of the 
electrolytic environment and the radius of 
the anode. Such a relation is understandable 
in the light of assumptions made on the oh- 
mic character of the current flow control. 
The assumption made allowed a reduction 
of the anode resistance problem to purely 
electric categories, with simultaneous ne- 
glect of electrochemical phenomena. Such 
an approach is the generally adopted and 
confirmed procedure, although not in every 
case. 

8.9.3 Objects of Linear Symmetry 

Very often there is a need to determine 
the cathodic protection parameters of ob- 

jects of linear symmetry, such as pipelines, 
hot water pipelines, telecommunication 
cables, etc. In designing the cathodic pro- 
tection of such objects, it is convenient to 
use the theory of distributed electric ele- 
ments. The electric schematic diagram of a 
linear object is presented in Fig. 8-33. 

It has been assumed that the protected ob- 
ject is represented by an infinitely long line 
of unit resistance r. A change of resistance 
of a linear object at a differentially small dis- 
tance is equal to r dx. At point x = 0 called 
the drainage point, a point anode is located. 
The voltage applied at this point between 
the anode and the linear structure is equal to 
U (0), and the current corresponding to this 
voltage is equal to Z(0). The voltage at dis- 
tance x from the drainage point is equal to 
U ( x ) ,  while the voltage at point x + dx  is 
equal to U (x)  + [dU (x)/dx] dx. Similarly, 
the current flowing through the linear object 
at a distance x from the drainage point is 
equal to Z (x), and at distance x + dx is equal 
to Z(x) + [dZ(x)/dx] dx. The transfer resis- 
tance of the protected object determined per 
unit of its length is equal to r’.  In the pre- 
sented approach, the changes of voltage in 
relation to the spatial co-ordinate x depend 
on the unit resistance of the linear object and 
the value of flowing current. 

dU(x) 
dx 

= - rZ(x) (8-38) 

dx 

Figure 8-33. An electric diagram of a linear object 
with cathodic protection. 
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Changes of current in the function of the 
spatial co-ordinate depend on the voltage 
and transfer resistance Y '  

(8-39) 

Solutions of Eqs. (8-38) and (8-39) take the 
form of well known attenuation equations 
(Sec. 8.2.2). Current changes, as well as 
voltage changes in the case of a linear ob- 
ject take an exponential form. The charac- 
ter of changes of current and potential as a 
function of distance depend mainly on the 
attenuation constant a given by Eq. (8-10). 
The derived relationships are of fundamen- 
tal importance in the design of cathodic pro- 
tection of linear objects. 

8.9.4 Finite Difference Method 
of Electric Field Potential Determination 

The determination of changes of poten- 
tial and current in the form of mathematical 
equations is only possible in the case of 
objects of simple symmetry. In the case of 
complex objects, determination of strict 
mathematical relations describing the po- 
tential and current changes is not possible 
at all. In such cases, numerical approxima- 
tion computer-aided methods are used. 
Computer simulation methods allow current 
and potential distribution profiles on the 
protected structure to be obtained for as- 
sumed initial conditions (Beattie et al., 
1990; Gartland and Johnsen, 1989). By us- 
ing computer simulation methods, the main 
cathodic protection installation parameters 
are determined, such as the optimum num- 
ber and location of anodes, and their shape 
and size. A number of computer analysis 
methods is used, such as: 

0 circuital methods, Brichau and Deco- 
ninck (1994), 

and field methods: 

0 finite element method, Kasper and April 
(1989), 
finite difference method, Strommen 
(1989), and 

0 boundary element method, Brebbia et al. 
(1 983). 

The finite difference method is a fre- 
quently used numeric approximation meth- 
od for the process of designing cathodic pro- 
tection installations. Relatively simple 
mathematical apparatus is used in this meth- 
od, and therefore the method will be pre- 
sented in more detail. 

Changes of the electric field potential in 
an area with no electric charge are described 
by the Laplace equation. If in the analyzed 
area an electric charge is present, then the 
potential changes are described by the Pois- 
son equation. The determination of spatial 
changes of potential is thus reduced to solv- 
ing the Laplace or Poisson equation. 

The idea of the method of finite differ- 
ences of solving boundary conditions for a 
two-dimensional Laplace or Poisson equa- 
tion is as follows: 

1) In a flat area C ,  in which the potential is 
to be found, a network is formed from 
identical square meshes of side h, as rep- 
resented in Fig. 8-34. Apart from square 
meshes, rectangular, triangular, and hex- 
agonal meshes can also be formed. 

2) A given differential equation is substitut- 
ed in the nodes with an appropriate dif- 
ference equation. By proceeding in this 
way, a continuously changing potential is 
replaced by a system of discrete values at 
intersection points of the network. 

3) On the basis of boundary conditions, the 
values of the sought potential are deter- 
mined at the network nodes. 

For boundary conditions, when the mesh 
decreases, the real continuous potential dis- 



452 8 Cathodic and Anodic Protection 

Y t C 
/- 

0 X 

Figure 8-34. Square mesh with points around point 
Po and contour C of known potential. 

tribution is approximated to a better degree 
by the discrete distribution. Application of 
the method of finite differences will be an- 
alyzed on the basis of the Poisson equation 
in a rectangular co-ordinate system. A sim- 
ilar analysis can be carried out in spherical 
or cylindrical co-ordinates, this depending 
on the symmetry of the analyzed system. 
The Poisson equation in the rectangular co- 
ordinate system takes the form 

= O  
a2E a2E -+- ax2 ay2 (8-40) 

where E (x, y )  is the required potential dis- 
tribution function. In Fig. 8-34 the contour 
C of known potential is schematically pre- 
sented. 

The profile of potential changes inside 
the contour is not known. To determine the 
potential changes, a square network of side 
h is determined inside contour C. The prob- 
lem of determination of the profile of poten- 
tial changes inside contour C is reduced to 
determination of potential values in each 
node of the network. The potential distribu- 
tion determined in this way is discrete in 

character, and the accuracy of approxima- 
tion is determined by the size of the mesh 
of an area equal to h2. In the boundary case, 
when h2 approaches zero a continuous ap- 
proximation of the real potential distribu- 
tion is obtained. 

Changes of potential in relation to a po- 
tential determined for a given point Po can 
be determined using the method of expan- 
sion of function E (x, y )  into the Taylor se- 
ries. After appropriate mathematical trans- 
formations, it can be shown that 

E,+E,+E,+E,-4 Eo=O (8-41) 

This means that the value of the potential at 
point Po is the arithmetic mean of potentials 
in network nodes directly in the vicinity of 
point Po. Next, equations can be determined 
for any kth point P, lying inside the ana- 
lyzed area limited by contour C. For points 
lying on contour C, potential values are 
known; thus for these points the number of 
unknowns is smaller than five. By calculat- 
ing potentials in network nodes, solving the 
Laplace equation is reduced to solving the 
boundary value problem or solving the al- 
gebraic linear equation system. 

As a result of writing down k equations 
fork nodes lying inside contour C, a system 
of algebraic equations is obtained. The ob- 
tained equation system is a linear heteroge- 
nous system, while the number of equations 
is equal to the number of nodes in the net- 
work, this being the number of unknowns. 
The profile of potential changes obtained 
in this way corresponds to a given number 
and determines the location of polarizing 
anodes. By changing these parameters, the 
initial conditions are changed and another 
profile of electrode potential changes is ob- 
tained. 

In the presented approach, designing of 
cathodic protection installations is reduced 
to analysis of potential change profiles ob- 
tained for various initial conditions. The 



8.1 0 Anodic Protection 453 

presented procedure can be extended to spa- 
tial conditions. In this case, elementary 
cubes are analyzed which are fragments of 
the analyzed space, the potential distribu- 
tion of which we are interested in. More 
information on computer-aided design of 
CP installations can be found in the words 
of DeCarlo (1989), Fu (1989), Heidersbach 
et al. (1986), Munn (1989), and Warne 
(1986). 

8.10 Anodic Protection 

The first attempts to use anodic protec- 
tion (AP) were made by Edeleanu (1954), 
who protected stainless steel tanks against 
corrosion by sulfuric acid. The first reports 
on the application of AP in the chemical in- 
dustry in the U.S.A. were given by several 
research teams: Sudbury et al. (1960), Riggs 
et al. (1960), and Locke et al. (1960). Riggs 
and Locke (1981) summarized achieve- 
ments in AP up to 1979. 

The generally used expression “anodic 
protection” concerns anticorrosion protec- 
tion methods for some metals and alloys in 
aggressive chemical environments by anod- 
ic polarization with an external dc power 
source. Maintaining the metal surface in the 
passive state practically stops corrosion pro- 
cesses. However, it should be mentioned 
that the anodic passivity phenomenon can 
occur in the case of contact with other met- 
als characterized by more noble potentials. 
Cathodic coatings causing anodic passivity 
are an example. The same role is played by 
platinum, palladium, or copper additives in- 
troduced into steel alloys. This method of 
protection is sometimes called galvanic 
anodic protection. 

Determination of the potentiostatic curve 
of the tested metal in its corrosion environ- 
ment is the basic condition of the first stage 
of investigations before proceeding with 

AP. The potentiostatic technique is based on 
determination of the relationship between 
the applied polarizing current density and 
the potential of the investigated electrode, 
i .e. , j  = f ( E ) .  A schematic anodic polariza- 
tion curve showing the passive state is pre- 
sented in Fig. 8-35. 

If during determination of the curve the 
potential of the electrode changes in steps 
(for example by 20 mV) with sufficiently 
long time intervals for the polarization cur- 
rent to reach a steady value (e.g., 60 s), then 
the obtained relation j = f ( E )  is called the 
potentiostatic curve. If the potential chang- 
es continuously at a determined rate (e.g., 
20 mV min-’), then the potentiodynamic 
curve is obtained. Maintenance of a fixed 
potential value or appropriate programming 
of electrode potential changes is carried out 
in practice with the use of a device called a 
potentiostat. 

Some metals and alloys exhibit a tenden- 
cy to autopassivate, for example, iron and 
carbon steel in concentrated nitric acid or 
alloy steel in diluted sulfuric acid with an 
addition of oxidizers (Fe3’, CrOf). Metals 

Anodic polarization 
C U N e  

I‘ f I  Transpassive 

- _  L 
Passive 
range 

T- 
Active 

I I I I 
[pass lcorr i c r i t  

Current density, log i 

Figure 8-35. Potentiostatic anodic polarization curve 
(Henthorn, 1980). 
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and alloys showing the autopassive state are 
the most desired in operating practice. More 
information is given by Locke (1984) and 
Grafen et al. (1991). 

8.10.1 Theoretical Principles 

To explain the theoretical principles of 
anodic protection, the potentiostatic curve 
of anodic polarization of a metal passivat- 
ing in a given chemical environment can 
be used, as presented schematically in Fig. 
8-35. In zero-current conditions, the metal 
is characterized by a stationary corrosion 
potential E,,,, . During anodic polarization 
with a gradual increase of the potential the 
rate of metal dissolution also increases. At 
a potential Epp (critical passivation poten- 
tial), the current density attains the maxi- 
mum value jcrit (critical passivation current 
density). After exceeding potential Epp , 
a rapid decrease of the current density oc- 
curs to the value jpass (passivation current 
density). This value practically does not 
change on a further increase of the potential 
to the value E,, (transpassivation potential). 
Above Etr,  the current density increases 
again. The range of potentials between E,,,, 
and E,, corresponds to the active state, in 
which the metal dissolves in accordance 
with Reaction (8-1). Between the values Epp 
and E, (E ,  is the passivation potential), a 
transition range is found connected with re- 
tardation of the metal dissolution process 
and initiation of its passivation. This poten- 
tial for iron in the pH range from 0.3 to 4 
is called the Flade potential (E,) and is de- 
scribed by 

E,  = 0.58 - 0.058 pH (8-42) 

Exceeding the Flade potential in the posi- 
tive direction causes the formation of pas- 
sive layers on iron, while in the negative di- 
rection it causes dissolution of the metal. 
The potential range between Ep and E,, cor- 

responds to the passive state, in which the 
metal dissolution rate is small, because an 
oxide protective layer is formed as a result 
of the anodic process in accordance with the 
general reaction 

M + H 2 0  +. MO + 2 H++ 2 e- (8-43) 

The composition and structure of passive 
layers differ, depending on the metal, the 
character of the environment, and other fac- 
tors, and are often very complex. In the case 
of iron and carbon steel, a conducting oxide 
Fe30, and y-Fe203 is usually formed, while 
on alloy steels a mixture of oxides Fe304, 
and y-Fe203, and Cr20, is formed. The pas- 
sive layer usually has the properties of a type 
n semiconductor with an excess of negative 
charge carriers. 

Oxygen plays an important role in the for- 
mation of the passive layer. Sometimes oth- 
er insoluble chemical compounds can be 
formed, such as sulfates, phosphates, chro- 
mates, etc. For example, in concentrated 
sulfuric acid on the surface of iron and car- 
bon steel, depending on the potential value, 
FeSO, . H20, FeSO, . 4H20, FeSO, + 

7H20, or Fe2(S04)3 . H 2 0  are formed. 
Dissolution of metal in the passive state 

is connected with the chemical process of 
destruction of the layer according to the re- 
action 

MO + 2H+ + M2+ + H20 (8-44) 

The potential range above the E,,, value cor- 
responds to the transpassive state. In the 
transpassive state, different reactions can 
take place. For example on the surface of 
iron and carbon steel in sulfuric acid, oxy- 
gen is liberated according to Reaction (8-2), 
while in the case of chromium or chromi- 
um-nickel steel, a transition occurs from 
the insoluble Cr203 oxide into the soluble 
dichromate 

Cr20,+4H20 --+ Cr20:-+8H++6e- (8-45) 
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Unfortunately, this compound has not pro- 
tective properties in the passive state of the 
metal. 

Obtained anodic potentiostatic curves of 
metals or alloys showing a passive state dif- 
fer to a smaller or a greater degree from the 
presented schematic diagram. Characteris- 
tic quantities found on curves are strictly 
connected with the type (composition) of 
metal and environmental conditions. An in- 
crease of temperature usually significantly 
increases the jcrit and jpass values, while it 
only affects the change of the Epp value to a 
small degree. 

The presence of aggressive ions, e.g., C1-, 
which destroy the passive layer (local cor- 
rosion occurs, for example, pitting), and at 
adequately high concentrations make its 
formation impossible, cause an increase of 
the jcrit and j,,,, values with a simultaneous 
significant decrease of the passive potential 
range (AEp). In extreme cases, disappear- 
ance of the passive range occurs. On the 
other hand, the presence of oxidizers (e.g., 
CrO%, NO;, Fe3+) usually favors transition 
of the metal to the passive state and causes 
a decrease of the critical passivation current 
density. More information is given by Riggs 
and Locke (198 l ) ,  Novak (1987), and Locke 
(1987). 

8.10.2 Scope of Application 

Up to now, no complete and uniform the- 
ory of anodic protection and its design prin- 
ciples has been developed, especially for 
structures of complex geometric shape. Er- 
rors made can lead to catastrophic corrosion 
and breakdown. However, empirical princi- 
ples of its application have been developed. 
Anodic protection can be applied when: 

- the anodically polarized metal shows the 
presence of a passive state range not 
smaller than 50 mV, in which metal dis- 

solution is insignificant. If connections of 
several metals occur in the structure, then 
their passive state ranges should at least 
partially develop, 

- the structure is characterized by electric 
continuity, and the flow of polarizing cur- 
rent is ensured to all regions having con- 
tact with the aggressive environment, 

- the medium is of good conductivity and 
stable during operation of the protective 
installation. 

Up to the present time, anodic protection 
of chemical apparatus (tanks, cisterns, heat 
exchangers, reactors) is the most developed 
and frequently used anodic protection of 
carbon steels and high alloy steels. Also, ti- 
tanium equipment is protected by this meth- 
od (Montuelle 1978; Kuzub, 1983). Anodic 
protection of carbon steels is especially ef- 
fective in diluted (to 20%) and concentrat- 
ed (above 60%) sulfuric acid and oleum 
(Juchniewicz et al., 1966). Although car- 
bon steel in sulfuric acid of concentration 
exceeding 80% passivates without the use 
of an external current, in these conditions it 
dissolves slightly. The application of anod- 
ic protection decreases the corrosion of steel 
by over an order of magnitude at ambient, 
as well as elevated, (to 8OoC) temperatures. 
Also, anodic protection is applied for 
carbon steel used in fertilizer conditions 
(for example, in a mixture of composi- 
tions 53-66% NH,N03, 14-26% NH,, and 
16-24% H20, obtaining an over 200-times 
decrease of the corrosion rate), in aqueous 
ammonia solutions, and in alkaline cellulose 
solutions (Sprott, 1984). Singbeil(l989) in- 
vestigated the effect of AP on retarding cor- 
rosion cracking of steel in the paper indus- 
try. Laboratory and industrial investigations 
have confirmed that AP can prevent the 
cracking of steel in kraft continuous digest- 
ers. Garner (1998) stated that AP has been 
applied with success in the paper industry 
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for the protection of over 50 installations of 
boiling pots and carbon steel tanks. 

Anodic protection of high alloy steels 
(chromium - nickel and chromium-nickel- 
molybdenum) is possible in all sulfuric 
acid concentrations and necessary especial- 
ly at elevated temperatures (up to approx. 
120 "C). For example, the protection of steel 
containing 18% Cr, 10% Ni, and 2% Mo in 
sulfuric acid of 20-60% concentration (at 
47°C) causes a decrease of the corrosion 
rate of over 1000 times. For a given acid 
concentration, the dissolution rate during 
anodic protection depends on the composi- 
tion of the steel and the temperature of the 
solution. 

The protection of high alloy steels has 
been successively applied in phosphoric, ni- 
tric, and sulfonic acids (Zhu 1994; Zhou et 
al. 1995; Sastry and Rao, 1983), and in pro- 
cesses where the mentioned acids are one of 
the components of the environment, for ex- 
ample, during neutralization of sulfuric ac- 
id (Linder, 1987). 

Titanium in sulfuric and hydrochloric ac- 
ids easily undergoes corrosion, but easily 
passivates during anodic polarization. For 
example, anodic protection in 40% H2S0, 
at 60 "C decreases the corrosion rate of tita- 
nium by 1100 times. Also, anodic protec- 
tion of this metal is applied in solutions con- 
taining chloride ions, especially in hydro- 
chloric acid. The corrosion rate of titanium 
in 30% HCl at 80 "C after the application of 
protection decreases by approximately 800 
times. More information can be found in the 
works of Locke (1987) and Kuzub and No- 
vitskij (1984). 

8.10.3 Characteristics of the Method 

A short summary of the AP method is giv- 
en below. The main advantages of AP are: 

significant extension of the operation 
time of metal structures, frequently made 

of expensive materials (e.g., high alloy 
steels, titanium), 

0 the possibility of replacement of expen- 
sive materials with less expensive ones in 
some cases (e.g.. alloy steels with carbon 
steels), 
retardation of some types of local corro- 
sion (intercrystalline, selective, stress), 
high throwing power, due to which pro- 
tection of apparatus of complicated shapes 
is possible (pumps, coolers), 

0 a decrease of the impurity content (cor- 
rosion products) in chemical media, 
which is of great importance in the pro- 
duction of artificial fibers, and in the 
pharmaceutical and food industries, and 
relatively low operating costs due to the 
application of low currents maintaining 
the passive state. 

The disadvantages and limitations of 
anodic protection are as follows: 

0 the possibility of use only in metal-elec- 
trolyte systems showing the passive state, 
high initial installation cost, 
required failure-free operation of control- 
regulation systems, 
high initial polarizing current, and 

0 designing difficulties. 

8.10.4 Functioning and Equipment 

8.10.4.1 Operating Parameters 

The basic parameters of operating condi- 
tions and effectiveness for anodic protection 
are determined from the potentiostatic anod- 
ic polarization curves. They are as follows: 

a critical passivation current density 
(jcrit) which is essential for crossing the 
critical passivation potential (Epp), 
a potential range in which the metal is in 
the passive state (AEp = E,, - Epp), and 
a current density for maintaining the pas- 
sive state (jpass). 
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Table 8-13. The AP current parameter values of chosen metals and alloys. 

Construction material Environmental Critical passivation Passivation 
conditions current density current density 

(A m-2) (mA m-2) 

S. Steel - 18% Cr, 9% Ni 
S. Steel - 18% Cr, 9% Ni 
S. Steel - 18% Cr, 10% Ni, 2% Mo 
Carbon steel 95.6% H2SO4,25 "C - 
Titanium 78% H2S04, 25 "C 10 

30% H2SO4,24 "C 5.5 

67% H2SO4, 24°C 
67% H2S04, 24°C 50 

5 

Titanium 20% HCI, 80°C 13 

240 
40 

1 
100 
10 
40 

In Table 8- 13, examples of anodic protec- 
tion are given. 

The listed parameter values depend on 
the type of metal or alloy, as well as on the 
properties of the aggressive environment. It 
should be kept in mind that current param- 
eter values also depend on the technique of 
polarization curve determination, and pri- 
marily on the potential change rate. More 
information on this subject is given by Fo- 
roulis (1980) and Webster (1989). 

In the passive state potential range (AEJ,  
frequently a section characterized by the 
most advantageous passivating current den- 
sities is found, the so-called useful anodic 
protection range. The protective system 
should maintain potential values in this 
range. Varying the conditions of opera- 
tion of the protected object resulting from 
technological processes (e.g., temperature 
changes, pH, chemical composition) can, 
however, impose other potential values of 
the passive state. The chosen value or range 
of protective potential values should ensure 
complete passivation of the polarized object 
in all operating conditions. 

8.10.4.2 Electric Systems 

A typical schematic diagram of an anod- 
ic protection system is presented in Fig. 
8-36. This system is made up of two basic 
circuits: 

1 .  the power circuit connecting the output 
of the potentiostat with the auxiliary elec- 
trode (cathode) and the protected struc- 
ture, and 

2. the regulating circuit (potential) connect- 
ing the input of the potentiostat and the 
potential meter with the reference elec- 
trode and the protected structure. 

Technical solutions for each anodic pro- 
tection installation differ depending on the 
type and size of the protected structure, the 
character of the environment, and the pola- 
rization method. 

sensing controller 
L 

Figure 8-36. Schematic diagram of an anodic protec- 
tion system [ASM Handbook (1987), reprinted by per- 
mission]. 
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8.10.4.3 Potentiostats 

In anodic protection installations, poten- 
tiostats are used in principle, i.e., dc current 
sources with an electronic system ensuring 
the maintenance of a given potential value 
on the surface of polarized metal. Industri- 
al potentiostats differ from laboratory ones 
by their significantly higher power output. 
Usually, a ten-fold excess of power of the 
potentiostat is assumed in relation to the 
power calculated on the basis of the current 
required for maintaining the passive state. 
Approximate parameters of industrial PO- 

tentiostats are as follows: 

0 output voltage: 5-50 V, 
0 output current: 20-60 A, 
0 accuracy of maintaining 

the applied potential: approx. k 10 mV 
0 response time: up to 2 s. 

There are cases when there is no need to 
use expensive potentiostats, and anodic pro- 
tection can be realized by the use of other 
dc current sources, for example, stabilized 
power supplies. These current sources can 
only be used when the metal is character- 
ized by a wide passive state range, e.g., 
0.8 V, and the current needed for maintain- 
ing this state varies insignificantly with 
time. This is connected with the stable con- 
ditions of working of the structure, for ex- 
ample, a tank of 18/8 type steel storing 
H,S04 (practically constant acid level, ther- 
mal, hydrodynamic conditions, etc.). More 
information on potentiostats can be found in 
the works of Rickert (1987) and Zhuo and 
Lin (1992). 

8.10.4.4 Cathodes 

Auxiliary electrodes used in anodic pro- 
tection systems should have appropriate 
properties, especially high stability in giv- 
en chemical environments. Thus the choice 

of material depends mainly on the type of 
environment. In anodic protection practice, 
the following types of material are used: 
high alloy chromium-nickel steels (in acid 
solutions, ammonia), molybdenum (in sul- 
furic acid), ferrosilicon alloys (in inorganic 
salt solutions and sulfuric acid), nickel (in 
alkaline media), and also copper (in sulfur- 
ic acid). 

Construction designs of cathodes vary. At 
most times, they are bars (cylinders) placed 
inside the protected structure not far from 
the bottom. Also, cathodes in the form of 
wire and spirally wound tapes are used. The 
geometric location of cathodes inside the 
structures should ensure a more or less uni- 
form electric field distribution. A signifi- 
cant role in the work of the protective system 
is played by the surface area of the cathode. 
At too small cathode areas, intensive liber- 
ation of hydrogen can occur (high cathodic 
current density) and a connected increase of 
the power circuit resistance. A too high cath- 
ode area (small cathodic current density), 
may in some cases lead to rapid corrosion 
of the cathode (e.g., chromium-nickel steel 
in sulfuric acid) and contamination of the 
environment. It may be stated that the most 
advantageous is a cathodic current density 
that will ensure cathodic protection of the 
auxiliary electrode under given conditions, 
and at the same time will not cause libera- 
tion of hydrogen, that is 

ECP < ECE < En (8-46) 

where ECE is the potential of the auxiliary 
electrode, Ecp the cathodic protection po- 
tential of the auxiliary electrode, and EH the 
hydrogen liberation potential on the auxil- 
iary electrode. 

The geometric dimensions of the cathode 
have a significant effect on the voltage Val- 
ue between the anode and the cathode. For 
small areas of the cathode, maintenance of 
the protective potential of the structure re- 
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quires using high voltages. With an increase 
of the surface area of the cathode the volt- 
age decreases. So far, anodic protection of 
chromium-nickel steel in sulfuric acid has 
shown that the ratio of 1 - 10 cm2 of the cath- 
ode area to 1 m2 of protected surface is ad- 
vantageous. More information is given by 
Locke (1984) and Liu et al. (1993). 

8.10.4.5 Reference Electrodes 

Continuous control of the potential of 
protected structures requires application of 
appropriate reference electrodes adapted to 
long term, reliable work in given operating 
conditions. Two types of electrodes have 
been prepared: closed, with a salt-bridge, 
and open, immersed directly in the corro- 
sion environment. 

Closed electrodes have their own internal 
electrolyte of a strictly determined compo- 
sition; they usually have a complex struc- 
ture but ensure a higher potential measure- 
ment (control) accuracy. Their indications 
to a smaller degree depend on the composi- 
tion and temperature changes of the envi- 
ronment. The following are the most fre- 
quently used electrodes of this type: calo- 
mel, silver chloride, mercury sulfate, and 
mercury oxide. A list of reference electrodes 
used in anodic protection with reference 
to published papers is given in Novak 
(1 987). 

Electrodes directly immersed in the cor- 
rosion environment are simpler in structure, 
but less accurate. Electrodes of this type, de- 
pending on the type of environment, can be 
made from different materials. The follow- 
ing are used: platinum covered with plati- 
num dioxide (Pt/PtO,), molybdenum, tung- 
sten, Armco iron, and others. More infor- 
mation can be found in the works of Riggs 
and Locke (1981), Novak (1987), Siebert 
(1981), and Krikun et al. (1981). 

8.10.4.6 Polarization Method 

As already mentioned, no general princi- 
ples concerning the design of anodic protec- 
tion systems have been prepared up to now. 
Such problems as the number and location 
of cathodes and reference electrodes are 
solved experimentally. However, on the ba- 
sis of information obtained for many indus- 
trial objects with anodic protection, some 
principles may be established concerning 
the method of polarization of the structure 
(Foroulis, 1980). 

In the industrial operation of anodic pro- 
tection, two stages can be distinguished: in- 
itial polarization and operating polarization. 
Initial polarization causes a change of the 
potential from the value corresponding to 
the active state to values lying in the pas- 
sive range. The degree of difficulty of real- 
ization of this stage depends on many fac- 
tors, including the aggressiveness of the en- 
vironment, the type of metal, the state of its 
surface, dimensions of the structure, etc. 

Operating polarization is used to main- 
tain the structure potential in the passive 
range during long-term operation. The cur- 
rent required for maintaining protection de- 
pends on many factors resulting from a giv- 
en technological process, namely, the level 
of electrolyte present, the temperature, the 
intensity of solution stirring, changes of the 
chemical composition, etc. Variable operat- 
ing conditions require the application of po- 
tentiostats of 5 -  100-fold higher power than 
results from the current required for main- 
taining the passive state (determined on the 
basis of the anodic polarisation curve). 

8.10.4.7 Protection Range 

During realization of anodic protection, 
approximate knowledge of its functioning is 
at least required, that is, of the potential dis- 
tribution on the protected surface of the 
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structure, especially in pipes, niches, hol- 
lows, etc. The range depends on the meth- 
od of realization of protection. 

Before proceeding with the implementa- 
tion of anodic protection, whether protec- 
tion will be provided for a given element of 
a large structure (e.g., a tank, pump), while 
the remaining parts (e.g., pipelines drawing 
and transferring the corrosion medium) will 
be electrically insulated, or whether the 
whole structure is to be protected, should be 
determined. In the second case, formation 
of the partial passivation state cannot be per- 
mitted, as at the end of the passive zone in- 
creased corrosion of the metal will occur. 
The structure should be passivated by other 
methods (e.g., chemical passivation) and 
only after that can the passive state be main- 
tained with an anodic protection system. At 
the same time, it is necessary to control the 
potential at different points of the protected 
structure. More information on this subject 
is given by Novak et al. (1982, 1986). 

- 

- 

Figure 8-37. Anodic protection of a tank with concen- 
trated sulfuric acid: a) potentiostatic curve of carbon 

I 4 -  steel in 94% H2S04, b) protection system, with 1 tank, 

8.10.5 Case Study 

The example below of anticorrosion pro- 
tection of a steel tank containing concentrat- 
ed sulfuric acid is an illustration of the in- 
dustrial application of the anodic protection 
method. 

A tank of 50 m3 volume and internal sur- 
face 80 m2 made of carbon steel contains 
92-96% H2S04 at ambient temperature. 
The anodic polarization curve of steel in 
94% H2S04 is given in Fig. 8-37 a, while a 
schematic diagram of the location of anod- 
ic protection installation elements in the 
tank is shown in Fig. 8-37 b, (Kolotyrkin et 
al., 1971). 

A single ferrosilicon cathode was used in 
the form of a cast, 40 mm in diameter and 
400 mm in length. This was attached to the 
structure by teflon insulation, which is si- 
multaneously the electric cable tube. The 
mercury sulfate electrode was applied with 
a salt bridge filled with H2S04 solution 
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of 5 mol dmP3 concentration. Its potential 
against the calomel electrode was equal to 
+ 360k 10 mV. 

The tank was filled to 2/3 rds of the vol- 
ume (surface of approx. 60 m2) with sulfur- 
ic acid. Next, the tank was polarized with a 
30 A current and 10 V voltage for 20 min, 
after which the current parameters were re- 
duced. During operation, the potential of 
steel was maintained by a potentiostat at an 
average value of -t 1.2 V versus the mercu- 
ry sulfate electrode at a current intensity of 
1.5 -2 A. As a result of application of anod- 
ic protection, the contents of iron in the 
stored sulfuric acid decreased by ten times. 

8.11 Further Development 
of Electrochemical Protection 

8.11.1 Recent Developments 

The costs of corrosion systematically ris- 
ing in industrial countries have led to in- 
creased interest in cathodic and anodic pro- 
tection methods in investigations, as well 
implementation aspects. The largest devel- 
opment was observed recently in the area of 
electrochemical protection in three direc- 
tions: 

0 computerization and training, 
0 monitoring and CP criteria, 
0 cathodic protection of reinforced con- 

crete. 

The preparation of computer databases, 
expert systems, and software facilitating the 
designing process, and service of protection 
installations are great achievements. The 
knowledge databases, for example, the one 
published by NACE and systematically sup- 
plemented International Abstracts of the 
World’s Corrosion Control Literature COR- 
AB, contain over 3000 abstracts on cathod- 
ic and anodic protection gathered from 

1980. The database, available in form of a 
CD, and also through the Internet, ensures 
rapid access for engineers and scientists to 
documented experience in this field from 
over 150 sources from the whole world. The 
number of expert systems and calculation 
software programs concerning different 
fields of cathodic protection technology is 
constantly increasing: choice of materials, 
designing, control of installations opera- 
tion (data gathering and result analysis), 
evaluation of operation effectiveness, repairs 
and replacement of elements (Wegener, 
1991; Mayer et al., 1992; Harris, 1986; 
Nicholas, 1988; van Blaricum and Kumar, 
1994a, b). 

As to training, many universities and 
technical organizations (e.g., NACE) pre- 
pare specialists in the field of CP. In spite of 
significant efforts, there is still a lack of ex- 
perts in this field. 

In the field of monitoring CP, the devel- 
opment of measurement techniques can be 
noticed, especially concerning the control 
of insulated pipelines (CIPS and DCVG 
methods). Remote monitoring systems are 
used and cordless monitoring is investigat- 
ed (Croal, 1997; Rodrigues, 1996). The GPS 
satellite system has recently been used for 
the location of measurement points. There 
is still a lack of verified CP monitoring 
methods in onshore and offshore pipeline 
corridors (Harris, 1986; Britton, 1989; We- 
gener, 1991; Mayer et al., 1992; Polak et al., 
1997). 

Work is being carried out on new on-line 
monitoring systems of CP effectiveness. 
The start of production by some firms of 
complicated portable apparatus for electro- 
chemical investigations, allowing measure- 
ments in field conditions, should be men- 
tioned. The SOLARTRON SI 1280 corro- 
sion monitor and Gamry Instruments appa- 
ratus can be mentioned here. The develop- 
ment of apparatus in this direction holds 
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promise for the use of modern, computer- 
aided diagnostic methods, such as electro- 
chemical impedance spectroscopy, harmon- 
ic analysis, measurements of electrochemi- 
cal noise for measuring the corrosion cur- 
rent of cathodically polarized structures 
(Juchniewicz and Jankowski, 1993; Jan- 
kowski, 1998 b). Development of the instant 
corrosion rate measurements in CP condi- 
tions should enable in the near future re- 
placement of obsolete thermodynamic CP 
criteria with more rational kinetic criteria. 

Cathodic protection of reinforced con- 
crete absorbs many scientists and users 
due to safety and economic considerations 
in the use of reinforced-concrete structures. 
The introduction of highly stable titanium 
mesh anodes, coated with catalytic oxides 
(MMOs) for cathodic protection (bridges, 
viaducts, offshore structures) etc., and also 
realkalization processes and the extraction 
of chlorides from these structures is a great 
success. Further investigations are required 
for anodic systems due to the possibility of 
acidification and damage of the concrete 
structure (Wyatt, 1993). 

Knowledge of CP parameters of struc- 
tures used in difficult conditions, such as 
deep oceanic waters and permafrost, is in- 
creasing (Brandt, 1997; Klechka, 1989; 
Mitchell et al., 1997). 

Modern achievements in the fields of CP 
and AP favorably point to further develop- 
ment of these technologies, and to the over- 
coming of corrosion problems in the 21st 
century (Juchniewicz, 1998). 

8.11.2 Future Prospects 

The future of cathodic protection is 
stricter connection of this technology with 
modern organic coatings, insulation, lin- 
ings, and corrosion inhibitors. At the end of 
the 20th century enormous progress has 
been made, but still many technical prob- 

lems need to be explained and solved 
(Payer et al., 1997). 

Connection of CP technology with other 
anticorrosion protection methods will re- 
quire significant engagement in the field of 
basic investigations, especially in electro- 
chemistry, to ensure deep cathodic polariza- 
tion of a metal with the engagement of var- 
ious factors similar to symbiosis in nature. 

It is predicted that international co-oper- 
ation in this field will lead to a drastic de- 
crease in CP current density, development 
of new, less expensive anodic materials, 
miniaturization of power sources, and de- 
velopment of new protection effectiveness 
monitoring methods, not necessarily con- 
nected with potential measurements (Ba- 
boian and Haynes, 1983; Solomon et al., 
1993; Miiller Filho et al., 1998). 

In the near future, the use of potential CP 
criteria may be expected to decrease, giving 
way to the so-called kinetic criteria based 
on direct corrosion rate measurements of ca- 
thodically and anodically protected struc- 
tures. Cordless, remote monitoring of CP in- 
stallations will be widely used. Corrosion 
breakdowns caused by stray currents will be 
limited (Perry, 1994). 

In the implementation sphere, wider ap- 
plication of CP for complex protection of 
underground municipal and industrial infra- 
structure should be expected, where losses 
caused by corrosion are immeasurably high 
(Calvarano et al., 1997). 

CP methods will become widespread and 
compulsory, especially in Europe (where 
new corrosion standards are being intro- 
duced - CEN), for anticorrosion protection 
of pipelines and tanks containing aggressive 
media, which can pollute the environment. 

In the sphere of exchange of information 
and training of specialists in CP, an increase 
in the use of multimedia will be seen, which 
will allow integration of corrosion engi- 
neers on an international scale. Even today 
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rapid methods of finding information are 
known with the use of electronic mail and 
the Internet. One may expect that specialist 
information exchange banks connected 
through WWW will be formed, as well as 
consulting centers and consulting groups in 
the field of electrochemical protection. Prob- 
ably, due to increasing needs, new teaching 
directions will be formed, taking into ac- 
count teaching at technical universities from 
the first year of corrosion engineers special- 
izing in electrochemical protection. 

Due to easier access to information and 
better training, and thus a greater social 
awareness, an unquestionable improvement 
should be noticed in the management of 
anticorrosion protection in industrial enter- 
prises and municipal, regional, and nation- 
al organizations. This will help in avoiding 
errors where a significant role is played by 
the so-called human factor, leading to the 
wide application of electrochemical protec- 
tion for extending the operation time of met- 
al structures (Trethewey and Roberge, 1995; 
1997a, b). 

8.12 References 

Aharoni, S. M. (1971), J. Appl. Phys. 43, 2463. 
Alberizzi, M. (1997), in: 4th Int. Conference, 

CEOCOR’97, Wien: OVGW p. C197-108. 
Al-Kadhimi, T. K. H., Banfill, P. F. G., Millard, S. G. 

(1995), in: CORROSION’95: Orlando, Houston: 
NACE, Paper No. 95020. 

Ali, M. G., Rasheeduzzafar, Dr (1991), Corros. Prev. 
Control 38, 132. 

Ames, D. W. (1989). in: 2nd Con& on Cathodic Pro- 
tection Theory and Practice, Stratford upon Avon: 
ICST London, Paper No. 19. 

ANSI/API 65 1 - 1992 ( 1  992) Cathodic Protection of 
Aboveground Petroleum Storage Tanks. 

Ansuini, F. J. (1996), in: Proc. Con& on Aboveground 
and Underground Storage Tank, Krause D., Leb- 
mann E. (Eds.), Houston: NACE, pp. 277-293. 

Applegate, L. M. (1960), Cathodic Protection. New 
York: McGraw-Hill. 

Arup, H., Klinghoffer, O., Mietz, J. (1997), in, COR- 
ROSION’97: New Orleans, Houston: NACE, Paper 
No. 243. 

Ashworth, V. (1986), Cathodic Protection Theory and 
Practice. Chichester, U.K.: Ellis Horwood, pp. 

ASM Handbook (1987), Corrosion, Vol. 13, Materials 
Park, OH: ASM Int., p. 464. 

Baboian, R. (Ed.) (1995), Corrosion Tests and Stan- 
dards, Application and Interpretation. Philadel- 
phia, PA: ASTM. 

Baboian, R., Haynes, G. (1983), Muter: Perform. 
22(10), 15. 

Backer, M. S. (1997), Matev. Perform., 36(8),  18. 
Baeckmann, W. (1983), Werkst. Korros. 34, 230. 
Baeckmann, W., Prinz W. (1983), Corros. Australa- 

sia 8, 4. 
Baeckmann, W., Schwenk, W. (197 I) ,  Handbuch des 

Kathodischen Korrossionschutzes. Weinheim: Ver- 
lag Chemie. 

Baeckmann, W., Schwenk, W. (1971), Handbuch des 
Kathodischen Korrossionschutzes. Weinheim: VCH. 

Baeckmann, W., Schwenk, W., Prinz, W. (1997), 
Handbook of Cathodic Corrosion Protection: The- 
ory and Practice of Electrochemical Protection 
Processes, 3rd ed. Houston: Gulf. 

Barlo, T. J. (1994), Field Testing the Criteria for 
Cathodic Protection of Buried Pipelines. Arling- 
ton, VA: American Gas Association, Catalog No. 
L 51715. 

Barlo, T. J. (1996), in: CORROSION’96: Houston: 
NACE, Paper No. 203. 

Barlo, T. J. (1997), Corros. Muter: 22(1),  4, 18, 24. 
Barlo, T. J., Berry, W. E. (1984), Muter. Perform, 

Barnard, K. N. (1948), Can. J. Res. 26, 374. 
Bash “Roy”, L. A. (1996), in: CORROSION’96: 

Houston: NACE, Paper No. 200. 
Bazzoni, A., Bazzoni, B ., Lazzari, L., Bertolini, L., 

Pedeferri, P. (1996), in: CORROSION’96: Houston: 
NACE, Paper No. 312. 

Bazzoni, B., Lazzari L. (1996), in: CORROSION’96: 
Houston: NACE, Paper No. 202. 

Beasley, C., Barrien, P. (1987), in: CORROSION’87: 
Houston: NACE, Paper No. 32. 

Beattie, G. A,, Hubbard, J. C., Rowlands, J. (1990), 
in: I 1  th Int. Corrosion Congress, Florence, Vol. 2: 

Beavers, J. A., Thompson, N. G. (1996), in: COR- 
ROSION’96: Houston: NACE, Paper No. 208. 

Beavers, J. A., Thompson, N. G., Coulson, K. E. W. 
(1993). in: CORROSION’93: Houston: NACE, 
Paper No. 597. 

13-30. 

23(9), 9. 

pp. 2111-2118. 

Beer, H. B. (1958), British Patent 855107. 
Benedict, R. L. (Ed.) (1986), Classic Papers and Re- 

views on Anode Resistance Fundamentals and Ap- 
plications. Houston: NACE. 

Bennett, J. (1993), in: 12th Int.  Corrosion Congress, 
Houston: NACE International, pp. 3220-3224. 

Bennett, J., Broomfield, J. P. (1997), Muter: Perform. 
36(12) 16. 

Bennett, J. E., Mitchell, T. A. (1992), in: CORRO- 
SION’92: Houston: NACE, Paper No. 191. 



464 8 Cathodic and Anodic Protection 

Berendsen, A. M. (1989), Marine Painting Manual. 
London: Graham & Trotman, p. 306. 

Bertolini, L., Bolzoni, F., Pedeferri, P., Pastore, T. 
(1997), in: CORROSION’97: New Orleans, Hous- 
ton: NACE, Paper No. 244. 

Bertolini, L., Bolzoni, F., Pedeferri, P., Pastore, T. 
(1998 a), in: CORROSION’98: San Diego, Houston: 
NACE, Paper No. 639. 

Bertolini, L., Bolzoni, F., Lazzari, L., Pastore, T., Ped- 
eferri, P. (1998b), J. Appl. Electrochem, 28 (12) 
1321. 

Bianchetti, L. R. (1993), in: CORROSION’93: New 
Orleans, Houston: NACE, Paper No. 16. 

Bohdanowicz, W., Krakowiak, J. (1996), in: Vth 
Polish Conference CORROSION’96 - Theory and 
Practice, Gdansk, Vol. 2: TUG Gdansk, pp. 
325-328 (in Polish). 

Bow, E. K. (1993), in: CORROSION’93: New Orleans, 
Houston: NACE, Paper No. 20. 

Brandt, J. A. (1997), in: CORROSION’97: New 
Orleans, Houston: NACE, Paper No. 479. 

Brebbia C. A., Telles J. F. C., Wrobel L. C. (1983), 
Boundary Element Techniques - Theory and Appli- 
cations in Engineering. Berlin: Springer. 

Brichau, F., Deconinck, J. (1994), Corrosion 50, 39. 
Britton, J. N. (1989), in: CORROSION’89: Houston: 

Britton, J. N. (1991), Muter. Perform. 30(2), 30. 
Broomfield, J. P. (1997), in: CORROSION’97: New 

Orleans, Houston: NACE, Paper No. 253. 
Brousseau, R., Baldock, B., Pye, G., Gu, P. (1997), in: 

CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 239. 

Brown, R. P., Tinnea, J. S. (1991), Muter. Perform. 
30(8), 28. 

BS7361 (1991), Cathodic Protection Part 1. Code of 
Practice for Land andMarine Application. London: 
BSI. 

NACE, Paper No. 578. 

Burkhart, W. H. (1980), Corrosion 36,7. 
Calvarano, M., Condanni, D., Bazzoni, B. ( I  997), in: 

CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 324. 

Cameron, R. M., Halliday, W. S., Stryker, R. A. 
(1993), in: Proc. 3rd Int. Con$ on Pipeline Risk 
Assessment, Rehabilitation and Repair, Houston: 
Gulf Publ. Co., Paper No. 17. 

Carpentiers, P., Pourbaix, A,, Blumenfrucht, I., Werk- 
man, J., Gregoor, R., De Ridder, K. (1998), in: 
EUROCORR’98, Utrecht: NCC, AC Bilthoven, 
CD-Rom. 

Carson, J. A. H. (1986), in: Classic Papers and Re- 
views on Anode Resistance Fundamentals and Ap- 
plications: Benedict R. L. (Ed.), Houston: NACE, 

Carson, S. L., Orazem, M. E. ( I  999), J. Appl. Electro- 

Caudle, D. D. (1986), Pet. Eng. Int. 58, 39,42. 
Chaker, V., Lindemuth, D. (1994), Stray Current Cor- 

rosion - The Past, Present, and Future ofRail Tran- 
sit Systems. Houston: NACE, Paper No. 18. 

pp. 60- 107. 

chem., 29 (6) 707. 

Chmilar, J. F., Holtsbaum, W. B. (1993), in: COR- 
ROSlON’93: New Orleans, Houston: NACE, Paper 
No. 567. 

Ciuffreda, A. R., Ross, R. W., Sanders, B. J. (Eds.) 
(1990), Proc. 1st Int. Symp. on Aboveground Stor- 
age Tanks, Houston. MTICPI Inc., St. Louis. 

Collins, P. A., Garrity, K. C., Pieper, C. J., Siegel, R. 
P., Smith, P. J., Tesch, G. E. (1992), in: Proc. 2nd 
Int. Symp. on Aboveground Storage Tanks, Hous- 
ton. MTICPI Inc., St. Louis. 

Cotton, J. B., Williams, E. C., Barber, A. H. (1939, 
British Patent 877901. 

Croall, S. (1997), Muter. Perform. 36(7), 14. 
Crundwell, R. F. (1989), in: 2nd Con$ on Cathodic 

Protection Theory and Practice, Stratford upon 
Avon: ICST London, Paper No. 1 I .  

Darowicki, K., Orlikowski, J. (1999), J. Electrochem. 
SOC., 146, 663. 

Darowicki, K., Orlikowski, J., Walaszkowski, J. (1998), 
Corros. Sci. 40, 93 1. 

Davis, J. G. (1990), Matel: Perform. 29(9), 16. 
Davy, H. (1824), Phil. Trans. Roy. SOC. 114, 151. 
Dearing, B. M. (1994), Muter. Perform. 33(9), 23. 
DeCarlo E. A. (1989), Collected Papers on Cathodic 

Protection Current Distribution: Thomasson W. H. 
(Ed.), Houston: NACE, pp. 39-45. 

Dehghanian,C.,Root,C. R.,Locker,C. A. (1993, in: 
Corrosion in Prestressed Concrete: Pipes, Piles, 
Decks: Szeliga, M. J. (Ed.). Houston: NACE, pp. 
15-20. 

Devay, J., Meszaros, L. (1979), Acta Chim. Acad. Sci. 
Hung. 100, 183. 

Dexter, S. C., Moettus, L. N., Lucas, K. E. (1984), 
in: CORROSION’84: Houston: NACE, Paper No. 
334. 

Dowling, G., van Ostendorp, D., Fowler, C. M., Tych- 
kin, I. A., Dolganov, M. L., Kozloz, V. P., Khori- 
kov, A. R., Zaidelson, B. S. (1993, in: 4th lnt. Con$ 
on Corrosion Prevention of the European Gas Grid 
System, Amsterdam: IBC London 

Edeleanu, C. (1954), Metallurgia 50, 112. 
Efird, K. D. (1982), Muter. Perform. 21(6), 55. 
EPA (l988), Underground Storage Tanks. Washing- 

ton: Federal Register, 53, No. 185. 
Espelid, B., Schei, B., Sydberger, T. (1996), in: COR- 

ROSION’96: Denver, Houston: NACE, Paper No. 
551. 

European Standard (CEN) ( I  996) Cathodic Protec- 
tion of Steel in Concrete, Part I -Atmospherically 
Exposed Concrete. pr EN 12696-1, Brussels 

Evans, T. E. (1989), in: 2nd Con$ on Cathodic Pro- 
tection - Theory and Practice, Stratford upon Avon: 
ICST London, Paper No. 10. 

Federal Register (l988), EPA (USA) Vol. 53, No. 207, 
Part 28 1 .  

Feliu, S., Gonzalez, J. A., Andrade, C. (1995), Cor- 
ros. Eng. 51, 79. 

Fischer, K. P. (1988), Muter. Perform. 27(1), 49. 
Fischer, K. P. (1991), in: CORROSION’91: Cincinna- 

ti, Houston: NACE, Paper No. 235. 



8.12 References 465 

Fitzgerald, 111, J. H., Kroon, D. H. (1995), Mater. Per- 
form. 34(6),  19. 

Fitzgerald, 111, J. H., Bosma, R. Paladines, F. (1998), 
in: CORROSION’98: San Diego, Houston: NACE, 
Paper No. 558. 

Flounders, E. C., Danilyak, B. M. (1995), Mater. Per- 
form. 34(3),  17. 

Foroulis, Z. A. (1980), Anti-Corrosion, 27, 11. 
Foster, T. (1988), in: CORROSION’88: Houston: 

NACE, Paper No. 27. 
Fu, W. (1989), in: Collected Papers on Cathodic Pro- 

tection Current Distribution: Thomasson w. H. 
(Ed.), Houston: NACE, pp. 87-98. 

Funahashi, M., Bushman, J. B. (1991), Corrosion 
47(5),  381. 

Funahashi, M., Young, W. T. (1997), Report FHWA- 

Funahashi, M., Young, W. T. (1998), Report FHWA- 

Funk, D., Schoneich, H. G. (1997), in: 4th Int. Con& 
CEOCOR’97, Wien: OVGW pp. A-1 - 17. 

Funke, W. (1986), in: Polymeric Materials for Corro- 
sion Control: Dickie, R. A,, Floyd, F. L. (Eds.). ACS 
Symposium, Series 322. Washington: ACS. 

Garner, A. (1982), Mater. Perform. 21 (5). 43. 
Garner, A. (1998), private communication. 
Gartland, P. O., Johnsen, R. (l989), in: Collected Pa- 

pers on Cathodic Protection Current Distribution: 
Thomasson W. H. (Ed.), Houston: NACE, pp. 

RD-96- 17 1. 

RD-96- 17 1. 

107-120. 
Geppert, H., Liese, K. (1910), .I. Gasbel. 53, 953. 
Glass, G. K., Buenfeld, N. R. (l995), Corros. Sci. 37, 

Glass, G. K., Chadwick, J. R. (1994), Corros. Sci. 36, 

Glass, G. K., Hassanein, A. M., Buenfeld, N. G. 

Goellner, J., Garz, I., Meyer, K. (1986), Korrosion 

Grafen, H., Kuron, D., Paulekat, F. (1991), Werkst. 

Guldager, A. (1998). private communication. 
Gummow, R. A. (1993), in: CORROSION’93: New 

Orleans, Houston: NACE, Paper No. 564. 
Haney, E. G. (1985), in: CORROSION’85: New 

Orleans, Houston: NACE, Paper No. 3 11. 
Hargarter, E. (1983), Schiflautechn. 76, 9 1. 
Haroun, M. (1992), in: CORROSION’92: Nashville, 

Harris, D. C. (1986), Chim. Ind., 65, 169. 
Hartman, Dr R. B., Hillier, W. H. (1997), in: 

CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 250. 

Hartt, W. H., Chen, S. (1995), in: CORROSION’95: 
Orlando, Houston: NACE, Paper No. 316. 

Hartt, W. H., Chen, S., Townley, Dan. W. (1997), in: 
CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 474. 

Haruyama, S., Asari, M., Tsuru, T. (1987), in: Proc. 
Symp. on Corrosion Protection by Organic Coat- 

1643. 

2193. 

(1997), Corros. Sci. 39, 1451. 

(Dresden) 17, 244. 

Korros. 42, 643. 

Houston: NACE, Paper No. 483. 

ings. Scantlebury D., Kendig M. (Eds.), Penning- 
ton, NJ: The Electrochemical Society, p. 197. 

Harvey, D. W. (1994), Mate,: Perform. 33(8),  23. 
Hayfield, P. C. S. (1998a), Platinum Met. Rev. 42, 27. 
Hayfield, P. C. S. (1998 b), Platinum Met. Rev. 42, 46. 
Hayfield, P. C. S. (19984, Platinum Met. Rev. 42, 116. 
Heidersbach, R. H. (1987), in: Metals Handbook, Vol. 

13, Corrosion, 9th ed: Korb J., Olson D. L. (Eds.), 
Metals Park, OH: ASM International, p. 466. 

Heidersbach, R., Fu, J., Erbar, R. (Eds.) (1986), Com- 
puters in Corrosion Control. Houston: NACE. 

Heidersbach, R. H., Baxter, R., Sman, J. S., Haroun, 
M. (1987), in: Metals Handbook, Vol. 13, Corro- 
sion, 9th ed: Korb J., Olson D. L. (Eds.), Metals 
Park, OH: ASM International, p. 919. 

Heitz, E. (1995), Br. Corros. J.  30, 105. 
Henthorn, M. (1980), in: Materials Engineering II: 

Controlling Corrosion in Process Equipment: 
McNaughton K. J. (Ed.), New York; McGraw-Hill, 
p. 229. 

Hoar, T. P. (1938), J. Electr. Techn. SOC. 14, 33. 
Huang, Y., Lin, J., Zheng, Z., Xu, S. (1994), Corros. 

Sci. Protection Tech. 6 ,  284. 
Inagaki, S., Fukakura, J., Miyazaki, M., Shoji, T. 

(1995), in: Proc. Int. Symp. on PlantAging and Life 
Prediction of Corrodible Structures, Sapporo: 
Shoji T., Shibata T. (Eds.), Houston: NACE, pp. 

Ives, D. J. G., Janz, G. J. (1961), Reference Electrodes, 
Theory and Practice, New York; Academic. 

Jack, T. R. (1994), Mater. Perform. 33(8),  17. 
Jankowski, J. (1997), in: Proc. 4th Polish Symp. New 

Achievements in Researchand Corrosion Engineer- 
ing. Poraj: TU Czestochowa, pp. 68-73 (in Polish). 

Jankowski, J. (1998a), in: Proc. of EUROCORR’98, 
Utrecht: NCC, AC Bilthoven, CD-ROM. 

Jankowski, J. (1998b), in: Proc. of Con& on Corro- 
sion Measurements in Electrochemical Protection, 
Jurata, 2-4 June: SEPPoland, pp. 63-72 (in Polish). 

Jankowski, J., Juchniewicz, R. (1994), Scientific Pa- 
pers of the Institute of Inorganic Technology and 
Mineral Fertilizers of the Wroclaw University of 
Technology, No. 41, Wroclaw, pp. 17-25 (in Polish). 

Jankowski, J., Karciarz, J. (1992), Computer Program 
IMP-CP. Technical University of Gdaiisk. 

Jensen, F., Tems, R. D. (1988), in: CORROSION’88: 
Houston: NACE, Paper No. 25. 

John, D. G., Messham, M. R. (1989), in: 2nd Int. 
Con& on Cathodic Protection Theory and Practice, 
Stratford upon Avon: ICST London, Paper No. 24. 

827-834. 

Jones, D. A. (1971), Corros. Sci. 11, 439. 
Jones, D. A. (1972), Corrosion 28, 421. 
Jones, D. A. (1986), Corrosion 42, 430. 
Jones, D. A. (1996), Principles and Prevention of Cor- 

rosion, 2nded. New York Prentice Hall, pp. 439- 476. 
Jones, D. A., Lowe, T. A. (1969), J. Mater. A.S.T.M. 

4, 600. 
Juchniewicz, R. (1960), Katodowa,protektorowa ian- 

odowa ochrona metali w technice. Warszawa: PWT 
(in Polish). 



466 8 Cathodic and Anodic Protection 

Juchniewicz, R. (1962), Platinum Met. Rev. 6,  100. 
Juchniewicz, R. (1966), Corros. Sci. 6,  69. 
Juchniewicz, R. (1988), Korrosion (Dresden) 19, 84. 
Juchniewicz, R. (1998), Przeglad Mechaniczny, 

57(13), 23 (in Polish). 
Juchniewicz, R., Hayfield, P. C. S .  (1969), in: 3rdZnt. 

Congress on Metallic Corrosion, Moscow, Vol. 3: 
Izd. MIR, p. 73. 

Juchniewicz, R., Jankowski, J. (1991), in: CORRO- 
SION’91: Cincinnati, Houston: NACE, Paper No. 
449. 

Juchniewicz, R., Jankowski, J. (1993), in: Progress in 
Understanding and Prevention of Corrosion: Cos- 
ta, J. M., Mercer, A. D. (Eds.). London: EFC, Vol. 

Juchniewicz, R., Sokblski, W. (1983, Muter. Perform. 
24(7), 26. 

Juchniewicz, R., Sokblski, W. (1986), in: CORRO- 
SION’86: Houston: NACE, Paper No. 38. 

Juchniewicz, R., Sokblski, W. (1996), in: Proc. Con$ 
Corrosion Measurements in Electrochemical 
Protection, 12-14 June, Jurata: SEP, p. 19 (in 
Polish) . 

Juchniewicz, R., Pompowski, T., Walaszkowski, J. 
(1966), Corros. Sci. 6, 25. 

Juchniewicz, R., Walaszkowski, J., Bohdanowicz, W., 
Widuchowski, A. (1981), in: 8th Int. Congress on 
Metallic Corrosion, Mainz: DECHEMA, Frankfurt, 

Juchniewicz, R., Bohdanowicz, W., Walaszkowski, J., 
Sokblski, W., Rozwadowski, J. (1989a), Ochrona 
przed Korozja 32, 197 (in Polish). 

Juchniewicz, R., Jankowski, J., Szukalski, J. (1989b), 
in: 2nd Int. Con$ on Cathodic Protection Theory 
and Practice, Stratford upon Avon: ICST London, 
Paper No. 4. 

Juchniewicz, R., Krakowiak, S . ,  Jankowski, J. (1995), 
Ochrona przed Koroaa, 38, 197 (in Polish). 

Juchniewicz, R., Szukalski, J., Jankowski, J. (1997), 
Przeglad Mechaniczny 56(6)  26 (in Polish). 

Kasper, R. G., April, M. G. (1989), in: Collected Pa- 
pers on Cathodic Protection Current Distribution: 
Thomasson W. H. (Ed.), Houston: NACE, pp. 

Kendig, M. W., Addison, R, Jeanjaquet, S .  (1989), in: 
Proc. Con$ on Advances in Corrosion Protecton 
by Organic Coatings, Cambridge, April 11 - 14: 
Scantlebury D., Kendig M. (Eds.), The Electro- 
chem. SOC., New York, pp. 8-20. 

Kennelley, K. J., Mateer, M. W. (1993), in: COR- 
ROSION’93: New Orleans, Houston: NACE, Paper 
No. 523. 

Kennelley, K. J., Bone, L., Orazem,M. E. (1993), Cor- 
rosion 49, 199. 

Kessler, R. J., Powers, R. G., Lasa, I. R. (1996), in: 
CORROSION’96: Denver, Houston: NACE, Paper 
No. 327. 

Kessler, R. J., Powers, R. G., Lasa, I. R. (1997), in: 
CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 235. 

2, pp. 1401-1408. 

p. 1008. 

55-62. 

Klechka, W. (1989); in: CORROSION’89: Houston: 
NACE, Paper No. 89. 

Kolotyrkin, J. M., Makarov W. A., Novakovskij 
W. M., Fajnagold L. L., Cejtlin H. L., Korniev 
W. N., Plachova R. F., et al. (1971), ProtectionMet. 
(in Russian), 7, 6. 

Krikun, S .  I., Kuzub V. S . ,  Mojsa V. G., Novickij V. S . ,  
et al. (1981). Protection Met. (in Russian), 17, 167. 

Krivian, L. (1984), Br. Corros. J. 19, 337. 
Kuhn, R. J. (1933), API Proc. 14, 157. 
Kuzub, V. (1983), Anodnaja Zushchita Metallov ot 

Korrozji. Moscow: Chimia (in Russian). 
Kuzub, V., Novitskij, V. (1984), in: Proc. 9th Int. Con- 

gress on Metallic Corrosion, Toronto: NRCC 
Ottawa, Vol. 1, pp. 307-310. 

LaQue, F. L. (1973, Marine Corrosion Causes and 
Prevention. New York: Wiley. 

Lawson, K., Thompson, N. (1998), in: CORRO- 
SZON’98: San Diego, Houston: NACE, Paper No. 
672. 

Leeds, J. M. (1995), in: Pipeline Corrosion Confer- 
ence, Houston: Gulf Publ. Co., Paper No. 6. 

Leeds, J. M., Grapiglia, J. (1995), Corros. Prev. Con- 
trol 42(4),  77. 

Lehmann, J. A. (1994), Muter. Perform. 3(5) ,  25. 
Leidheiser, H., Jr., Wang, W. J. (1981), J.  Coatings 

Leidheiser, H., Jr., Wang, W. J. (1983), Prog. Org. 

Linder, B. (1987), Industrial Corros. 5(3) ,  12. 
Linder, B. (1994), in: Proc. of Corrosion and Preven- 

tion ’94, Adelaide: ACA Australia, Paper No. 1. 
Liu, X., Zhang, S . ,  Shao, J., Wan, P. (1993), Werkst. 

Korros. 44, 295. 
Lloyd, D. B. (1991), in: CORROSION’91: Cincinna- 

ti, Houston: NACE, Paper No. 536. 
Locke, C. E. (1984), in: Proc. 9th Int. Congress on 

Metallic Corrosion, Toronto, Vol. 1: NRCC Otta- 
wa, pp. 316- 319. 

Locke, C. E. (1987), in: Metals Handbook, Vol. 13, 
Corrosion, 9th ed. Korb J., Olson D. L. (Eds.), 
Metals Park, OH: ASM International, pp. 463-466. 

Locke, C. E., Hutchison, M., Conger, N. L. (1960), 
Chem. Eng. Prog. 56(11), 50. 

Mansfeld, F. (1989), in: Advances in Corrosion Pro- 
tection by Organic Coatings, April 11 - 14: Scant- 
lebury D., Kendig M. (Eds.), Cambridge: Electro- 
chemical Society, pp. 228-240. 

Martin, B. A. (1982), in: Cathodic Protection Theory 
and Practice, Coventry: ICST London, Paper No. 
17. 

Matocha, G .  (1 995), in: Pipeline Corrosion Confer- 
ence, Houston, Vol. 2: Gulf Publ. Co.,  pp, 

Mayer, P., Van Orden, A. C., Hakkarainen, T. (1992), 
Computers in Corrosion Control, Vol. 111. Houston: 
NACE, p. 250. 

Mayne, J. E. 0. (1994), in Corrosion, Vol. 2: Shreir, 
L. L., Jarman, R. A., Burnstein, G. T. (Eds.). Ox- 
ford: Butterworth-Heinemann, pp. 14:22- 14:38. 

Technol. 53, 547. 

Coatings 11, 19. 

2311-2323. 



8.12 References 467 

McKubre, M. C. H., Syrett, B. C. (1983), EPRI Pro- 

McKubre, M. C. H., Syrett, B. C. (1988), EPRI Pro- 

McMillan, G. (1993), Mateu. Perform. 32(12), 22. 
Mears R. B., Brown, R. H. (1938), Trans. Electro- 

Meas, Y., Fujioka, J. (1990), Corros. Sci. 30, 929. 
Metals Handbook (1978), Vol. 1, 9th ed. ASM Int., 

Mietz, J. (1995), Werkst. Korros. 46, 527. 
Mietz, J., Isecke, B. (1993), in: Progress in the Under- 

standing and Prevention of Corrosion, Vol. 1: Cos- 
ta, J. M., Mercer, A. D. (Eds.), London: The Insti- 
tute of Metals, pp. 61 1-619. 

Mietz, J., Isecke, B. (1994), in: CORROSION’94: 
Baltimore, Houston: NACE, Paper No. 297. 

Mills, G. (1989), in: CORROSION’89: Houston: 
NACE, Paper No. 419. 

Mitchell, C. J., Wright, M. D., Waslen, D. W. (1997), 
in: CORROSION’97: New Orleans, Houston: 
NACE, Paper No. 309. 

ject 1689-7. 

ject 1689-7 (final report). 

chem. SOC. 74, 519. 

p. 758. 

Montuelle, J. (1978), Rev. Metall. 75(11), 641. 
Moreland, P. J., Howell, K. M. (1989), in: 2nd Int. 

Con8 on Cathodic Protection Theory and Practice, 
Stratford upon Avon: ICST London, Paper No. 15. 

Morgan, J. H. (1959), Cathodic Protection. London: 
Macmillan. 

Morgan, J. H. (1987), Cathodic Protection, 2nd ed. 
Houston: NACE. 

Munger, C. G., Robinson, R. C. (1981), Muter: Per- 
form. 20(7), 46. 

Munger, C. J. (1984), Corrosion Prevention by Pro- 
tective Coatings. Houston: NACE. 

Munn, R. S. (1989), in: Collected Papers on Cathod- 
ic Protection Current Distribution: Thomasson W. 
H. (Ed.), Houston: NACE, pp. 47-54. 

Murray, J. N., Hays, R. A., Lucas, K. E., Hogan, E. A. 
(1996), in: CORROSION’96: Denver, Houston: 
NACE, Paper No. 545. 

Miiller Filho, F., Pereira da Silva, L., Miiller, R. 
( 1  998), Corros. Prev. Control 45, 46. 

Myrdal, R. (1996), in: CORROSION’96: Denver, 
Houston: NACE, Paper No. 339. 

NACE Standard (1987), Design Consideration for 
Corrosion Control of Reinforced Steel in Concrete, 
RPO187-87. Houston: NACE. 

NACE Standard ( 1  990) RP0290-90. Houston: NACE. 
NACE Standard (1990) RP0387-90. Houston: NACE. 
NACE Standard (1994) Corrosion Control of Steel 

Fixed Offshore Platforms Associated with Petrole- 
um Production, RP076-94. 

NACE Standard (1999, Design, Installation, Operu- 
tion, and Maintenance of Impressed Current Deep 
Groundbeds. RP0572-95. Houston: NACE. 

NACE Standard (1996), Control of External Corro- 
sion on Underground or Submerged Metallic Pip- 
ing Systems, RPOl69-96. Houston: NACE. 

Nekoksa, G., Hanck, J. A. (1980), Muter. Perform. 
19(12), 4. 

Nekoksa, G., Turnipseed, S. P., (1996), in: CORRO- 
SION’96: Denver, Houston: NACE, Paper No. 206. 

Nicholas, K. W. (1988), Muter: Perform. 27(6), 17. 
Nikolakakos, S. (1998), in: CORROSION’98: San 

Diego, Houston: NACE, Paper No. 559. 
Nisancioglu, K. (1986), in: Classic Papers and Re- 

views on Anode Resistance Fundamentals and Ap- 
plications: Benedict R. L. (Ed.) Houston: NACE, 

Nisancioglu, K. (1992), in: Modern Aspects of Elec- 
trochemistry: Conway, B. E. (Ed.). New York: Ple- 
num, p. 149. 

Novak, P. (1987), Anodicka protikorozni ochrana. 
Praha: SNTL (in Czech). 

Novak, P., Bystransky, J., Bartel, V. (1982), Werkst. 
Korros. 33, 94 

Novak, P., Kucera, V., Tor-Gunnar, V. (1986), in: 10th 
Scandinavian Corrosion Congress, Stockholm, 

pp. 156-164. 

NKM, pp. 369-374. 
Novokshchenov, V. (1997), Corrosion 53, 489. 
Ong, C. H. (1994), in: Proc. 2ndAsian Corrosion Con- 

ference, September 26-30, Singapore: NACE Int., 
p. 1152. 

Orazem,M. E., Kennelley, K. J., Bone,L. (1993), Cor- 
rosion 49, 2 1 1. 

Orazem, M. E., Esteban, J. M., Kennelley, K. J., De- 
gerstedt, R. M. (1997), Corrosion 53, 264,427. 

Page, C. L., Treadaway, K. W. J., Bamforth, P. B. 
(Eds.) (1990), Corrosion of Reinforcement in Con- 
crete. London: SCI Elsevier. 

Parker, M. E., Peattie, E. G. (1995), Pipeline Corro- 
sion and Cathodic Protection, 4th ed. Houston: Gulf 
Publishing. 

Parks, J., Leidheiser, H., Jr. (1986), Ind. Eng. Chem. 
Prod. Res. Dev. 251, 1.  

Pate, S .  J. (1996), Construction Repair 10(4), 16. 
Payer, J. H., Song, I., Trautman, B., Perdomo, J. J., 

Rodriguez, R. E., Fink, K. M. (1997), in: CORRO- 
SION’97: New Orleans, Houston: NACE, Paper No. 
308. 

Peabody, A. W. (1 967), Control of Pipeline Corrosion. 
Houston: NACE. 

Pedeferri, P. (1996), Construction Building Muter: IO, 
391. 

Perry, F. A. (1994), in: Stray Current Corrosion - The 
Past, Present, and Future of Rail Transit System: 
Szeliga M. J. (Ed.), Houston, NACE, Paper No. 33. 

Piazza, J. L. (1978), in: Power Engineering Society: 
New York, Institute of Electrical and Electronics 
Engineers, Paper No. A78130-7, p. 5. 

Pignatelli, P., Jr. (1985), Muter: Perform. 24(2), 
30. 

Piron, D. L. (1987), in: Metals Hundbook, Vol. 13, 
Corrosion, 9th ed: Korb J., Olson D. L. (Eds.), Met- 
als Park OH: ASM International, pp. 21-28. 

Pocock, D. (1995), Construction Repair 9(2), 42. 
Polak, J., Lahovsky, J., Mrazek, J. (1997), in: Proc. 

10th Int. Con8 on Corrosion ojunderground Struc- 
tures, 17-18 June, Kosice, Slovakia: Tuleja S. 
(Ed.), HFTU, pp. 97-107. 



468 8 Cathodic and Anodic Protection 

Pourbaix, M. (1966), Atlas of Electrochemical Equi- 
libria in Aqueous Solutions. Bruxelles: Pergamon. 

Pourbaix, A., Cargo, S. (1993), in: 12th Int. Corro- 
sion Congress, Houston: NACE Int., pp. 

Prabhakara Rao, G., Mishra, A. K. (1977), J. Electro- 
and.  Chem 77, 121. 

Pritula, W. A. (1950), Katodnaja Zashchita Trubo- 
provodov i Rezerwuarov. Moscow: Gostoptechizdat 
(in Russian). 

Proc. 4th Int. Con5 CEOCOR (1997), Wien: OVGW 

Procter, R. P. M. (1986), in: Proc. 1st Conf. on Ca- 
thodic Protection Theory and Practice. Chichester, 
U.K.: Ellis Horwood, pp. 293-313. 

Qamar, I., Husain, S. W. (1992), Br. Corros. J. 27, 125. 
Qui, F., Xu, N. (1997), J. Chin. SOC. Corros. Protec- 

Rickert, H. (1987), Werkst. Korros. 38, 691. 
Riggs, 0. L. Jr., Locke, C. E. (1981), Anodic Protec- 

tion - Theory and Practice, in the Prevention of Cor- 
rosion. New York: Plenum. 

Riggs, 0. L., Hutchison, M., Conger, N. L. (1960), 
Corrosion 16, 58t. 

Ritter, J. J. (1984), J .  Coatings Technol. 56(714), 
55. 

Ritter, J. J., Kruger, J. (1980), Surface Sci. 96, 364. 
Rizzo, M. E., Wildman, T. (1997), Mater. Perform. 

36(10), 14. 
Robertson, D. J. (1993), in: Proc. Conf. on Corrosion 

and Prevention’94, Newcastle, Australia: ACA 
Paper No. 33. 

33 14-3331. 

p. A-88. 

tion 17, 106. 

Rodrigues, P. (1996), Muter. Perform. 35(6), 27. 
Rossi, S., Bonora, P. L., Pasinetti, R., Draghetti, M. 

(1996), Mater. Perform. 35(2), 29. 
Rozwadowski, J., Juchniewicz, R. (1996), in: Vth 

Polish Con$ CORROSION’96 Theory and Practice, 
Gdafisk, Vol. 2: TUG, pp. 321 -324 (in Polish). 

Ruck, G. T., Walcott, K. J., Thompson, N. G., Barlo, 
T. J. (1985), Annual Report. Chicago, IL: The Gas 
Research Institute. 

Sastry, T. P., Rao, V. V. (1983), Corrosion 39, 55. 
Schrieber, C. F. (1986), in: Cathodic Protection The- 

ory and Practice, Ashworth, V., Booker, C. J. L. 
(Eds.). Chichester: Ellis Horwood, p. 78. 

Schwerdtfeger, W. J. (1958), J. Res. NBS 60, 153. 
Schwerdtfeger, W. J. (1961), J. Res. NBS 65C, 271. 
Sederholm, B., Linder, B. (1994), in: Con$ Papers: 

UK CORROSION’94: Birmingham, ICST London, 

Sharman, J. D. B., Sykes, J. M., Handyside T. (1993), 

Shepherd, W. (1989), Anti-Corrosion, 36(4), 8. 
Shock, D. A.,Riggs,O.L., Sudbury, J. D. (1960), Cor- 

rosion 16, 5%. 
Shoesmith, D. W. (1987). in: Metals Handbook, Vol. 

13, Corrosion, 9th ed: Korb J., Olson D. L. (Eds.), 
Metals Park, OH: ASM International, pp. 29-36. 

Shreir, L. L., Hayfield, P. C. S. (1986), in: Cathodic 
Protection Theory and Practice: Ashworth, V., 

pp. 189-200. 

Corros. Sci. 35, 1376. 

Booker, C. 1. L. (Eds.). Chichester, U.K.: Ellis Hor- 
wood, p. 94. 

Shreir, L. L., Jarman, R. A., Burstein, G. T. (Eds.), 
(1994), Corrosion, Vol. 1, Sec. 1.4 and 1.5, Vol. 2, 
Sec. 10, Oxford: Butterworth-Heinemann. 

Siebert, 0. W. (1981), Mater. Perform. 20(2), 38. 
Silkworth, G. H. (1981), in: CORROSION’81: 

Houston: NACE, Paper No. 29. 
Simon, P. D., Sudhakar, A., Garrity, K. C. (1997), in: 

CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 237. 

Singbeil, D. (1989), in: 6th Int. Symp. on Corrosion 
in the Pulp and Paper Industry, Helsinki: FRPPI, 
pp. 109-116. 

Singbeil, D., Garner, S. A. (1987), Mater. Perform. 
26(4), 31. 

Skar, J. I. S., Steinsmo, U., Bardal, E. (1989), in: Ad- 
vances in Corrosion Protection by Organic Coat- 
ings, April 11-14: Scantlebury D., Kendig M. 
(Eds.), Cambridge: The Electrochemical Society, 

Skoulikidis, T., Tsakopoulos, A. (1978), Br. Corros. 
J. 13, 131. 

Slatter, J. D., Davidson M. C., Grapigla J. P., Wong 
W. T. (1993), Mater. Perform. 32(2), 35. 

Smith, I. S. N., Salim, A. B., Salikin, M. J. (1992), in: 
CORROSION’92: Nashville, Houston: NACE, 
Paper No. 376. 

Sokdski, W. (1997), in: Proc. of Seminar on Marine 
Corrosion, Jurata, 10- 12 August; SEP Poland, 

Solomon, I., Maddocks, S. (1992), Mater. Perform. 
31 ( I ) ,  23. 

Solomon, I., Bird, M. F., Phang, B. (1993), Corros. 
Sci. 35, 1649. 

Sozhan, G., Ramu, S., Krisnam, K. N., Balakrishnan, 
K. (1993), in: Progress in Understanding and 
Prevention of Corrosion, Vol. 2: Costa, J. M., 
Mercer, A. D. (Eds.), London: EFC, pp. 1352- 
1358. 

pp. 21-29. 

p. 49. 

Sprott, A. J. (1984), Corros. Australasia 9(5), 10. 
Srinivasan, R., Murphy, J. C. (1991), J. Electrochem. 

SOC. 138, 2960. 
Steinsmo, U., Bardal, E. (1989), in: Proc. ofddvanc- 

es in Corrosion Protection by Organic Coatings. 
Cambridge, April 1 1 - 14: Scantlebury D., Kendig 
M. (Eds.), The Electr. SOC. N. Y,. pp. 320-334. 

Stella, E., Fucini, E. (1997), in: 4th Int. Con& 
CEOCOR’97, Wien: OVGW pp. C/109-115. 

Stern, M., Geary, A. L. (1957), J. Electrochem. SOC. 
104, 56. 

Stratfull, R. F. (1974), Mater. Perform. I3(4), 24. 
Stromen, R., Rodland, A. (1980), in: CORRO- 

SION’80: Houston: NACE, Paper No. 24. 
Strommen, R. D. (1989), in: Collected Papers on Ca- 

thodic Protection Current Distribution: Thomasson 
W. H .  (Ed.), Houston: NACE, pp. 19-23. 

Sudbury, J. D.,Riggs, 0. L., Shock, D. A. (1960), Cor- 
rosion 16, 47t. 

Swaim, H. W. (1995), Pipeline Gus J .  3, 24. 



8.12 References 469 

Swiat, W. J., Bushman, J. B. (1993), in: CORRO- 
SION’93: New Orleans, Houston: NACE, Paper No. 
343. 

Szeliga, M. (Ed.) (1994), Stray Current Corrosion - 
The Past, Present and Future of Rail Transit 
Systems. Houston: NACE International. 

Tettamanti, M., Rossini, A., Cheaitani, A. (1997), in: 
CORROSION’97: New Orleans, Houston: NACE, 
Paper No. 255. 

Thompson, C. B., Garner, A. (1986), Br. Corros. J .  21, 
235. 

Thompson, N. G. (1993), in: CORROSION’93: New 
Orleans, Houston: NACE, Paper No. 588. 

Thompson, N. G., Syrett, B. C. (1993), in: CORRO- 
SION’93: New Orleans, Houston: NACE, Paper No. 
429. 

Thompson, N. G., Lawson, K. M., Beavers, J. A. 
(1988), Corrosion 44, 581. 

Tran, Van-B. (1984), Oil Gas J.  82, 69. 
Treseder, R. S., Baboian, R., Munger, C. G. (Eds.) 

(1991), NACE Corrosion Engineer k Reference 
Book, 2nd ed. Houston: NACE, pp. 101-1 12. 

Trethewey, K. R., Roberge, P. R. (1995), Br. Corros. 
J .  30, 192. 

Trethewey, K. R., Roberge, P. R. (1997a), in: CORRO- 
SlON’97: New Orleans, Houston: NACE, Paper No. 
325. 

Trethewey, K. R., Roberge, P. R. (I997 b), Muter. Per- 
form. 36(6), 25. 

Trotman, D. W. (1986), in: Cathodic Protection The- 
ory and Practice: Ashworth, V., Booker, C. J. L. 
(Eds.). Chichester, U.K.: Ellis Horwood, pp. 

Turner, W. H., Farrell, D., Hladky, K., Shepherd, W., 
Hall, K. (1991), in: CORROSlON’9l: Cincinnati, 
Houston: NACE, Paper No. 10. 

Turnipseed, S. P. (1996), in: CORROSION’96: Den- 
ver, Houston: NACE, Paper No. 547. 

Tvarusko, A. (1993), in: 12th Int. Corrosion Con- 
gress: ICC, Houston: NACE, Paper No. 115. 

Umeyama, K., Takai, S. (1989), in: Advances in Cor- 
rosion Protection by Organic Coatings, Cambridge: 
Scantlebury D., Kendig M. (Eds.), The Electro- 
chem. SOC., N. York, pp. 241-250. 

Uruchurtu, J. C., Dawson, J. L. (1987), Corrosion 43, 
19. 

U. S. Mil. Spec. 18001-J (1983) 
van Blaricum, V. L., Kumar, A. (1994a), in: CORRO- 

SION’94: Baltimore, Houston: NACE, Paper No. 
384. 

van Blaricum, V. L., Kumar, A. (1994b), Muter: Per- 
form. 33(12) 17. 

Vennett, R. M., Seagler, R. W., Warne, M. A. (1983), 
Mater. Perform. 22(2), 22. 

Waard, D. C. (1993), in: CORROSION’93: New 
Orleans, Houston: NACE, Paper No. 535. 

Wagner, C. (1952), J.  Electrochem. Soc. 99(11), 1. 
Wagner, C.  (1957), J.  Electrochem. SOC. 104, 63 1. 
Wagner, C., Traud, W. (1938), Z. Elektrochem. 44, 

314-326. 

391. 

Walaszkowski, J. (1991), Muter. Perform. 30(7), 22. 
Walaszkowski, J., Janicki, S. (1997), in: EURO- 

CORR’97, Trondheim: NKF, pp. 159- 164. 
Walaszkowski, J., Orlikowski, J. ( I  997), in: EURO- 

CORR’97, Trondheim: NKF, pp. 675-680. 
Walaszkowski, J., Orlikowski, J., Juchniewicz, R. 

(1995a), Corros. Sci. 37, 645. 
Walaszkowski, J., Orlikowski, J., Juchniewicz, R. 

(I995 b), Corros. Sci. 37, 1143. 
Warne, M. A. (1986), in: Cathodic Protection Theory 

and Practice: Ashworth, V., Booker, C. J. L. (Eds.), 
Chichester, U.K.: Ellis Horwood, p. 61. 

Warnock, P. A. (1995), in: CORROSION’9S: Orlando, 
Houston: NACE, Paper No. 305. 

Webster, H. A. (1989), in: 2nd Con& on Cathodic Pro- 
tection Theory and Practice, Stratford upon Avon: 
ICST London, Paper No. 6. 

Wegener, D. P. (1991), in: CORROSION’91: Cincin- 
nati, Houston: NACE, Paper No. 349. 

Weng, Y. J., Wilde, B. E. (1986), Corrosion 42, 435. 
Whitmore, D. W. (1996), in: CORROSION’96: 

Denver, Houston: NACE, Paper No. 299. 
Wyatt, B. S. (1986), in: Cathodic Protection Theory 

and Practice: Ashworth, V., Booker, C. J. L. (Eds.), 
Chichester, U.K.: Ellis Horwood, p. 143. 

Wyatt, B. S. (1993), Corros. Sci. 35, 1601. 
Xu, S .  (1994), Muter. Protection 27(10), 14. 
Zhou, Q., Cao, T., Ji, C. (1995), J.  Chin. SOC. Corros. 

Zhou, X., Lin, Z. (1992), J.  Chin. SOC. Corros. Pro- 

Zhu, H. (1994), Chem. Eng. Mchinery 21, 93. 
Zakowski, K., Sokblski, W. (1997), in: EURO- 

CORR’97, Trondheim, Vol. 2: NKF, p. 699. 

Protection 15, 7. 

tection 12, 145. 

General Reading 
Applegate, L. M. (1960) Cathodic Protection. New 

York: McGraw-Hill. 
Ashworth, V., Booker, C. J. L. (Eds.) (1986), Cathod- 

ic Protection Theory and Practice. Chichester, 
U.K.: Ellis Horwood. 

Baboian, R. (Ed.) (1995), Corrosion Tests and Stan- 
dards, Application and Interpretation. Philadel- 
phia: ASTM. 

Beackmann, W., Schwenk, W., Prinz, W. (1997), 
Handbook of Cathodic Corrosion Protection: The- 
ory and Practice of Electrochemical Protection 
Processes. Houston: Gulf. 

Benedict, R. L. (Ed.) (1986), Classic Papers and Re- 
views on Anode Resistance Fundamentals and Ap- 
plications. Houston: NACE. 

Bockris, J. 0. M., Conway, B. E., Yeager, E., White, 
R. E. (1981). Comprehensive Treatise of Electro- 
chemistry, Vol. 4. Electrochemical Material Sci- 
ence, New York: Plenum. 

Changemieur, J., Legrand, R. (1992), in: Water and 
Gas Mains Corrosion, Degradation and Protection: 



470 8 Cathodic and Anodic Protection 

Basalo, C. (Ed.). Chichester, U.K.: Ellis Horwood, 

Fontana, M. G., Greene, N. D. (1987), Corrosion En- 
gineering, 2nd ed., New York: McGraw-Hill. 

Heidersbach, R. H. (1987), in: Metals Handbook, Vol. 
13, Corrosion, 9th ed.: Korb J., Olson D. L. (Eds.), 
Metals Park, OH: AMS International, pp. 466-477, 
919. 

Heitz, E., Henkhaus, R., Rahmel, A. (1992), Corro- 
sion Science: an Experimental Approach. Chiches- 
ter, U.K.: Ellis Horwood. 

Ives, D. J. G., Janz, G. J. (1961), Reference Electrodes, 
Theory and Practice. New York: Academic. 

Jones, D. A. (1996), Principles and Prevention of Cor- 
rosion. 2nd ed. New York: Prentice Hall, pp. 

Kaesche, H. (1985), Metallic Corrosion. Houston: 
NACE. 

Morgan, J. H. (1987) Cathodic Protection. 2nd ed. 
Houston: NACE. 

Munger, C. J. (1984), Corrosion Prevention by Pro- 
tective Coatings. Houston: NACE. 

Page, C. L., Treadaway, K. W. J., Bamforth, P. B .  
(Eds.), (1990), Corrosion of Reinforcement in Con- 
crete. London: SCI Elsevier. 

pp. 299-397. 

439-476. 

Parker, M. E., Peattie, E. G. (1999, Pipeline Corro- 
sion and Cathodic Protection, 3rd ed. Houston: 
Gulf. 

Peabody, A. W. (1967), Control of Pipeline Corrosion. 
Houston: NACE. 

Riggs, 0. L., Jr., Locke, C. E. (1981), Anodic Protec- 
tion - Theory and Practice, in the Prevention of Cor- 
rosion. New York: Plenum. 

Romanoff, M., (1989), Underground Corrosion. 
Houston: NACE. 

Rozenfeld, I .  L. (1981), Corrosion Inhibitors. New 
York: McGraw-Hill. 

Shreir, L. L., Jarman, R. A., Burstein, G. T. (Eds.) 
(1994), Corrosion, Vol. 1, Secs. 1.4 and 1.5, Vol. 2, 
Sec. 10. Oxford: Butterworth Heineman. 

Szeliga, M. (Ed.) (1994), Stray Current Corrosion - 
The Past, Present and Future of Rail Transit 
Systems. Houston: NACE International. 

Uhlig, G. M., Revie, R. W. (1985), Corrosion and Cor- 
rosion Control, 3rd ed. New York: Wiley. 

Van Delinder, L. S.  (Ed.). (1984) Corrosion Basics - 
Introduction. Houston: NACE. 



9 Environmentally Friendly Corrosion Inhibitors 

Erika Khlmhn. Ilona Felhosi. Franciska H . Karmhn. Istvhn Lukovits. Judit Telegdi. 
and Ghbor Phlinkhs 

Department of Surface Science and Corrosion. Hungarian Academy of Sciences. 
Budapest. Hungary 

List of Symbols and Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . .  472 
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  475 
9.1.1 Electrochemical Corrosion and Inhibition . . . . . . . . . . . . . . . . . .  475 
9.1.2 Routes to the Development of Corrosion Inhibitors . . . . . . . . . . . . .  478 
9.2 

9.2.1 Complexing Agent (HEDP-Iron) . . . . . . . . . . . . . . . . . . . . . .  482 
9.3 Multifunctional Inhibitor Molecules . . . . . . . . . . . . . . . . . . . .  484 
9.3.1 N-Acyl Amino Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  485 

Corrosion Inhibition by l.Hydroxy.Ethane.1, 1.Diphosphonic Acid 
(HEDP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  481 

9.3.1.1 The Impact of the Acyl Moiety and the Amino Acid Side Chain 
on the Corrosion Inhibition of Mild Steel . . . . . . . . . . . . . . . . . .  485 

9.3.1.2 Corrosion Inhibition of Stainless Steel by Acylated Amino Acids . . . . . .  485 
9.3.1.3 Interaction of Unsaturated Organic Inhibitors with Mild Steel . . . . . . . .  487 
9.3.1.4 Influence of Aryl and Aralkenyl Amino Acid Derivatives on Mild Steel . . 487 
9.3.2 Inhibition Efficiency of Carboxy and/or Phosphonic Acids . . . . . . . . .  488 
9.3.3 Inhibition of Copper by Benzo-Hydroxamic Acids 

of Systematically Changed Structure . . . . . . . . . . . . . . . . . . . . .  490 
9.4 Synergism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  498 

Effect of Bivalent Cations on the Inhibition Efficiency of HEDP 
9.4.2 Adsorption of HEDP-Zn2+ on a Gold Surface . . . . . . . . . . . . . . . .  507 

Impedance Study of Synergistic Inhibition . . . . . . . . . . . . . . . . . .  511 

9.5 Surface Analytical Study of Corrosion Inhibition Mechanisms . . . . .  518 
9.5.1 Effect of Surface Pretreatment . . . . . . . . . . . . . . . . . . . . . . . .  521 
9.5.2 Effect of Inhibitor Concentration . . . . . . . . . . . . . . . . . . . . . . .  523 
9.5.3 Effect of Bivalent Cations on Inhibitor Adsorption . . . . . . . . . . . . .  524 

and Efficiency of Corrosion Inhibitors . . . . . . . . . . . . . . . . . . .  528 
9.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  532 
9.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  534 
9.9 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  534 

9.4.1 

9.4.3 
9.4.4 

. . . . . .  503 

Study of the Surface Morphology by AFM (Atomic Force Microscopy) . . 518 

9.6 Quantitative Relationships Between the Chemical Structure 

Materials Science and Technology 
R. W. Cahn. P. Haasen. E. J. Kramer 

Copyright 0 WILEY-VCH Verlag GmbH, 2000 



472 9 Environmentally Friendly Corrosion Inhibitors 

List of Symbols and Abbreviations 

a l ,  a2,  ak 
b 

c 
c 

CL 
cdI 

Cinh 

CHEDP 
E 
E ,  3 E2 
EmeaS 1 2  

Ecor 
EHOMO 
ELUMO 
f 

E$ 

1 

I 
lcor 

j 

k0 

KO 

k 
K 

L 
M 

R 
PK 

RL 
RP 
Rs 
Rct, a 

RC,C 
RQ por 

Q 
Qdi 
S 

t 
V 

2 / 1 9  v2 

v1.2 

VO 

SQ 

regression coefficients 
regression coefficient 
concentration 
capacitance 
layer capacitance 
double layer capacitance 
inhibitor concentration 
HEDP concentration 
potential; inhibitor effect 
inhibitor effect for inhibitor 1 , 2  
inhibitor effect for two inhibitors 
calculated inhibitor effect for two inhibitors assuming additivity 
corrosion potential 
energy of highest occupied molecular orbital 
energy of lowest unoccupied molecular orbital 
frequency 
current density 
ionic strength 
corrosion current density 

reaction rate 
equilibrium constant 
reaction rate for reference compound 
equilibrium constant for reference compound 
solubility product 
molecular weight 
negative value of logarithm of equilibrium constant 
resistance 
layer admittance 
polarization resistance 
solution resistance 
charge transfer resistance for anodic process 
charge transfer resistance for cathodic process 
solution resistance in the pores 
constant phase element 
constant phase element of double layer 
synergism index 
synergism index for adsorption 
time 
corrosion rate; rotation speed 
corrosion rate of inhibitor 1, 2 
measured corrosion rate of the mixture of inhibitors 1 and 2 
corrosion rate in the inhibitor-free solution 

(- 1p2 



List of Symbols and Abbreviations 473 

YL 

ycor z 
Z’ 
Z” 
Z N  
zdiff 

Q 

Z l r  Z2 

0 

co 

A 
Abu 
ac 
AES 
AFM 

AT 
ATMP 
BHA 
BTA 

ASP 

p-C1-BHA 
0-Cl-BHA 
CnT 
CPE 
2D 

independent variable 
admittance 
surface layer admittance 
corrosion process admittance 
impedance 
real part of impedance 
imaginary part of impedance 
Nernst diffusion impedance 
diffusion impedance 
impedance of linear diffusion within the pores 
nonlinear diffusion impedance 

empirical coefficient 
stability constant, complexation constant 
surface excess 
difference between EHoMo and ELUMo 
inhibitor efficiency (h  = 100E) 
inhibitor efficiency determined by impedance 
inhibitor efficiency determined by polarization measurement 
surface coverage 
degree of surface coverage attained by inhibitor 1 
degree of surface coverage attained by inhibitor 2 
degree of surface coverage by the mixture of inhibitor 1 and 2 
calculated degree of surface coverage assuming additivity 
between inhibitor 1 and 2 
constant 
substituent constant 
time constant 
angular frequency 

acid 
a-arninobutyric acid 
alternating current 
Auger-electron spectroscopy 
atomic force microscopy 
aspartic acid 
the first of the zero temperature coefficient 
nitrilotri(methy1-phosphonic acid) 
benzo-hydroxamic acid 
benzotriazole 
para-chloro-benzo-hydroxamic acid 
ortho-chloro-benzohydroxamic acid 
alkanethiols C,H,,+ISH 
constant phase element 
two-dimensional 



474 9 Environmentally Friendly Corrosion Inhibitors 

3D 
DBSO 
dc 
DMPG 
E3 

EIS 
EQCM 
FTIR 
Glu 

H 

HEDP 
HOMO 
IHP 
KLL 
LUMO 
LY S 

EC-STM 

GlY 

H4A 

0-M-BHA 
M 
MPIDA 
M U 0  

NHE 
NTA 
OHP 

QSAR 
Phe 
R 
RCE 
RHE 
RMS 
SCE 
SERS 
SOMP 
STM 
UHV 
UPD 
XPS 
XAES 

p-N-BHA 

QI 

three-dimensional 
dibenzylsulfoxide 
direct current 
di(phosphonomethy1)glycine 
efficiency, economy, ecology 
electrochemical scanning tunneling microscopy 
electrochemical impedance spectroscopy 
electrochemical quartz crystal microbalance 
Fourier transformation infrared spectroscopy 
glutamic acid 
gl ycine 
proton 
undissociated HEDP 
1 -hydroxy-ethane- 1,l -diphosphonic acid 
highest occupied molecular orbital 
inner Helmholtz plane 
core levels in Auger electron transition 
lowest unoccupied molecular orbital 
lysine 
ortho-methyl-benzohydroxamic acid 
metal 
phosphonomethyl-iminodi(acetic acid) 
11-mercapto-I-undecanol 
para-nitro-benzo-hydroxamic acid 
normal hydrogen electrode 
nitrilottriacetic acid) 
outer Helmholtz plane 
quinolinol 
quantitative structure-activity relationship 
/I-phen y lalanine 
radical 
rotating cylinder electrode 
reference hydrogen electrode 
root mean square 
saturated calomel electrode 
surface enhanced Raman spectroscopy 
sodium octylmercaptoproprionate 
scanning tunneling microscopy 
ultrahigh vacuum 
underpotential deposition 
X-ray photoelectron spectroscopy 
X-ray Auger-electron spectroscopy 



9.1 Introduction 475 

9.1 Introduction organic and organic fouling, and microbio- 
logically influenced corrosion. 

Structural materials are susceptible to 
rapid corrosion unless properly protected. 
The word corrosion originates from the Lat- 
in corrosus, which means gnawed away. 
Metals tend to revert to thermodynamically 
more stable compounds. Metal losses due to 
corrosion are estimated to be 3-5% of the 
gross national product. One of the most ec- 
onomical and universal ways of protecting 
metals is by using corrosion inhibitors. 

The addition of small amounts of chem- 
icals capable of reducing corrosion of the 
exposed metal is a preventative measure 
known as corrosion inhibition. According to 
the IS0 8044 definition, corrosion inhibi- 
tors are chemical substances, which de- 
crease the corrosion rate, when present in 
the corrosion system in sufficient concen- 
tration, without significantly changing the 
concentration of any other corrosive agents. 

Water is the most common heat transfer 
medium in industry due to its high heat ca- 
pacity. Industrial water is a corrosive solu- 
tion, since it contains a wide variety of in- 
organic salts, organic matter and dissolved 
gases in the nearly neutral pH range. 

Chemical compounds were applied for 
the inhibition of metal corrosion in aqueous 
environments as early as the 1930s. The 
choice of inhibitor is greatly influenced by 
the pH of the water. Deposits on metal sur- 
faces arising from scale formation, fouling, 
and microbial activity cause accelerated 
corrosion as a result of differential aeration. 
Fouling of surfaces may lead to overheat- 
ing, unscheduled shutdown time, and loss in 
efficiency. 

All these phenomena are usually interde- 
pendent and should be taken into account in 
an industrial water system. An effective 
cooling water chemical treatment will si- 
multaneously control potential problems 
like chemical/electrochemical corrosion, in- 

9.1.1 Electrochemical Corrosion 
and Inhibition 

Corrosion processes occurring at a met- 
al/electrolyte solution interface are hetero- 
geneous electrochemical reactions. When 
metal is in contact with an aqueous electro- 
lyte solution, two (or more) electrode reac- 
tions may occur simultaneously, and this can 
be considered as a mixed electrode system. 
Anodic and cathodic areas are spatially sep- 
arated in a corrosion cell, where the partial 
electrode reaction mechanism is usually not 
known in detail. 

A mechanism for iron dissolution was 
presented by Heusler (1958) 

Fe+H,O P (FeOH),,,+H++e- (9-la) 
Fe + (FeOH),,, * Fe (FeOH),,, (9- 1 b) 

* (FeOH)++ (FeOH),,, + 2e- 
Fe + (FeOH),,, + 0 H - (9- 1 C) 

(FeOH)++ H+ P Fe2++ H20 (9- 1 d) 

where the precipitated species (FeOH),,, 
was regarded as a catalyst. 

Bockris et al. (1961) (BDD) proposed a 
consecutive electrode kinetic mechanism, 
with the existence of an intermediate spe- 
cies (FeOH+) 

Fe + H20 * (FeOH),d,+ H++ e- (9-2a) 
(FeOH),,, + (FeOH)++ e- (9-2b) 
(FeOH)++ H+ P Fe2++ H 2 0  ( 9 - 2 ~ )  

These two mechanisms have often been dis- 
cussed in the literature (Bech-Nielsen, 1975; 
Drazic, 1989; Bockris and Kahn, 1993). 

Reactions involving the dissolution of 
iron are complex and depend on several pa- 
rameters (concentration, pH, time, the pres- 
ence of different ions and dissolved gases, 
etc.) Iron dissolution is generally influenced 
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by the formation of corrosion products. The 
formation of different solid iron corrosion 
products produced in aqueous electrolyte 
solutions (Fig. 9-1) and its pH dependence 
(Fig. 9-2) was studied by Mossbauer spec- 
troscopy (Vkrtes and Czak6-Nagy, 1989). 

Inhibitors may act on both cathodic and 
anodic partial electrode reactions (Fig. 9-3), 
termed accordingly as cathodic or anodic in- 
hibitors. The cathodic inhibitor (Fig. 9-4b) 
shifts the corrosion potential in a negative 
direction, while the anodic inhibitor causes 
a positive change (Fig. 9-4c). Very often a 
passive layer is formed by the anodic inhib- 
itor, while the inhibitor molecule is reduced. 
On the other hand, an insulating layer is gen- 
erally formed by the cathodic inhibitor on 
the cathodic part of the corroding surface. 
This type of inhibitor is often a cation that 
is reduced. 

Some mixed-type inhibitors (like many 

?- \ 

blocking the whole surface. The corrosion 
rate can be controlled by charge transfer or 
by mass transport. In this case, the corrosion 
potential remains unchanged and the corro- 
sion rate decreases (Fig. 9-4a). This type of 
compound can be regarded as an anti-cata- 
lyst, as its effect is based on the increased 
activation energy. 

The effect of the inhibitor is generally 
rather complex (Fig. 9-5) (Kilmin, 1994). 
The situation may be even more complicat- 
ed in the case of an interphase (oxide, hy- 
droxide, salts, etc.) existing in neutral aque- 
ous solutions (Fig. 9-6) (Kilmin, 1994). 
The inhibitor can modify the surface layer 
by precipitation, pore plugging, enhanced 
film growth, etc. In some cases, polymer 
layers can even be formed by the inhibitor. 
Some surface active agents may act as in- 
hibitors through hydrophobicity. Therefore 
the inhibition effect may be due to film for- .~ 

organic compounds) provide protection by mation, adsorption on metal surfaces or on 

\- 

Figure 9-1. Schematic diagram of the formation of solid product on the corrosion of iron in aqueous solution 
at room temperature; Ox - aerobic oxidation in solution, Ox, - slow oxidation, Ox, - rapid oxidation, Red - re- 
duction. (Reprinted from Electrochim. Acta (VCrtes and Czak&Nagy, 1989)) (GR is green rust, i.e., the unstable 
rust first formed in pure water.) 
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Figure 9-2. A schematic diagram of the formation and transformation of the solid products of corrosion under 
different pH conditions at room temperature; D - dissolution, Ox - aerobic oxidation in solution, Ox, - slow 
oxidation; Ox, - rapid oxidation; PP - polymerization-precipitation; DP - dissolution-precipitation. 

Figure 9-3. Anodic inhibitor, cathodic inhibitor. 

porous corrosion layers, or incorporation in includes adsorption, desorption, surface dif- 
the interphase. fusion, complex building, precipitation, 

In conclusion, it may be stated that many etc., the chemical bonds formed are very 
different reactions may occur simultaneous- different from those of stoichiometric reac- 
ly. In the surface inhibition process, which tions. 
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a, 
ki ?cathodic anodic 

I reaction reaction 

inhibited 
anodic 
reaction 

bwr,inh 

b, 
Igi f cathodic anodic I reaction \ / reaction 

linhibited \ / 

c, 
cathodic anodic 

Figure 9-4. Action of inhibitor (- without, --- with), 
a) mixed (e.g., amine, triazole), b) cathodic (zinc 
salts), c) anodic (nitrite, molybdate). E,,, is the cor- 
rosion potential, E,,, inh the corrosion potential with 
inhibitor, Eo,a the equilibrium potential of the anodic 
reaction, and Eo,, the equilibrium potential of the ca- 
thodic reaction. 

9.1.2 Routes to the Development 
of Corrosion Inhibitors 

The inhibitors can be classified in many 
ways (Putilova et al., 1960) 

- organic and inorganic inhibitors, 
- oxidizing and nonoxidizing inhibi- 

tors, 

M E l  -AL IHP OHP ELECTROLYTE 
DIFFUSE BULK I -AYER 

Figure 9-5. Schematic double layer model with cor- 
rosion inhibitor (M) in acidic solution, where IHP 
is the inner Helmholtz plane and OHP the outer Helm- 
holtz plane. 

METAL INTERPHASE ELECTROLYTE 

Figure 9-6. Schematic corrosion inhibition model on 
a metal surface covered with a porous oxide layer 
(KBlmBn, 1994) in neutral aqueous solutions in the 
presence of oxygen. Adsorption may occur on the met- 
al surface, and/or the inhibitor may be bound to the 
surface of the oxide layer and/or it may plug the pores. 

- anodic, cathodic, and mixed inhibitors, 
- interface (2D) and interphase (3D) inhib- 

itors (Fischer, 1972; Lorenz and Mans- 
feld, 1983), according to the thickness of 
the formed layer, and 

- cooling water, oil field, descaling, and 
acid cleaning inhibitors based on the field 
of application. 
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The inhibition of metal corrosion in in- 
dustrial water systems was first achieved by 
the use of inorganic salts or their blends, in- 
cluding chromates (Evans, 1936; Mayne 
and Pryor, 1949), nitrites (Hatch, 1952), 
phosphates (Patterson and Jones, 1952), bo- 
rates (Mercer, 1990), silicates (Lehrman and 
Shuldenen, 1952), zinc salts (Hatch, 1965a) 
and other cations (Hinton, 1989). Addition- 
ally, chromates and nitrites were mainly ap- 
plied, and from the end of the 1950s the use 
of polyphosphates increased (May et al., 
1981; Hwa, 1971). Treatments with anodic 
inhibitors such as nitrites or chromates re- 
quire a high initial dose and a relatively high 
continuous dose in order to achieve an ef- 
fective passive layer on the metal surface. 
The concentration of chromate and nitrite 
can be decreased in the presence of poly- 
phosphates and zinc ions. 

Zinc ions inhibit corrosion by a cathodic 
polarization mechanism based on the pre- 
cipitation of a zinc hydroxide film at cathod- 
ic sites on the metal surface. Zinc in combi- 
nation with phosphates will lead to a protec- 
tive film containing zinc phosphate. Film 
formation is usually rapid due to the low sol- 
ubility of the zinc compounds at an alkaline 
pH. The low solubility of zinc in alkaline 
solutions requires the incorporation of dis- 
persants. The rate of film formation with ca- 
thodic inorganic inhibitors should be care- 
fully controlled, as dangerous fouling may 
occur. Protective films caused by cathodic 
inhibition are macroscopic and often easily 
visible, whereas anodic inhibitors general- 
ly from very thin, hardly detectable passive 
films. 

Polyphosphate inhibitors induce film for- 
mation. They form complexes with calcium 
ions. Above pH 7.5, the complexes are 
transformed into orthophosphates, which 
convert into poorly soluble calcium phos- 
phate at higher temperatures. Polyphosphate 
has low toxicity, but increases the eutroph- 

ication of water because it is a nutrient of 
algae. 

Due to their low cost and toxicity, sili- 
cates [(Na,O),-(SiO,), , polymeric “glassy” 
silicates] are also widely used nowadays as 
corrosion inhibitors for potable water (ef- 
fective ratio SiO, : Na20 = 1 : 2). Silicates 
are applicable in water with a total hardness 
of < 150 ppm (as CaCO,), since they may 
produce hard scales of magnesium-metasil- 
icates. Further problems are mostly asso- 
ciated with their chemical instability. There- 
fore, various developments are in progress, 
such as the addition of stabilizers, use of or- 
ganic silicates, etc. 

Many scale stabilizers also have corro- 
sion inhibition properties, which led to the 
development of chromate-free formations. 

Treatment based on inorganic corrosion 
inhibitors has provided, on the one hand, a 
reliable measure of corrosion protection in 
aqueous systems, but on the other, howev- 
er, the discharge of such materials has be- 
come increasingly unacceptable. 

More advanced treatments have incorpo- 
rated organic materials [such as gluconates 
(Lahodny-Sarc and Popov, 1988), phospho- 
nates (Ralston, 1969; 1972), polyacrylates 
(May et al., 1980), soluble oils (Sekine and 
Asazuma, 1983), and carboxylates (Mercer, 
1980)], in order to reduce the inorganic con- 
tent or to try to use other, less-toxic inorgan- 
ic materials, e.g., molybdates (Ambrose, 
1978). The so-called E3 (efficiency, econo- 
my, and ecology) development of corrosion 
inhibitors is summarized in Table 9- 1 (Khl- 
mhn, 1994). 

The use of organic phosphorus com- 
pounds, e.g., phosphonic acids in inhibitor 
formulations started in the 1960s (Ralston, 
1969). Due to their P-C bonds, these com- 
pounds are much more resistant to conver- 
sion into orthophosphates than are P-0 
bonds in inorganic phosphates. According- 
ly, inorganic polyphosphates were success- 
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Table 9-1. Routes of development of corrosion inhi- 
bitorsa. 

E3-development 

Efficiency Inorganic 

before the 1960s 

Economy Inorganic 
Organic 

between 1960 
and 1980 

Ecology Organic 
(with or with- 
out inorganic) 

up to date 

Chromates 
Phosphates 

Nitrites 
Borates 
Silicates 

Zinc 
Cations 

Polyphosphates 
Scale 

Gluconates 
Vanadates 

Molybdates 
Phosphonic acids 

Pol yacrylic 
Acids 

Soluble oils 
Carboxylates 
Surface active 

Chelates 
Surfactants 
Phosphono 
Compounds 
Amino acids 

Polymers 
Natural 

Compounds 
Vitamins 

Ozone 
Bacteria 

a Kilmin (1994). 

fully replaced by organic phosphonates or 
carboxyphosphonates, leading to better sta- 
bilizing effects and lower hydrolysis at high 
pH and temperature ranges. 

Mild steel corrosion inhibition is impor- 
tant in cooling water treatment (Eswaren 
and Mathner, 1996). The impact of chemi- 
cals on the environment is of increasing im- 
portance. In the environment, chemical de- 
gradability under mild conditions and bio- 
degradability, i.e., breakdown into simple 
nontoxic materials by microbes, is impor- 

tant from the aspect of pollution. The use of 
organic chemicals is beneficial when the ap- 
plication of heavy metal is prohibited. Or- 
thophosphate, pyrophosphate, and phos- 
phonates are commonly used for corrosion 
control. 

Although phosphonates are good corro- 
sion and scale inhibitors, under stressed 
conditions phosphonates can react stoichio- 
metrically with scale former cations, which 
process leads to the precipitation of insolu- 
ble phosphonate salts (Masler and Amjad, 
1988; Boffardi and Schweitzer, 1985; Hoots 
and Crucil, 1986). The efficiency of phos- 
phates and phosphonates could be enhanced 
by polymeric substances that might control 
the thickness of scales and prevent salt pre- 
cipitation. 

In neutral media, interphase (which could 
be a porous or a nonporous layer) inhibition 
presumes a three-dimensional layer be- 
tween the corroding substrate and the elec- 
trolyte. Inhibition efficiency depends on the 
properties of the 3D layer (Hausler, 1985). 
As corrosion and scaling are parallel pro- 
cesses, polyaspartates are used as biode- 
gradable alternatives to polyacrylates (Ross 
et al., 1997). 

Over the last few decades, a variety of 
chemical treatments have been developed, 
and recently derivatives of natural products 
have also been applied. An effective cool- 
ing water treatment simultaneously controls 
the corrosion, scale, and biological attack. 

Many papers have been devoted to the 
inhibition of iron corrosion in acidic media 
by aromatic or acethylene compounds (Olen 
et al., 1962; Leroy, 1987; Srhiri and Ben 
Bachir, 1970; Benchekroun et al., 1985), by 
primary aliphatic amines and aminoalco- 
hols (Perbons and Rocchini, 1983; Mager- 
ramov et al., 1997; Bastidas et al., 1997), 
and by nonionic surfactants (Jian and Shon, 
1985). The parameters influencing the in- 
hibitory action of aliphatic amines and qua- 
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ternary ammonium salts have been de- 
scribed by several authors (Fokin et al., 
198 1; NahlC, 1997), who emphasized that in 
addition to physical and chemical adsorp- 
tion, molecular weight also plays an impor- 
tant role in the inhibition process, and the 
degree of inhibition closely follows the ad- 
sorption isotherm. Schmitt (1985) suggest- 
ed that surfactants act by forming a bimo- 
lecular layer at the electrode. The behavior 
of several series of S- and N-containing 
compounds was studied by radiochemical, 
electrochemical, gravimetric, and micro- 
scopical techniques (Trabanelli, 1991). 

Kuznetsov (1989) dealt with the role of 
the chemical structure of organic corrosion 
inhibitors and pointed to the importance of 
electronic and solvation effects as well as 
complex formation in the inhibition process 
(Kuznetsov, 1990a, b, 1993; Raichevaet al., 
1993,1997), focusing mainly on three groups 
of copper inhibitors: azoles, amines, and 
sulfur-containing amides. The effect of 
chain length, branching, and position of the 
functional groups was explained by inhibi- 
tor adsorption. 

The inhibition efficiency of additives de- 
pends on several factors, including the num- 
ber of adsorption sites, the charge density, 
and the molecular size, as well as the mode 
of interaction with the metal surface. Ad- 
sorption depends mainly on the electronic 
structure of molecules, and the inhibition ef- 
ficiency increases with the length of the hy- 
drocarbon chain and the number of aromat- 
ic rings (Granese, 1985,1989). In acidic me- 
dia, the adsorption of heterocyclic com- 
pounds assumes a structure .parallel to the 
aromatic rings on the metal surface (Schmitt 
and Bedbur, 1984). 

A great variety of inhibitors are capable 
of providing a broad range of protection for 
metals under certain environmental condi- 
tions. The discharge of chemicals is regu- 
lated by environmental laws; therefore lo- 

cal regulations should be checked before 
planning, synthesizing, and using new cor- 
rosion or scale inhibitors. 

9.2 Corrosion Inhibition 
by 1-Hydroxy-Ethane- 1,l- 
Diphosphonic Acid (HEDP) 

A widely used example of organic phos- 
phonic acid inhibitor is the 1-hydroxy-1,l- 
diphosphonic acid (HEDP). The inhibitor 
effect of HEDP builds up over several hours 
or, in some cases, days, depending on the 
corrosivity of the environment (KAlmh et 
al., 1994). As is well known, in the presence 
of other chemical compounds (e.g., bivalent 
cations), the inhibition effect of HEDP in- 
creases by means of synergism. 

The inhibitor properties of HEDP were 
studied by several authors, using electro- 
chemical, gravimetric, spectroscopic, and 
surface analytical methods as well. On the 
basis of corrosion weight losses and pola- 
rization curves of carbon steel in 0.3% NaCl 
solution, Sekine and Hirakawa (1986) found 
that at below 2-3 x lo4 M HEDP concen- 
tration the steel was inhibited by chemisorp- 
tion in accordance with the Langmuir ad- 
sorption isotherm. However, at concentra- 
tions higher than M, the inhibitor ef- 
fect slightly decreased and removal of the 
rust layer was observed. Studying the effect 
of HEDP on the chemical passivation of car- 
bon steel in air-saturated neutral aqueous so- 
lution by electrochemical methods, Veres 
et al., (1992) showed that chemical passiva- 
tion cannot be attained in the presence of 
HEDP at concentrations higher than M. 
The passive state of the steel surface formed 
in air-saturated sodium benzoate solution 
was found to be destroyed. It was also prov- 
en that in concentrations as high as lop2 M, 
HEDP may be regarded as a rust-removing 
agent. 
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The results obtained by the radiotracer 
method by KkmBn et al. (1991) showed that 
HEDP forms a loosely bound adsorption 
layer on the iron oxide surface at 3-6 x 
lop4 M concentrations. The potential de- 
pendence of the adsorption in this concen- 
tration range was found to be very weak, and 
an increased amount of HEDP on the metal 
surface could be observed with increasing 
HEDP concentration in the solution. 

KBlmBn et al. (1994) studied the inhibi- 
tion mechanism of HEDP on carbon steel 
corrosion in neutral oxygen containing 
NaC10, solution by polarization and impe- 
dance techniques. The results obtained in- 
dicated that the major effects of the inhibi- 
tor below low3 M concentration are to shift 
the corrosion potential in the anodic direc- 
tion and to reduce the anodic current. The 
inhibitor has little or no effect on the cathod- 
ic oxygen reduction reaction. Therefore it is 
suggested that inhibition in this concentra- 
tion range is due to repair of oxide layer as 
a result of the adsorption of HEDP mole- 
cules. Increasing the HEDP concentration 
decreases the inhibition efficiency due to 
dissolution of the oxide layer. 

Figure 9-7 shows the iron concentration 
of test solutions as a function of the HEDP 
concentration at the end of gravimetric 
measurements (24 h) (KBlmBn et al., 1994). 
The iron content was determined separate- 
ly in dissolved and precipitated (rust) form. 
The variation of total iron content is in ac- 
cordance with the corrosion rate of carbon 
steel, showing a minimum curve. At lower 
HEDP concentrations, high amounts of iron 
exist in the form of rust, indicating a corro- 
sion protection effect of the oxide layer on 
the carbon steel surface. At higher concen- 
trations (c> M), HEDP keeps the total 
amount of iron in the solution phase. These 
results indicate that complex formation be- 
tween HEDP and iron ions has an important 
effect on the inhibition effect of HEDP. The 

log c 

Figure 9-7. Iron content (mg dm-3) of test solutions 
at the end of 24 h of gravimetric measurement of car- 
bon steel corrosion; -0-0-0- dissolved iron content, 
-0-0-0- total iron content including both the amounts 
of dissolved and rust-forming components. 

lower concentration of HEDP is presumably 
favorable for the formation of insoluble iron 
complexes; this hinders corrosion due to 
precipitation on the metal surface, while 
higher HEDP concentrations contribute to 
the formation of soluble iron complexes. 

9.2.1 Complexing Agent (HEDP-Iron) 

The effect of complex-forming reagents 
on the corrosion of metals was discussed in 
detail by Kuznetsov (1996). Complex for- 
mation plays an important role in the ele- 
mentary act of metal dissolution. Thus met- 
al cations passing into an electrolyte are al- 
ways associated with solvent molecules, 
counter ions, or other components having 
free electron pairs. Many complexing agents, 
such as phosphonates, being easily soluble, 
can form complexes of various composition 
and may be not only mono- but also poly- 
nuclear. The latter are usually of low solu- 
bility and their formation can inhibit metal 
dissolution. Therefore adequate interpreta- 
tion of the inhibition properties of phospho- 
nates requires the study of the influence of 
complex formation on the inhibition effect 
of phosphonate based inhibitor composi- 
tions. 
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The protonation constants of HEDP de- 
termined in 0.5 M NaClO, solution by 
potentiometric titration are shown in Table 
9-2 (KBlmBn et al., 1999). The stability con- 
st ant s ( Ppsr = MpA,H,]/[ MIp[ AI4[H] r ,  where 
M is for metal, A for acid, and H for proton) 
were calculated with the aid of the PSEQUAD 
computer program. The dissociation of the 
first phosphonic proton of HEDP is so acid- 
ic that its value could not be determined by 
pH-metry. The /3 values reported in Table 
9-3 are in reasonably good agreement with 
those reported in the literature (Wada and 
Fernando, 1972; Classens and van der Lin- 
den, 1984; Sanna et al., 1988; Deluchat et 
al., 1997; IUPAC, 1979). It should be men- 
tioned, however, that the stability constants 
for the H,A- and HzA2- species are lower, 
which indicate high interference of Na+ ions 
present in the system. The noticeable com- 
plex formation between Na+ and the phos- 
phonates (Classens and van der Linden, 
1984; Rizkalla, 1983; Anguliar et al., 1989) 
also indicates significantly higher pK val- 
ues determined in the presence of less ac- 
tive K+ or (CH,),Nf electrolytes. The step- 
wise pK values of 2.23,6.41, and 9.82 indi- 
cate that HEDP exists in solution predomi- 
nantly as H,A2- and HA3-, between pH5 
and 8. 

The complexation constants of HEDP 
with Fe(I1) and Fe(II1) ions are shown in 
Tables 9-3 and 9-4, respectively. Concentra- 

Table 9-2. Stability constants (log 8) of the proton 
complexes of H E D P ~ . ~ .  

Complex log P 

9.82 (2) 
16.23 ( 5 )  
18.46 ( 5 )  

a Kilmin et al. (1999); b a t  25k0.1 "C and I = O S  mol 
dm-3 (NaCIO,). 

Table 9-3. Stability constants (logp) of Fe(I1) com- 
plexes ~ ~ H E D P ~ . ~ .  

Fe(I1) 1% P 

MA 
MAOH 
MA, 

M,A 
M,AH 

M3A2 
Fitting 

7.83 (8) 

11.38 (16) 
17.00 (20) 
12.03 (9) 
23.5 (23) 

-3.15 (15) 

7.55 x 

a Kilmin et al. (1999); at 2520.1 "C and 1=0.5 mol 
dm-3 (NaCIO,). 

Table 9-4. Stability constants (log/?) of Fe(II1) com- 
plexes of HEDPa3b. 

Fe (111) log P 

Model I" Model IId 

FeAG 17.74 (11) 17.64 (1 1) 
FeA 15.10 (8) 15.12 (8) 
FeAOH 10.72 (9) 10.14 (23) 
(FeAOH), - 25.25 (13) 
FeA(OH), 0.35 (13) 0.48 (12) 
Fitting 0.0105 0.0098 

a Kilmin et al. (1999); at 25k0.1 "C and I = O S  mol 
dm-3 (NaCIO,); model I: FeAH, FeA, FeAOH, 
FeA(OH), ; model 11: FeAH, FeA, FeAOH, (FeAOH), , 
FeA(OH), . 

tion distribution curves of the species are 
depicted in Figs. 9-8 and 9-9, respectively 
(KBlmBn et al., 1999). 

At pH 7-8 complex formation of HEDP 
with Fe2+ is 94-98% (at a metal : ligand ra- 
tio of 1 : 1). The Fe(I1)-HEDP system can 
be described by assuming four species (FeA, 
FeAOH, FeA,, and FezA) (KBlmBn et al., 
1999). The fitting quality of the experimen- 
tal titration data improved significantly 
when the formation of further oligomeric 
species of stoichiometric composition Fe3Az 
was also assumed (Fig. 9-8). Exact identifi- 
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Fe2' : HEDP = 0.5 : 1 l:lr> ;is\ F e A y  B:j , ,U# 
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Figure 9.8. Concentration distribution curves for the 
complexes formed in the Fe(I1)-HEDP system as a 
function of pH; cligand= 3 x lo4 mol dm-' at the Fel 
HEDP molar ratio of 0.5. 
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1 .o 
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Figure 9.9. Concentration distribution curves for the 
complexes formed in the Fe(1II)-HEDP system as a 
function of pH (model 11); cligand=3x lo4 mol dm-3 
at the Fe HEDP molar ratio of 0.5. 

cation of polymeric-type complexes is dif- 
ficult as these compounds are probably 
chain polymers and, owing to the slight dif- 
ference in their effect on pH, they might sub- 
stitute each other. It can be established that 
the formation of bis-complexes is electro- 
statically hindered due to the four negative 
charges of the ligand [log (&A/&A2) = 
4.281. HEDP tends to form multinuclear 
complexes, i.e., in addition to chelates, met- 
al ions in monodentate coordination are al- 
so favorable. The multinuclear complex for- 
mation ability of HEDP, succeeding on the 

metal/electrolyte interface, can enable the 
formation of a protective layer on the met- 
al surface. 

The calculation based on the potentio- 
metric titration data of the Fe(II1)-HEDP 
system indicates that the formation of mono- 
nuclear complexes (FeAH, FeA) is predom- 
inant (Fig. 9-9) (Kiilmiin et al., 1999). Fur- 
thermore, due to the high affinity of Fe3+ to 
hydrolyzation, the formation of mixed hy- 
droxo species [FeAOH, FeA(OH),] is also 
significant (Table 9-4, model I). The qual- 
ity of fitting is improved by assuming the 
formation of a dimeric (FeAOH), com- 
pound (Table9-4, modelII). A high per- 
centage (> 99%) of Fe3+ is linked to HEDP 
at pH>5. 

9.3 Multifunctional Inhibitor 
Molecules 

Current investigations were performed to 
study the correlation between the structure 
of inhibitors and inhibition efficiency, as 
well as to develop chemicals with combined 
corrosion and scale inhibiting activity in or- 
der to decrease the pollution of natural wa- 
ters and to avoid incompatibilities of inhib- 
itors with other additives. 

Using the earlier-given information, a 
deeper insight into the mechanism of inhi- 
bition exerted by these chemicals may be 
gained. Three groups of corrosion and scale 
inhibitors were synthesized and their inhib- 
iting capacity analyzed as a function of hy- 
drophobic, anionic, or cationic side chains 
in amino acids. The chemicals investigated 
were: N-acyl derivatives of amino acids 
with/without alkyl, aryl, and aralkenyl groups, 
N-carboxymethyl- and N-phosphonomethyl 
amines, and benzo-hydroxamic acid deriv- 
atives. 

Corrosion inhibiting efficiencies were 
measured either by gravimetry of by elec- 
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trochemical methods (SOLARTRON 1286 
ECI). The anodic and cathodic polarization 
curves were obtained between -0.8 V and 
-0.1 V with a scan rate 10 mV min-', using 
a platinum auxiliary electrode, an SCE ref- 
erence electrode, and a cylindrical shaped 
corrosion test specimen fabricated from 
mild steel as the working electrode. The 
composition of the cooling water model so- 
lution was 3 x lo4 M MgS0,x2H20, 2.7 x 
104MNaHC03, 1 . 7 ~  lo4 M CaC1,x2H20, 
and 5 . 7 ~  lo4 M CaS04x2H,0. The effi- 
ciency of the inhibitors [q (%)I was calcu- 
lated from corrosion rates measured in in- 
hibited and uninhibited tests. 

The metals used in the corrosion tests 
were mild steel (99.57% iron, 0.05% sili- 
con, 0.05% carbon, 0.30 manganese, 0.01% 
sulfur, and 0.02 phosphorus), stainless steel 
(AISI 304: carbon max.: 0.12%, silicon 
max. 2.0%, manganese, chromium 17.0- 
19.0%, nickel 8.0-1 1.0%, sulfur max. 
0.030%, and phosphorus max. 0.04%), and 
copper. 

The stock solutions used in the scale inhi- 
bition process were: 3.12 gNaHC03/1000 ml 
bidistilled water, 2.22 g CaC1,/1000 ml 
deionized water, and 0.1 % inhibitor solu- 
tion. The samples were maintained at 60 "C 
for 24 h, filtered (filter size 0.45 pm), and 
the calcium concentration titrated using eth- 
ylene diamine tetraacetic acid. The efficien- 
cy (given in percentage) illustrates the Ca2+ 
complexing ability, i.e., the inhibition of 
scale formation. 

9.3.1 N-Acyl Amino Acids 

9.3.1.1 The Impact of the Acyl Moiety 
and the Amino Acid Side Chain on 
the Corrosion Inhibition of Mild Steel 

The data collected in Fig. 9-10 show that 
the inhibitor efficiency depends much more 
upon the hydrophobic character of the acyl 

Figure 9-10. The influence of acyl substituents on 
the corrosion-inhibiting efficiency, where Gly: gly- 
cine, Abu: a-aminobutyric acid, Asp: aspartic acid, 
Glu: glutamic acid, Phe: 6-phenylalanine, and Lys: 
lysine. 

chain than on the nature of the side chain 
in amino acids (Telegdi et al., 1992). Figure 
9-10 also shows that acetyl derivatives are 
less effective against corrosion. 

The increase in acyl chain length up to a 
certain size results in higher anticorrosion 
activity. 

Capryl derivatives proved to be efficient 
corrosion inhibitors. This indicates the sig- 
nificance of the hydrophobic side chain in 
the acyl moiety. It is likely that in the case 
of a shorter (C2-C,) acyl chain, hydropho- 
bic bulkiness of the chemicals would prob- 
ably not be sufficient to cover the metal sur- 
face as an insulator layer (Telegdi et al., 
1995). C derivatives are effective; the car- 
boxyl group faces the metal surface and, 
similar to a micelle, the alkyl chains are at 
an appropriate angle to the iron and will save 
the metal from attack by aggressive ions in 
aqueous solution. 

9.3.1.2 Corrosion Inhibition of Stainless 
Steel by Acylated Amino Acids 

The mechanism of corrosion protection 
of stainless steel differs from that of carbon 
steels and most other metals. In this case, 
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the metal is separated from the surrounding 
atmosphere by the formation of a real oxide 
barrier. At ambient temperatures, stainless 
steels do not form a true oxide layer, but a 
passive film is formed spontaneously in the 
presence of oxygen. 

Corrosion inhibitors for steels are being 
continuously developed because of the 
ubiquitous use of steel in construction and 
its somewhat limited corrosion resistance, 
especially in the presence of water. A great 
number of papers are on the effect of corro- 
sion inhibitors, and the overwhelming ma- 
jority deals with the effect of inhibitors on 
uniform corrosion. Due to environmental 
restrictions on common inorganic inhibitors 
(Freedman, 1986), several studies suggest 
derivatives of some amino acids as corro- 
sion inhibitors. A survey of a number of dif- 
ferent organic compounds commonly used 
as uniform corrosion inhibitors showed that 
most compounds hardly affect the pitting 
corrosion of stainless steel; however, one of 

the compounds (N-laurylsarcosine) shows 
significant inhibition due to the joint effect 
of adsorption phenomena and pH value (De 
Berry, 1984; Viebeck, 1984). Both the car- 
boxyl and the amide moiety are important 
in inhibition. Certain sulfur analogs were 
also investigated as potential inhibitors of 
AISI 304 stainless steel (Viebeck, 1984; De 
Berry and Viehbeck, 1988), and the effect 
of these compounds was measured by the 
linear current scan method. Inhibitors used 
for mild steel were also tested on stainless 
steel (AISI 304). 

Considering the electrochemical nature 
of corrosion processes, the potentiostatic 
technique was successfully applied in the 
evaluation of corrosion processes. Polariza- 
tion curves were recorded for stainless steel 
in aqueous model solutions with or without 
inhibitors (Fig. 9-1 1). The results of these 
experiments are summarized in Table 9-5. 
The polarization resistance (R,) values are 
representative for general corrosion (Teleg- 

.- 
0, - - blank - capryl Glu - caproyl Glu -- benzo I Glu - N, Nd(phosphonomethy1) GI 

-9.0 -j-, 
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 

E VISCE 
Figure 9-11. Polarization curves of stainless steel in sodium perchlorate solution with and without inhibitors; 
Gly: glycine; Glu: glutamic acid. 
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Table 9-5. Corrosion potentials and polarization re- 
sistance of stainless steel in  model water solutions 
with and without inhibitorsa. 

Solution E,,, (mV) Polarization 
resistance 

(Qm2) 

Blank - 155 29 

Capryl glutamic acid -190 40 
Caproyl glutamic acid -170 53 

Benzoyl glutamic acid - 90 55 

a 0.1 M sodium perchlorate, pH=7.0, inhibitor conc. 
= 100 ppm, room temperature. 

9.3.1.3 Interaction of Unsaturated 
Organic Inhibitors with Mild Steel 

In order to elucidate the importance of a 
double bond vicinal to an aromatic ring in 
the anticorrosive molecules, a series of 
chemicals were synthesized and tested as 
corrosion inhibitors. 

The impact of an aralkenyl group in the 
acyl moiety on the anticorrosion efficiency 
is much greater than that of an aryl group or 
the type of amino acid. The corrosion inhib- 
iting properties can be more readily altered 
by modification of the acyl part than by vari- 
ation of the amino acid side chain. The ef- 
ficiency (Table 9-7) significantly improves 
owing to the delocalization of x electrons in 
the phenyl ring through C=C and peptide 
bonds (34% + 83%). 

di et al., 1994). The hydrophobicity of the 
acyl group may explain the increased effi- 
cacy but the aryl substitution differs in the 
direction of AE,,,. Benzoyl glutamic acid 
is an anodic, whereas caproylkapryl deriv- 
atives are cathodic inhibitors. 

The efficiencies of inhibitors ( q )  on mild 
steel and stainless steel summarized in Ta- 
ble 9-6 show that three of the acyl amino 
acids (derivatives of aspartic and glutamic 
acid) are much more effective corrosion in- 
hibitors on mild steel than on stainless steel. 
This points to the importance of the carbox- 
yl group in inhibitor molecules and the sig- 
nificance of simple N-substitution. 

9.3.1.4 Influence of Aryl 
and Aralkenyl ~~i~~ Acid Derivatives 
on Mild Steel corrosion 

Efficiency data summarized in Table 9-8 
(Telegdi et al., 1999) point to the importance 
of a double bond close to the phenyl ring. 
These chemicals exhibit increasing efficien- 
cy. The presence of nitrogen as a substitu- 
ent (amino, dimethylamino, nitro groups) 

Table 9-6. Influence of aliphatic and aromatic inhibitors on mild and stainless steel". 

Inhibitor r (%) r (%I 
stainless steel mild steel 

31 
46 
26 
5 

42 
66 
22 
58 

29 
15 
75 
85 
50 
34 
19 
83 

a Model solution, room temperature, pH=7.0, inhibitor concentration= 100 ppm. 
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Table 9-7. The effect of the unsaturated acyl moiety 
on corrosion inhibition". 

inhibitory constants varied between 10 and 
25%. 

Inhibitor 

C,jH,CONHCH(COOH)CH2COOH 36 
C6H,CONHCH(COOH)CH2CH2COOH 34 
C6H,CH=CHCONHCH(COOH)CH,CH,COOH 83 

" Model solution, room temperature, inhibitor concen- 
tration= 100 ppm, mild steel. 

Table 9-8. Anticorrosion efficiency of aryl amino 
acid derivatives". 

Inhibitor 17 

C,H,CH,CH( COOH)NHCOC6H, 58 
p-NH&jH4CH2CH(COOH)NHCOCsH, 4 
p-(CH&NHC,jH4CH2CH(COOH)NHCOC,H, 6 
p-NH,C,jH,CH = C(CONH,)NHCOC6H, 27 
p-NO&H,CH =C(COOH)NHCOC6H, 28 
P-(CH,)~C~H~CH=C(COOH)NHCOC~H~ 8 
O,p-(CH,O)&H,CH=C(COOH)NHCOC,H, 93 
~-(OH),~TZ-(CH,O)C~H~CH=C(COOH)NHCOC~H~ 69 

" Model solution, room temperature, pH=7.0, inhibi- 
tor concentration= 100 ppm, mild steel. 

significantly decreases the corrosion inhib- 
iting efficiency. Anticorrosion efficiency 
may increase as a result of delocalization of 
the x electron cloud of the phenyl ring 
through a C =C double bond and the carbox- 
yl group. This phenomenon may be ex- 
plained by electrochemical interaction of 
the delocalized electron system of the inhib- 
itors with the metal surface. Hydroxy and/or 
methoxy substituents exert a favorable 
effect on the inhibition. According to the 
most probable conformation calculated by a 
semi-empirical method, the free carboxy or 
carboxamide group faces the metal surface 
in the adsorbed layer. 

These chemicals do not inhibit scale for- 
mation very effectively, after 24 h the scale 

9.3.2 Inhibition Efficiency of Carboxy 
and/or Phosphonic Acids 

Organic phosphorus compounds such as 
HEDP generally used as inhibitors reduce 
corrosion in industrial cooling water sys- 
tems. Owing to eutrophication, environ- 
mental regulations prescribe reduction of 
the phosphorus content in natural waters. 
Phosphorus contamination of rivers and 
lakes may be diminished by decreasing the 
phosphorus content of anticorrosive mole- 
cules, simultaneously maintaining the poten- 
tial of increasing the inhibiting capability. 

The corrosion of mild steel in aerated, 
neutral solutions is a complex process when 
a mixed inhibitor and porous corrosion layer 
is formed at the corroding surface. In indus- 
trial cooling systems, it may also cause op- 
erating problems. Solution of this complex 
problem was attempted by the use of chem- 
icals where the skeleton molecule was sub- 
stituted by carboxyl and phosphono groups. 
A systematic study of the corrosion behav- 
ior of organic compounds was made to prove 
the importance of phosphonic and carboxyl 
groups in inhibitory processes and to opti- 
mize inhibitor concentration with minimum 
corrosion rates and maximum scale inhibit- 
ing activity (KAlmAn et al., 1993; Gunase- 
karem, 1997; Fang et al., 1993; Silverman 
et al., 1995). 

On mild steel, the inhibiting activity and 
passivation characteristics exerted by car- 
boxy and phosphono groups were deter- 
mined by gravimetric measurements and 
electrochemical impedance spectroscopy. 
The organic chemicals under investigation 
included nitrilo(triacetic acid) (NTA), phos- 
phonomethyl-iminodi(acetic acid) (MPIDA), 
di(phosphonomethy1)glycine (DMPG), and 
nitrilotri(methy1-phosphonic acid) (ATMP). 
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Electrochemical impedance spectra be- 
tween 10000 and 0.1 Hz were measured at 
the corrosion potential (Zahner Electric 
IM5d Impedance System), using a rotating 
(v = 1000 rpm) polycrystalline mild steel disk 
of 0.5 cm2 area) as the working electrode, 
in model electrolyte containing 3 x 10-4M 
Mg SO4 x 2 H20, 2.7 x 1 O-, M NaHCO, , 
1.7x10-, M CaC12x2H20, and5.7x104M 
CaSO, x 2H20 (KBrmBn, 1999). The elec- 
tronic properties of a layer formed on the 
metal surface strongly depend on the com- 
position of the corrosion medium. In cool- 
ing water systems, the influence of calcium 
and magnesium cations on the corrosion 
inhibiting efficiency is very important. As 
shown in Fig. 9-12, the inhibiting effect 
increases dramatically with an increasing 
number of methylphosphono groups in the 
molecule. 

C 
\ 

As can be seen from Fig. 9- 12, the mole- 
cule with three carboxyl groups (NTA) does 
not protect the surface from the corrosion. 
Substitution of one of the carboxyl groups 
by P0,H2 increases the anticorrosion 
activity, while full substitution by P0,H2 
groups (ATMP) results in high efficiency 
( q  = 85%). The importance of the time-de- 
pendence of the inhibition is presented in 
Fig. 9-13. The inhibition process continu- 
ously increases in the first two hours, point- 
ing to the time-consuming formation of a 
protective film on the metal surface. 

Tables 9-9 and 9- 10 give data on the anti- 
corrosion activity of chemicals with a cen- 
tral nitrogen atom and the result of different 
a-amino acids modified on the amino 
group, respectively. A newly introduced 
carboxymethyl or phosphonomethyl group 
also increases the effectiveness of the inhib- 

Figure 9-12. Nyquist plots of mild 
steel in a model solution with dif- 
ferent inhibitors after 30 min: nitri- 
lo (triacetic acid) (NTA); phospho- 
nomethyl-iminodi (acetic acid) 
(MPIDA), di(phosphonomethy1)- 

phosphonic acid) (ATMP). 
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Figure 9-13. Nyquist plots of mild 
steel in the model solution with 
DMPG for different times; DMPG: 
di(phosphonomethy1)glycine. real part / 52 
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Table 9-9. Corrosion inhibiting efficiency of phos- 
phonic and/or carboxy acids with a central nitrogen 
atoma. 

[RII [R21 [R3] Efficiency 
(%) 

H CH2COOH CH2COOH 32 
CHZCOOH CH2COOH CH2COOH 23 
CH2PO3H2 CH2COOH CH2COOH 53 
CHzPO3H2 CH2PO3H2 CH2COOH 89 
CH2P03H2 CH2P03H2 CH2P03H2 85 

a Model solution, inhibitor concentration= 100 ppm, 
gravimetric measurement, room temperature; 

RlNR2R,. 

Table 9-10. The influence of amino acid substituents 
on the inhibitory efficiency '. 

[RII [R21 [R3] Efficiency 
(%) 

H 
H 
CH2COOH 
H 
H 
H 
H 
H 
H 
H 

H 
CH2PO3H2 
CH2COOH 

H 
CH2COOH 
CH2PO3H2 

H 
CH2COOH 
CHZPO3H2 
CHZPO3H2 

H 
H 
H 

CH2COOH 
CH2COOH 
CH2COOH 

CH2CH2COOH 
CH2CH2COOH 
CH2CH2COOH 

CHzP03H2 

49 
64 
61 
56 
65 
63 
35 
46 
52 
89 

a Model solution, inhibitor concentration= 100 ppm, 
gravimetric measurement, room temperature; 

HOOC-CH (R,)-N-R2R3. 

Table 9-11. Inhibition of scale formation by differ- 
ent aminophosphonic acids. 

Inhibitor Efficiency ( %) 

NTA MPIDA DMPG ATMP 

After 2 h 20 21 74 78 
After 4 h 19 15 64 73 
After 24 h 3 4 24 39 

itor molecule. The higher the number of 
phosphono groups in the molecule, the high- 
er was the efficiency. The other factor af- 
fecting the efficiency is the length of the car- 
bon skeleton. 

Results were obtained for chemicals with 
phosphono and/or carboxyl groups: various 
types were used in order to replace very ef- 
fective but toxic inhibitors, and to decrease 
the phosphorus content in the inhibitor. Pos- 
itive correlation was found between the 
number of substituents with negative charge, 
especially with phosphono groups. As these 
compounds are derivatives of natural ami- 
no acids, their catabolism results in nontox- 
ic chemicals, and the ratio of the phosphor- 
us is lower than in the chemicals used as in- 
dustrial corrosion inhibitors. Electrode im- 
pedance measurements pointed to the im- 
portance of time in the formation of a pro- 
tective layer on the metal surface. 

With respect to the scale inhibiting activ- 
ity of phosphono and/or carboxy acids, the 
following observations were made: Scale 
does not only decrease the heat-convecting 
capacity, but below the deposition microbes 
may adhere to metal surfaces, where they 
grow, multiply, and excrete aggressive me- 
tabolites. The corrosion process may be 
greatly enhanced under these conditions. 
Chemicals that showed good corrosion in- 
hibiting activity were tested as scale inhib- 
itors as well. The results are summarized in 
Table 9- 1 1 .  

9.3.3 Inhibition of Copper by Benzo- 
Hydroxamic Acids of Systematically 
Changed Structure 

Owing to the widespread use of copper in 
industrial applications, the investigation of 
its corrosion processes is of special interest. 
Copper has valuable properties such as high 
electrical and thermal conductivities and re- 
sistance to atmospheric corrosion in a natu- 
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ral environment. The corrosion and passi- 
vation of copper in various media have been 
the subject of many papers (Kiss, 1988; Lee 
and Nobe, 1986; Crundwell, 1992). 

Theoretically, a large number of materi- 
als may be applied as corrosion inhibitors 
for copper, but only a few of these have been 
thoroughly investigated. Azoles, especially 
triazoles, were studied as effective copper 
corrosion inhibitors (Lee and Nobe, 1986; 
Crundwell, 1992; Fiaud, 1995). Copper cor- 
rosion is reduced by mercaptobenzo-thia- 
zole (Weisstuch et al., 1971) through chem- 
isorption, and by mercapto-thiadiazole 
through physical sorption (Chaudhary, 
1997). Stricter environmental restrictions 
forced researchers to develop more environ- 
mentally friendly additives. 

Aromatic sulfoxides are excellent inhib- 
itors for iron corrosion in acidic media. Sev- 
eral studies have dealt with the inhibition of 
iron corrosion in H,S04 using dibenzylsulf- 
oxide (DBSO). Trabanelli (1989) and Ohno 
et al. (1993) explained the inhibiting effect 
of DBSO by its conversion to sulfide on the 
electrode surface. 

Benzo-hydroxamic acid derivatives are 
excellent chelating agents for mono-, bi-, 
and trivalent metals (Kurzak et al., 1990), 
thus offering the potential for corrosion 
inhibition. In the presence of a series of 
benzo-hydroxamic acids of systematically 
changed structure, the influence of substi- 
tuents on the corrosion inhibiting efficien- 
cy was studied in neutral solution. 

The effect of organic inhibitors on local- 
ized or general corrosion also depends on the 
stability of inhibitors in the presence of dif- 
ferent anions. In chloride-containing electro- 
lytes, the effectiveness of many inhibitors is 
lower due to deterioration of the chloride ion. 
The influence of benzo-hydroxamic acid de- 
rivatives on copper corrosion in chloride- 
containing solutions was studied by different 
techniques. In addition to generally applied 

techniques, electrochemical quartz crystal 
microbalance (EQCM) was also used to ob- 
tain information on inhibitor adsorption and 
on the behavior of copper both in acidic and 
neutral aqueous media. On the nanogram 
scale, the electrochemical quartz crystal 
nanobalance registered the frequency change 
as a function of time, which corresponds to 
the mass change of the crystal. 

EQCM experiments were performed 
using an AT-cut quartz crystal disk, with a 
diameter of 12 mm and 10 MHz nominal 
frequency. Copper was deposited from 
an acidic copper bath (Muller, 1953). An 
electrochemical nanobalance system model 
EQCN-701 connected to a potentiostat 
model PS-205 (ELCHEMA, N.Y.) was used 
to deposit the copper layers and monitor the 
electrode mass. The sensitivity of the crys- 
tal was determined during copper deposi- 
tion using Sauerbrey’s equation (Sauerbrey, 
1956). The change in mass or frequency was 
registered with time. 

The EQCM results for copper in 0.5 M 
NaCl with or without p-Cl-BHA (Shaban, 
1998) were obtained in terms of frequency 
or mass change of the crystal as a function 
of time. The corrosion rate of copper in the 
different solutions could be evaluated as the 
slope of the curve at any particular point. 

If the copper was immersed in a sodium 
chloride solution with or without benzo-hy- 
droxamic acid (BHA) derivatives, a thick 
layer was formed on the metal surface, 
which consisted of copper oxide, chloride, 
and the inhibitor molecule. The results re- 
vealed that the curve representing the ag- 
gressive solution showed two semi-circles 
which characterize the anodic reaction in- 
volving mass transfer through the copper 
oxide layer. The semi-circle at a higher fre- 
quency is due to the modulation for cop- 
per(1)chloride adsorbed at the electrode, 
while the low frequency part represents 
the diffusion process at the electrode due 
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to copper(I1) chloride and other adsorbed 
molecules. In the presence of inhibitors, the 
semi-circle at high frequency disappears 
(Fig. 9-14), indicating that the reactions at 
the electrode surface are hindered by inhib- 
itors covering the active areas. The R, val- 
ues (Table 9- 12) prove that p-C1-BHA is the 
most effective inhibitor, and based on com- 
parison of the different R, values the effi- 
ciency order of inhibition is: p-Cl-BHS> 
p-N-BHA > o-C1-BHA > o-M-BHA, which 
corresponds to the results obtained by oth- 

As the p-C1-BHA was the most effec- 
tive, it was subjected to a thorough study. 
The results show that the p-Cl-BHA defi- 
nitely reduced the copper dissolution rate 
in 0.5 M NaCl solution (Fig. 9-15). The 
mass of the electrode increased due to the 
adsorption of the inhibitor and formation of 
an inhibitor-corrosion-products complex 
on the electrode surface. This protective 
film accounts for the inhibition efficiency 
ofp-C1-BHA against localized attack on the 
copper electrode in NaCl (Shaban et al., 

er techniques. 1998a, b). 
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Figure 9-14. Nyquist plots of copper in 0.1 M sodium chloride solution with or without benzo-hydroxamic 
acid derivatives [OS M NaCl (pH 6.5), 1 x M benzo-hydroxamic acids; BHA: benzo-hydroxamic acid, 
o-C1: o-chloro, p-C1: para-chloro; o-M ortho-methyl; p-N: para-nitro]. 

Table 9-12. Copper corrosion inhibition parameters in sodium chloride solution with or without inhibitorsa. 

Inhibitor 
~~~~ 

P a  lpeak lmin Polarization 
(mV Dec-') (PA cm-2) (PA cm-2) resistance (R,) 

(kQ cm2) 

Blank 
p-CI-BHA 
o-Cl-BHA 
p-N-BHA 
o-M-BHA 

65 
82 
72 
75 
72 

8700 
5620 
7820 
7780 
7940 

3675 
485 

3935 
2265 
4345 

3.5 
17.2 
9.7 

13.0 
5.5 

a 0.5 M NaCl (pH 6.5), 1 x ~ O - ~  M benzo-hydroxamic acids; BHA: benzo-hydroxamic acid; o-C1: o-chloro,p-C1: 
para-chloro, o-M-: ortho-methyl, p-N: para-nitro. 
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Figure 9-15. EQCM results 
measured in the presence of 

*O I different benzo-hvdroxamic 
L 

-4 -./-+ acid derivatives [ O S  M 
NaCl (pH 6.5), 1 x M 
benzo-hydroxamic acids; 
BHA: benzo-hydroxamic 
acid, o-C1: o-chloro, p-C1: -.------+ para-chloro; o-M-: orfho- 
methyl; p-N: para-nitro]. 

r 

--.-0.5M NaCl 
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t/min. 

Using the EQCM technique, unambigu- 
ous evidence was provided for the corrosion 
inhibition actions of benzo-hydroxamic de- 
rivatives on copper in 0.5 M NaCl solutions. 
The p-Cl-BHA formed a stable film on the 
surface which provided excellent protection 
against corrosion. 

All derivatives of the benzo-hydroxamic 
acid inhibited copper corrosion more effec- 
tively than BHA itself. The efficiency was 
affected much more by hydrophobic bulki- 
ness in the phenyl ring than by the electron- 
pushing or electron-attracting character of 
the substituents. The results attained by 
electrode impedance spectroscopy and 
quartz crystal nanobalance techniques led to 
recognition that the higher efficacy was not 
due to the inductive effect of the substitu- 
ents, as both chloro and methyl substitution 
led to enhanced inhibition. The most impor- 
tant factor is the hydrophobic bulkiness. In 
the inhibition process, the inhibitor mole- 
cule is attached to the copper surface by the 
polar group (CON-), and the apolar hydro- 
phobic moiety may block the metal surface 

400 500 

from the aggressive ions. The higher the hy- 
drophobic moiety, the higher the corrosion 
inhibiting efficiency. 

The change in surface morphology was 
monitored in situ by atomic force microsco- 
py (AFM), in addition to electrochemical 
and gravimetrical techniques. Surface ana- 
lytical methods are becoming increasingly 
important for characterizing the layer 
formed on metal surfaces. AFM imaging is 
especially suitable for monitoring changes 
on the surface with time by the in situ tech- 
nique. AFM results are presented as three 
different forms of images: the first is a 3D 
presentation of the surface image, the sec- 
ond is a 2D image, and the third is the result 
of section analysis. The 3D presentation 
shows the surface morphology, which is rep- 
resented by Z or the RMS factor. The sec- 
tion analysis data are suitable for character- 
izing the electrode surface roughness, such 
as; the vertical distance, which is a measure 
of peak depth. Section analysis was per- 
formed in different directions (x ,  y ) .  This 
analysis is very useful for demonstrating lo- 



494 9 Environmentally Friendly Corrosion Inhibitors 

cal attacks. AFM results were obtained from 
measurements on dry samples and in fluid 
cells. The effect ofp-C1-BHA on copper cor- 
rosion in 0.5 M NaCl solution was investi- 
gated. 

The results obtained by immersing dry 
samples of the copper surface in 0.5 M NaCl 
solution with and without inhibitor are sum- 
marized in Figs. 9- 16 and 9- 17, respective- 
ly. AFM images were taken on wet samples 
at different time intervals in order to record 
the changes on the electrode surface due to 
corrosion and inhibition processes. AFM re- 
sults in the contact mode are interpreted as 
two types of image for each measurement. 
The copper surface was first imaged in air, 
then after immersion into the model solu- 
tion with or without inhibitor (p-chloroben- 

zo-hydroxamic acid). The effect of 0.5 M 
sodium chloride on copper showed the in- 
itiation of pitting corrosion. Pits started to 
develop at t= 1 min and grew in size. Cor- 
rosion products, most likely CuCl,, accu- 
mulated on the surface. The vertical dis- 
tance value, which is an indication of pit 
depth, increased sharply. The images in the 
presence of inhibitor demonstrate that p- 
chlorobenzo-hydroxamic acid is adsorbed 
on the surface and plugs the active sites 
where pitting corrosion is most likely to take 
place (Table 9- 13). 

The copper surface immersed in 0.5 M 
NaCl solution for 24 h was covered in large 
pits, and around the pits corrosion products 
had accumulated. The pits depth was about 
220 nm. In the presence of p-chlorobenzo- 

Table 9-13. Results of pit depth analysis on copper in 0.5 M NaCl with or without p-chlorobenzo-hydroxamic 
acid. 

Solution After 

2min 7min 10min 15min 20min 30min 45min 

0.5 M NaCl pit depth (nm) 43 71 72 83 90 91 117 
0.5 M NaCl+p-CI-BHA pit depth (nm) 24 19 14 13 16 22 5 

Figure 9-16. Change in the surface morphol- 
ogy of a copper surface imaged by in situ 
atomic force microscopy in the presence of 
0.5 M sodium chloride solution (pH 7.0) at 
room temperature. 
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copper surface after immersion into 0.5 M sodium chloride solution 

Figure 9-16. (continued). 



496 9 Environmentally Friendly Corrosion Inhibitors 

copper surface after immersion in inhibitor solution 

for 2 min 
Figure 9-17. Change in the surface morphology of copper surface imaged by in situ atomic force microscopy 
in the presence of 0.5 M sodium chloride and lo3 M p-chlorobenzo-hydroxamic acid solution (pH= 7) at room 
temperature. 
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for 30 min 

hydroxamic acid inhibitor, the corrosion 
mechanism changed. A condensed protec- 
tive layer appeared on the copper surface 
which consisted of corrosion products in a 
complex with the inhibitor, and the maxi- 
mum peak depth decreased to 24 nm. 

Benzo-hydroxamic acid derivatives in- 
hibited the scale formation less effectively 
(10-22%) than phosphonic and/or carbox- 
ylic acids. 
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for 60 min 

9.4 Synergism the application of environmentally accept- 
able but less effective compounds can be re- 
alized in this way. These are some of the 
main trends in inhibitor research taking into 
account environmental aspects. 

When the joint effect is better than ex- 
pected by simple addition, it is suggested 

Synergism is one of the most important 
phenomena in corrosion inhibition process- 
es and serves as a basis for all modern cor- 
rosion inhibition formulations. The amount 
of chemicals applied can be decreased, and 
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that the inhibitors have a synergistic effect 
on each other. Synergism is a nonlinear ef- 
fect resulting in nonadditive efficiencies of 
inhibitor components. Often this effect can 
not easily be explained, but it is likely that 
at least for some mixtures the mechanism of 
inhibition by synergistic mixtures differs 
from the mechanisms of the individual in- 
hibitors. The most important group of syn- 
ergistic inhibitor compositions is the mix- 
ture of cathodic and anodic inhibitors. 

Synergism can be ascribed to some inter- 
action between the inhibitor components. 
The interaction of inhibitor molecules can 
be mathematically described by introduc- 
tion of the synergism index S (Aramaki 
and Hackerman, 1969), which is defined for 
the two-component inhibitor system as fol- 
lows 

(9-3) 

where Er' is the inhibitor efficiency ob- 
tained from corrosion rate data of the mix- 
ture of inhibitors 1 and 2, E::. is the calcu- 
lated inhibition effect of inhibitors assum- 
ing additivity (there is no interaction be- 
tween the inhibitor compounds). EY:. can 
be expressed by the following relationships 

(9-4) 1 - Ecalc - 
1.2 -(1-E1) (1-E2) 

or 

Er;. = (El + E2 ) - E l  E2 (9-5) 

where 

(9-6) 

(9-7) 

(9-8) 

v1 and u2 are corrosion rates of inhibitor 1 
and 2 respectively, v l ,  is the measured cor- 
rosion rate of the mixture of inhibitors 1 and 
2, vo is the corrosion rate measured in the 
inhibitor free solution, and E ,  and E2 stand 
for the inhibitor efficiencies. [The relation- 
ship between the commonly used q % inhib- 
itor efficiency and E is q (%) =Ex loo%.] 

When there is no interaction between the 
inhibitor compounds, S should approach 
one. S > 1 points to a synergistic effect of the 
inhibitor compounds. In the case of S < 1, the 
antagonistic interaction of inhibitors pre- 
vails, which may be attributed to competi- 
tive adsorption. 

The expression of synergism index S can 
be simplified, which results in the following: 

(9-9) 
Y,2 vo 

Generalization of the definition of the syn- 
ergism index leads to the following expres- 
sion 

(9-10) 

where vn is the corrosion rate of the nth in- 
hibitor component and is the corro- 
sion rate measured in the system containing 
n inhibitor components. 

In the literature, there is another wide- 
spread description of synergism dealing 
with the degree of surface coverage (0) of 
individual inhibitors. The synergism index 
S, is defined as follows 

(9-1 1 )  

which describes mathematically the syner- 
gistic adsorption of inhibitor components. 

is the degree of surface coverage at- 
tained by the mixture of inhibitor 1 and 2 
and 0t:F is the calculated degree of surface 
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coverage assuming additivity between the 
inhibitor molecules (the degrees of surface 
coverage of the molecules are independent 
of each other). @$can be expressed by the 
following relationship 

1 - 1,2 --(l-@J - (1 -02)  (9- 12) 

or 

0;y= (0, + 0,) - 0, o2 (9-13) 

where 0 and O2 are the degrees of surface 
coverage attained by inhibitor 1 and 2, re- 
spectively. 

It should be noted that due to the differ- 
ent mode of definition, S and S,  have dif- 
ferent values in most cases. S and S ,  are on- 
ly equal when there is direct proportional- 
ity between the degree of surface coverage 
and the inhibition efficiency. There is good 
agreement between S and S ,  in the case of 
inhibitor blends of classical adsorption type 
inhibitors (2D inhibitors) in acidic systems, 
where the degree of total surface coverage 
of inhibitors does not reach the value of 
0= 1.  

On the basis of the relationship between 
the inhibitor concentration (Cinh) and the 
corrosion rate (v) ,  Fig. 9- 18 demonstrates 
schematically the antagonistic, additive, 
and synergistic interactions between two in- 
hibitor compounds for three cases. In a) 
there is a linear relationship between Cinh 

and v for both inhibitor compounds; in b) 
there is a linear relationship between Cinh 

and v for inhibitor 1 and a minimal type 
function (with an optimal inhibitor concen- 
tration) between Cinh and v for inhibitor 2; 
and in c) a minimum type function describes 
the relationship between Cinh and v for both 
inhibitor compounds. The plots were calcu- 
lated for the two-component inhibitor mix- 
ture when the total concentration of inhibi- 
tors was constant. The corrosion rates were 
related to the value for inhibitor-free solution. 

On the basis of the corrosion inhibition 
mechanism, the synergism phenomena can 
be attributed to different reasons. The cou- 
lombic interaction between cationic- and 
anionic-type inhibitors may result in in- 
creased adsorption and enhanced inhibition 
due to the weakening of repulsive forces be- 
tween adsorbed particles. Complex forma- 
tion between the inhibitor compounds may 
result in complex compounds owing to more 
advantageous adsorption properties than 
observed for the individual inhibitors. An- 
other way to improve the protective effect 
of adsorption-type inhibitors is by combina- 
tion with oxidizers. 

A well-known example of the synergistic 
effect is the inhibition of steel corrosion in 
acidic media by a mixture of iodide ions and 
amines or imines. The synergism was main- 
ly explained by coulombic attraction be- 
tween the charges of the adsorbed ions 
(Aramaki and Hackerman, 1969; Kordesch 
and Marko, 1960; McKee, 1967; Kemball, 
1959). The strong chemisorption of iodide 
ions on the metal surface yields coulombic 
repulsion. Stabilization of the adsorbed io- 
dide ions by means of electrostatic interac- 
tion with amines leads to enhanced adsorp- 
tion and a higher inhibition effect. Insolu- 
ble surface complex formation between io- 
dide ions and amines was also assumed and 
verified (Syed Azin et al., 1995; Donahue 
and Nobe, 1967). Potassium iodide also 
improves the inhibition efficiency of trans- 
cinnamaldehyde and alkynols on steel cor- 
rosion in 20% HCI solution (Rozenfeld, 
1981). 

The behavior of several substances pro- 
posed as copper corrosion inhibitors was 
studied in different aggressive media (Go- 
mez Becerra et al., 1987; Agrawal et al., 
1987; Gonzalez, 1993). The synergistic in- 
hibition effect on copper corrosion was ob- 
served between benzotriazole (BTA) and 
organic compounds such as benzylamine 
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Figure 9-18. Schematic demonstration 
of the antagonistic, additive, and syner- 
gistic interactions between two inhibi- 
tor compounds. In a) there is a linear 
relationship between Cinh and u for both 
inhibitor compounds; in b) there is a 
h e a r  relationship between Cinh and u 
for inhibitor 1 and a minimal type func- 
tion (with an optimal inhibitor concen- 
tration) between cinh and u for inhibitor 
2; and in c) a minimum type function 
describes the relationship between Cinh 

and u for both inhibitor compounds. 
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(Fleischmann et al., 1983, 1985), ethanol- 
amine (Xingping and Yufu, 1987), and po- 
tassium ethylxanthate (Gomez Becerra et 
al., 1987; Agrawal et al., 1987; Gonzalez et 
al., 1993). The synergistic effects were ex- 
plained tentatively by the irreversible for- 
mation of co-adsorbates, leading to a pro- 
tective heterogeneous polymeric-type layer, 
probably involving copper complexes and 
adsorbed C1- ions from the aggressive solu- 
tion (Gomez Becerra et al., 1987; Agrawal 
et al., 1987). 

The inhibition mechanism of BTA acts 
against copper corrosion by the formation 
of an inhibitor film of a Cu-BTA complex 
on the copper surface (Cohen et al., 1990; 
Brusic et al., 1991). The inhibition efficien- 
cy of the Cu-BTA film is strongly depen- 
dent on its degree of polymerization (Wu et 
al., 1993). The synergistic effect is brought 
about by the combined application of ben- 
zotriazole (BTA) and iodide ions, which 
prevents the corrosion of copper in sulfuric 
acid (Wu et al., 1993). The synergistic ef- 
fect was attributed to the formation of a film 
of Cu(1BTA) complex which is probably 
polymeric (Brusic et al., 1991). This film is 
much thicker and more polymeric than the 
inhibitor film formed without iodide ions in 
the solution. 

Cooling water systems are one of the 
most important fields where synergistic cor- 
rosion inhibitor blends are applied for tem- 
porary corrosion protection. Several combi- 
nations have been developed which are ca- 
pable of achieving increased protection 
under various plant operating conditions. 
Some of the most important synergistic mix- 
tures are: chromate - zinc, phosphonate - zinc, 
polyphosphate-zinc, polyphosphate-chro- 
mate, polyphosphate -phosphonate, and ni- 
trite-phosphonate. 

Heavy metal systems are considered one 
of the most effective multicomponent treat- 
ments. These systems inhibit carbon steel 

corrosion by suppressing oxygen reduction 
and are thus classified as cathodic inhibi- 
tors. The recognition that zinc increases the 
inhibition effect of chromate made it possible 
to decrease the chromate concentration in 
cooling waters by one order of magnitude, 
i.e., from the usual amount of 200-500 mg 1-' 
to 10-30 mg 1-'. The mechanism of inhibi- 
tion by chromate-zinc mixtures differs 
from that of passivation by chromate. Inhi- 
bition is due to the formation of zinc-chro- 
mium compounds of different compositions 
(Pallos and Wallwork, 1985; Golden and 
Mayne, 1978). Basic zinc chromate precip- 
itates at cathodic sites of the surface where 
the hydroxyl ion concentration increases 
due to its [Zn,(OH),CrO,] low solubility 
(L= (Comeaux, 1967). 

Chromate-polyphosphate mixtures were 
found to be more effective than the individ- 
ual components. According to Kahler and 
George (1950) polyphosphates are capable 
of cleaning the surface, so providing access 
for the chromate. Polyphosphate can also re- 
inforce the film produced by the chromate 
(Hatch, 1965 b). Chromate adsorption on the 
surface makes the potential of the metal 
more positive, which facilitates the adsorp- 
tion of negatively charged polyphosphate 
ions. 

Mixtures of nitrites and phosphonates al- 
so show synergistic protection effects on 
carbon steel corrosion (Lazarides et al., 
1979). Marshall suggests (1981) that ferric 
aminophosphonates are deposited at anodic 
areas, and that the oxidation of iron is sup- 
ported by the reduction of nitrite. It is more 
likely that nitrite shifts the potential of the 
metal surface to more positive values by re- 
duction or adsorption, which facilitates the 
adsorption of phosphonate. After a longer 
time, the adsorbed phosphonate forms a sol- 
id compound of ferric aminophosphonate. 

One of the most significant synergistic in- 
hibitor blends is the mixture of phosphonate 



9.4 Synergism 503 

and multivalent metal ions. The principle of 
synergism is based on the fact that phospho- 
nates are capable of forming slightly solu- 
ble complex compounds with multivalent 
cations. These multinuclear polymer type 
complexes are able to form a three dimen- 
sional (3D) protective layer on the dissolv- 
ing metal surface, resulting in a barrier layer 
between the metal surface and the electro- 
lyte. The synergistic effect is highly depen- 
dent on the pH, the molar ratio, and the con- 
centration of inhibitors. 

9.4.1 Effect of Bivalent Cations 
on the Inhibition Efficiency of HEDP 

HEDP acts as an anodic inhibitor of me- 
dium efficiency for carbon steel corrosion 
in a neutral, oxygen-containing solution 
(KBlmBn et al., 1994). It was found that in- 
hibition may be enhanced by various chem- 
ical additives. The salts of bivalent cations 
(such as Zn2+ and Ca2+) are often applied as 
additives (Kuznetsov, 1996; KfilmBn, 1994; 

h 

" E  
a c! 

Felhdsi et al., 1999a). In the presence of 
some bivalent cations, the inhibition effect 
of HEDP in aqueous solution increases syn- 
ergistically (Kuznetsov, 1996; FelhBsi et al., 
1999a). 

The current density -potential character- 
istics of carbon steel in aerated 0.5 M NaC10, 
solution are shown in Figs. 9-19 and 9-20 as 
a function of Ca/HEDP and Zn/HEDP in- 
hibitor molar ratio, respectively (Felhosi et 
al., 1999a). The calculated polarization re- 
sults, i.e., corrosion potential (E,,,), corro- 
sion current density (i,,,), and inhibition 
efficiency (qDc) are listed in Table 9-14 
(Felhdsi et al., 1999a). 

The corrosion potential of carbon steel is 
shifted in the anodic direction by the addi- 
tion of HEDP due to the anodic inhibition 
effect of the phosphonate. In the presence 
of Zn2+ or Ca2+, the corrosion potential 
tends to shift in the cathodic direction. By 
combined application of HEDP and Ca2+ or 
Zn2+, both anodic iron dissolution and the 
rate of the cathodic oxygen reduction reac- 

blank solution (0.5 M NaCIO,, pH=7) 

; . ' I  ; 

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 

E I V vs. SCE 

Figure 9-19. Polarization curves of carbon steel at different molar ratios of Ca2+/HEDP (FelhBsi et al., 1999a). 
(Reproduced by permission.) 
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Figure 9-20. Polarization 
curves of carbon steel at 
different molar ratios Of 

Zn2+/HEDP (FelhBsi et al., 
1999 a). (Reproduced by 
permission.) 

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 

E I v vs. SCE 

Table 9-14. Corrosion potential (E,,,), corrosion current density (icor), inhibition efficiency (qDc), and syner- 
gism parameter (S) in different solutionsa. 

- - 0.5 rnol dm-3 NaCIO, -572 244 
HEDP ( 3 ~ 1 0 ~  rnol dm-3) -487 117 52.0 (10) - 

Ca2+ 0.5 
I 
2 
4 

Zn2+ 0.5 
1 
2 
3 
4 

-490 
-538 
-570 
-620 
-454 
-520 
-552 
- 546 
-572 

33.2 
62.5 
76.7 
87.1 
44.4 
41.2 
9.27 
5.86 
11.9 

86.4 (3) 
74.4 ( 5 )  
68.6 ( 5 )  
64.3 ( 5 )  
81.8 (3) 
83.1 (2) 
96.2 (1)  
97.6 ( 1 )  
95.1 (1) 

3.4 
1.8 
1.5 
1.3 
1.4 
1.5 
6.7 
10.5 
5.2 

a 3x10'' mol dm-3 Ca(NO,),: i,=234 pA cm-'; 3x104 mol dm-3 ZnSO,: i,= 129 pA cm-2. 

tion could be reduced. Corrosion current 
densities (calculated by the Tafel extrapola- 
tion method) decreased with the addition of 
Ca2+ or Zn2+ due to increased protection by 
means of synergism. 

In the presence of Ca2+, the highest inhibi- 
tion efficiency was observed at a Ca/HEDP = 
0.5 molar ratio (qDc= 86%, S =  3.4). High- 
er inhibition due to Ca2+ addition can be 

conveniently applied in industrial water 
treatment, i.e., an appropriate water hard- 
ness enhanced the corrosion protection of 
HEDP. Similarly, a maximum protection ef- 
fect against steel corrosion by HEDP and 
Ca2+ was reported by Kuznetsov et al. 
(1988) when the molar ratio of HEDP was 
2-3 times higher than that of CaCl,. This 
effect is associated with the formation of a 
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mononuclear Ca-HEDP complex in water, 
which is responsible for its surface-active 
and inhibitive properties. Figure 9-2 1 shows 
the concentration distribution curves of spe- 
cies in the Ca2+-HEDP system (KBlmBn et 
al., 1999). 

More significant synergism was attained 
by the combined application of Zn2+ and 
HEDP. The highest inhibition efficiency 
(qDc=97.6%) was observedat aZn/HEDP= 
3 molar ratio with the highest synergism pa- 

0.8 

g 0.6 

V." 

2 4 6 8 10 12 

b. PH 

0.21 .i-p--- Ca L 
0.04 1 I . 8 4 ,  . I . I 

2 4 6 8 10 12 

C, PH 

Ca" : HEDP = 2 : 1 

0.81 

PH 

Figure 9-21. Concentration distribution curves for 
the complexes formed in the Ca(I1)-HEDP system as 
a function of pH; at the Ca/HEDP molar ratios of a) 
0.5, b) I ,  and c) 2; clifilnd=3x lo4 mol dm-3. 

rameter of S= 10.5. Complex formation be- 
tween HEDP and zinc ions plays an impor- 
tant role in the synergistic inhibition effect. 
It was unambiguously shown by polariza- 
tion data that the molar ratio of HEDP/Zn2+ 
also plays a significant role in the inhibition 
efficiency of inhibitor mixtures. 

Figure 9-22 shows the concentration dis- 
tribution curves of species in the HEDP(H4A)- 
Zn2+ system (KBlmBn et al., 1999). At pH 
7 -8, complex formation of HEDP with Zn2+ 
is 98-99% (at a metal : ligand ratio of 1 : 1). 
The system can be described by assuming 
the presence of five species (ZnA, ZnAOH, 
ZnA,, Zn2A, and Zn4A3 ; see Table 9- 15). 

In the presence of zinc, the inhibition ef- 
ficiency of HEDP is related to the total 
fraction of HEDP in the form of complexes 
(Fig. 9-23). The formation of the ZnA com- 
plex is favored at lower zinc-ligand ratios. 
Equilibrium is shifted towards the forma- 
tion of oligonuclear species (Zn4A3) and 
Zn2A with increasing zinc ion concentration 
in the solution. The high corrosion inhibition 
effect of the Zn2+/HEDP mixture (vDc>95% 
at Zn2+/HEDP= 2-4 molar ratio) is due to 
precipitation of these polymeric complexes 
with charge, which enables electrostatic 
binding to be established with the metal sur- 
face, thus forming a protective layer. The 

Table 9-15. Stability constants (log /3) of Ca(I1) and 
Zn(I1) complexes of HEDPa. 

Complex 1% B 

Ca(I1) Zn(I1) 

MA 4.84 (6) 8.64 (6) 

MA2 - 13.88 ( 1  1) 
8.07 (15) 12.37 (6) 

- 38.05 (8) 
M2A 
M4'43 
Fitting 5.09 x 1 0-3 5.48 x 1 0-3 

MAOH - -1.28 (13) 

a 25k0.1 "C and 1=0.5 mol dm-3 (NaCIO,). 
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Figure 9-22. Concentration distribution curves for the complexes formed in the Zn(I1)-HEDP system as a func- 
tion of pH; at the Zn/HEDP molar ratio of a) 0.5, b) 1, and c) 2 and d) 3; cligand=3x mol dm-3. 

Figure 9-23. Inhibition effi- 
ciency and total percentage of 
HEDP linked to zinc as a func- 
tion of the Zn/HEDP molar ra- 
tio (cligand= 3 x lo4 mol dm-3). 

formation of heteropolynuclear complexes 
can also be presumed, i.e., one phosphonate 
group of HEDP can be bound to a zinc ion 
and the other phosphonate group is linked 
to the iron surface. The formation of insol- 

uble heteropolynuclear complexes may sta- 
bilize the surface layer, in agreement with 
the synergistic effect between metal ions 
and HEDP. 
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9.4.2 Adsorption of HEDP-Zn2+ 
on a Gold Surface 

Study of the inhibition mechanism of 
molecules requires systematic investigation 
of the adsorption/desorption processes of 
inhibitor molecules on the metal/electrolyte 
interface. The adsorption phenomena of in- 
hibitors on corroding metals are fairly com- 
piex and dependent on the surface feature, 
such as the composition and structure of the 
oxide-hydroxide layer, the local pH gradi- 
ent near the interface, and interaction be- 
tween the inhibitor molecules and compo- 
nents of the oxide layer. The study of ad- 
sorption/desorption processes of corrosion 
inhibitors on a noble metal surface is of great 
importance for fundamental aspects. There- 
fore knowledge of the adsorption properties 
of inhibitor molecules on a well-defined sur- 
face structure might be beneficial, and may 
contribute to a better understanding of the 
kinetics and mechanisms of inhibition pro- 
cesses on constructional materials of indus- 
trial importance. 

During the last decade, the use of single 
crystals in the study of electrochemical re- 
actions has spread widely (Siegenthaler and 
Jiittner, 1984; Nichols et al., 1990; Suggs 
and Bard, 1994). The well-defined surface 
structure was considered as a basis for a me- 
chanistic description of electrode processes 
on a molecular level. Electrochemical scan- 
ning tunneling microscopy (EC-STM) is 
suitable for providing structural informa- 
tion on the electrochemical interface at an 
atomic level (Bard and Fan, 1993). The ad- 
sorption or deposition of inhibitor mole- 
cules on a foreign substrate from aqueous 
electrolytes is not only a reaction of great 
technological importance, but it is also a 
classic example of the nucleation-growth 
process where nucleation centers play a de- 
cisive role. 

Figure 9-24a shows an STM image of an 
initial Au( 1 1 1 )  surface in 0.1 M NaC10, so- 
lution at the open circuit potential. Large, 
atomically flat terraces and monoatomic 
high steps can be observed. Roughening of 
the surface occurs after two oxidation-re- 

Figure 9-24. STM image of Au( l l1 )  surface in 0.1 M NaCIO, solution: a) at the initial stage, and b) after two 
oxidation -reduction cycles. 



508 9 Environmentally Friendly Corrosion Inhibitors 

duction cycles between 250 and 1900 mV 
(NHE) with a scan rate of 20 mV s-l (Fig. 
9-24b). Figure 9-25 a-c shows STM imag- 
es of the Au( 11 1) surface in 1.5 x lop2 M 
HEDP+O. 1 M NaC104 containing electro- 
lyte. HEDP prevents roughening of the gold 
surface, and adsorption of the molecules can 
be seen almost over the whole surface. Pre- 
cipitation and growth of particle size pro- 
ceeded for 20 min. 

Zn-HEDP polymer layer formation was 
monitored in situ by the EC-STM technique 
on the terraced gold( 1 1 1) surface (SzBcs et 
al., 1998, 1999). Chain-type film formation 
can be observed at potentials more positive 
then 1300 mV (NHE). The formation of the 
polymeric layer takes 5 min (Fig. 9-26b). 
Increasing of the potential up to 1800 mV 
(NHE) does not affect the surface morpholo- 
gy, i.e., the whole surface is covered by the 

Figure 9-25. STM image of Au(ll1) surface in 
1 . 5 ~  lo-* M HEDP+O.l M NaCIO, solution: a) at 
the initial stage at an open circuit potential and b) at 
780 mV (NHE), and c) at 680 mV (NHE). 
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Figure 9-26. STM image of Au(l l1)  surface in 1 . 5 ~  M Zn2++0.1 M NaCIO, solution: 
a) beginning of the polymer film formation after two oxidation-reduction cycles at 900 mV (NHE), b) at 1300 mV 
(NHE), c) in the zinc reduction range, and d) after five oxidation-reduction cycles at 1300 mV (NHE). 

M HEDP+ 1 . 5 ~  

polymer film. Due to reduction of the po- 
tential, dramatic changes are clearly visible 
in the STM images (Fig. 9-26c), where sig- 
nificant deposition can be observed. The 
surface becomes smoother with the devel- 
opment of a polymolecular film displaying 
some holes. These morphological changes 

are due to the presence of zinc ions in the 
solution, the deposition of which at lower 
potentials leads to better surface coverage. In 
this potential range the deposition of zinc 
ions is quasi-reversible, as can be seen in the 
cyclic voltammogram (Fig. 9-27). Due to 
the increase of the potential back to more 
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Figure 9-27. Cyclic voltammograms of polycrystal- 
line gold in 0.1 rnol dm-3 NaC104+3 x lo4 rnol dm4 
HEDP+3 x lo4 rnol dm-3 ZnSO, with different scan 
rates (100, 25, and 10 mV s-'). 

positive values, an oxidation process takes 
place and some degree of rearrangement of 
surface morphology can be observed (Fig. 

The change in surface layer structure for- 
mation observed at the potential range of 
E e  130 mV is due to two processes; zinc 
underpotential deposition (UPD) on the 
gold surface and HEDP-zinc complex ad- 
sorption. Modification of the gold surface 

9-26d). 

by zinc UPD results in a surface energeti- 
cally more favorable for enhanced zinc- 
HEDP polymer layer accumulation. How- 
ever, this cannot preclude the possibility of 
zinc reduction in the form of zinc-HEDP 
complexes. 

The enhanced adsorption due to zinc re- 
duction was also revealed by an in situ ra- 
diotracer method on a polycrystalline gold 
surface (Felhosi et al., 1999b). Examination 
of the simultaneous accumulation of Zn2+ 
and HEDP on the metal surface is of special 
importance in revealing the mechanism of 
corrosion inhibition by inhibitor blends. 
The study of sorption processes on the poly- 
crystalline gold electrode may offer infor- 
mation on the interaction between the com- 
ponents of the synergistic inhibitor mixture 
present at the electrode/electrolyte inter- 
face. 

The time dependence of 14C-HEDP ad- 
sorption on polycrystalline gold in the solu- 
tion containing Zn2+ is shown in Fig. 9-28 
for the potential range of E > 200 mV. The 
surface excess values (r) at a given poten- 
tial reached a quasi-stationary state within 

Urnin 

Figure 9-28. Potential dependence of HEDP adsorption on a sputtered polycrystalline gold electrode by posi- 
tive potential stepping in0.5 rnol dm-3 NaCI04+ m ~ l d m - ~  ''C-HEDP+3x104 rnol drK3 Zn(C104), (-a) and 
0.5 mol dm-3 NaC104+3 x rnol dm-' I4C-HEDP+3x lo4 rnol dm-3 Zn(C104), ( -O-)  solutions: a) 200 mV, 
b) 300 mV, c) 400 mV, d) 500 mV, e) 600 mV, f )  700 mV, g) 800 mV, h) 900 mV, and i) 1000 mV. 
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-1200 - 

-1000 - 
c: 
=. -800 - c? 
E - -600- 

a period of 5 min. The surface excess val- 
ues remained under monolayer coverage over 
the whole potential range studied (200 mV- 
1600 mV) (Felhosi et al., 1990b). 

At lower potentials ( E c  200 mV), inten- 
sive, enhanced adsorption of HEDP can be 
observed; the sorption of HEDP is continu- 
ous and the stationary state does not begin 
even after 15 min. Figure 9-29 shows the po- 
tential dependence of the r-values of HEDP 
measured after 12 min on a polycrystalline 
gold surface. The r vs. E curve provides ev- 
idence for the formation of surface adsorp- 
tion complexes. It is also obvious from the 
surface excess values that the thickness of 
the film formed greatly exceeds that of 
monolayer coverage (0 = 3 at E =- 600 mV 
after 12 min) (Felh6si et al., 1999). This in- 

R,= 12.2 n 
RP= 1386n - 
Qdl= 2.92 mF.s* . 
a= 0.689 - 
chi-s=0.002 

- 

- 
0 Q 
1 l4 
\ 
L, 
t 12 x 

10 

8 

6 

4 

2 

0 
4 6  4 4  4 2  0 0,2 

EN (RHE) 

Figure 9-29. Potential dependence of HEDP adsorp- 
tion on a sputtered polycrystalline gold electrode ob- 
tained by negative potential stepping in solutions of 
0.5 mol dm-' NaCIO, + rnol dm-' I4C-HEDP+ 3 x 
1 O4 rnol dm-' Zn(C10,), (-v-), 0.5 rnol dm-3 NaCIO, 
+ 3 x lo4 rnol dm-' I4C-HEDP+3 x lo4 rnol dm-' Zn 
(CIO,), (-0-),  and 0.5 mol dm-3 NaC10,+104 rnol 
dm-3 ''C-HEDP+3x104 mol dm-3Zn(C10,)2 (-0-). 

tense HEDP adsorption on polycrystalline 
gold can be attributed to the reduction of 
zinc(I1) derivatives present in the solution. 

9.4.3 Impedance Study 
of Synergistic Inhibition 

Figure 9-30 shows the frequency re- 
sponse of the carbon steel electrode in neu- 
tral (pH 7), aerated, 0.5 mol dmP3 NaC10, 
solution. The depressed semicircle usually 
describes the carbon steel frequency re- 
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Figure 9-30. Impedance spectra of carbon steel in 
areated 0.5 rnol dm-' NaCIO, solution (pH 7.0) and 
fit result using equivalent circuit model containing one 
time constant (FelhBsi et al., 1999a). (Reproduced by 
permission.) Re(Z): real part of impedance, Im(Z): 
imaginary part of impedance, chi-s: chi-squared. 
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sponse behavior in neutral aerated systems 
(Mansfeld et al., 1985; Juttner et al., 1988; 
Mitzloff et al., 1988; Bonnel et al., 1983; 
Pech-Canul and Turgoose, 1993; Gonzalez 
et al. 1995). Such depressed semicircles can 
be interpreted as a deviation of the double 
layer behavior from the ideal capacitance 
due, e.g. to surface inhomogeneity. This be- 
havior can be modeled using a constant 
phase element (CPE) instead of capacitance, 
where the empirical exponent a could be 
caused by surface inhomogeneity. 

The first, most simple approach describ- 
ing corrosion on an inhomogeneous surface 
can be expressed by the following transfer 
function introduced by Mansfeld, Kendig, 
and co-workers (Juttner et al., 1985; Ken- 
dig et al., 1984; Mansfeld et al., 1984) 

Z(  j 0) = Y-' ( j  0) (9-14) 
= R,+ R, [ 1 + R, Qdl ( j  0) a]-1 

where w =  2 nf is the angular frequency, R, 
represents the solution resistance, R, corre- 
sponds to the polarization resistance, and 
Qdl denotes the CPE of the double layer. 
This transfer function fits well with the im- 
pedance diagram at low frequencies, but 
deviates from it at intermediate frequen- 
cies. 

The corrosion on metals covered by apor- 
ous 3D surface layer can be described by a 
more complete transfer function (Juttner et 
al., 1988; Juttner, 1990). The impedance of 
the model (Fig. 9-31), corrected for electro- 
lyte resistance R,, can be expressed by the 
following transfer function 

Z ( j  0 ) - l  = Y ( j  0) = 0 YL ( j  0) 
+(I-@) Y c o r ( j 0 )  (9-15) 

where Y,,, is the admittance of the corrosion 
process of bare metal, which takes place at 
the bottom of pores of the porous oxide 
layer, YL stands for the oxide layer admit- 
tance, and 0 is the degree of coverage due 
to the oxide layer. Surface layer admittance 
( YL)  can be given by a parallel combination 
of the layer resistance (RL) and the layer ca- 
pacitance (C,). The corrosion process in the 
pores can also be divided into a parallel 
combination of the double layer capacitance 
(Cdl), the impedance of anodic iron disso- 
lution controlled by charge transfer (Rct, a), 

and the impedance of the cathodic oxygen 
reduction process, which is controlled by 
charge transfer (RCt,,) and diffusion (&iff). 

Juttner and co-workers (Juttner et al., 1988; 
Juttner, 1990) gave a detailed discussion on 
the impedance of oxygen diffusion. Accord- 

I I  

4 k p o r  t--(Rt,c ZN H Za H Z p o r  I--- Figure 9-31. Equivalent circuit 
model of corrosion of metals cov- 
ered by a porous surface layer [ac- 
cording to Juttner et al. (1988), 
Juttner (1990), and FelhBsi et al., 

1 
1 

I 

Zcor ( 1999 a)]. 
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ingly, the diffusion of oxygen can be subdi- 
vided into three different regimes: linear 
Nernst diffusion (Z,), nonlinear diffusion at 
the surface (ZJ, and linear diffusion within 
the pores (Zpor). The model consists of the 
solution resistance in the pores (RQ par) con- 
nected in series to the corrosion processes. 
The model of carbon steel corrosion in neu- 
tral oxygen-containing solutions (Fig. 9-3 1) 
is complicated; the accuracy and reprodu- 
cibility of the experimental results were not 
sufficient for the determination of all param- 
eters. 

The most important parameters of the 
model were determined on the basis of the 
following assumptions and approaches: 

0 The resistance of the 3D oxide layer is 
relatively high compared to the charge 
transfer resistance, thus RL the layer re- 
sistance, can be omitted from the model. 

0 The rate determining transport process is 
diffusion in the pores (Z,,,). 

0 In the low frequency range, if o + 0, 

The combination of Rpor, RCt,,, and R,,, 
was replaced by R, , the polarization re- 
sistance. 

With the above simplifications and intro- 
duction of CPE instead of capacitances, the 
transfer function (Eq. (9-15)) can be de- 
scribed by the following equations 

Zpor+ Rpor ' 

YL ( j  W) = Q L  ( j  a)* (9-16) 

and 

Y A  ( j  0) = R Q  por+Rp [ 1 + Rp Qdl ( j  W) 
(9-17) 

where RQpor represents the electrolyte re- 
sistance within the pores of the oxide layer 
and QL characterizes the properties of inho- 
mogeneous surface layer capacitance by a 
CPE. Polarization resistance is a complicated 
function determined by charge-transfer and 
mass-transport steps. The equivalent circuit 

of the simplified model can be seen in Fig. 
9-32. The two relaxation time constants char- 
acterizing the complete transfer function in 
this model are given by t, = (RP Qdl )'la and 
t2= (RRporQdl)"a. The lower frequency re- 
laxation time constant corresponds to the 
charge transfer process, while the high fre- 
quency relaxation time suggests the pres- 
ence of a porous layer. 

Agreement between measured and calcu- 
lated data was found to be much better with 
the use of a two-time-constant transfer func- 
tion (Fig. 9-32) described by Eqs. (9-15), 
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Figure 9-32. Impedance spectra of carbon steel in 
areated 0.5 mol dm-3 NaCIO, solution (pH 7.0) and fit 
result using an equivalent circuit model containing two 
time constants (Felhiisi et al., 1999a). (Reproduced by 
permission.) Re(Z): real part of impedance, Im(Z): 
imaginary part of impedance, chi-s: chi-squared. 
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(9-16), and (9-17) than was attained by the 
application of a transfer function containing 
one time constant. Both constant phase ele- 
ments, QL and Qdl of the same magnitude. 
This high value indicates that the surface is 
highly covered by oxide. Solution resistance 
within the pores RSZpor is low, as expected. 
Two time constants in the impedance spec- 
trum were also observed for an iron RCE 
in 0.5 M NaCl after a long exposure time 
(23 h) (Mansfeld and Lorenz, 1991). 

Impedance Nyquist and Bode plots for 
different Ca/HEDP and Zn/HEDP inhibitor 
molar ratios are presented in Figs. 9-33 and 
9-34, respectively. The fit parameters ob- 
tained with the two-time-constant transfer 
function and calculated inhibitor efficien- 
cies of the impedance as a function of Ca/ 
HEDP and Zn/HEDP molar ratios (cHEDP= 
3 x 104 mol dm-3) are presented in Table 

As can be seen from the impedance re- 
sults shown in Fig. 9-33 and Fig. 9-34, the 
increase in polarization resistance in the 
presence of HEDP (compared to inhibitor- 
free solution) is related to the corrosion pro- 
tection effect of the molecule. The value of 
the constant phase element of the double 
layer (Qdl) decreases in the presence of 

9-16. 

HEDP, indicating that the thickness of sur- 
face oxide layer decreases and changes the 
effect of the oxide layer on the kinetics of 
the electrode process. 

A synergistic increase in the polarization 
resistance was observed by applying cal- 
cium or zinc ions together with HEDP 
(FelhBsi et al., 1999). The highest R, values 
were obtained at Ca/HEDP and Zn/HEDP 
molar ratios of 0.5 and 3, respectively. These 
results are in accordance with the results of 
dc measurements. The peak in the low fre- 
quency range described by tl decreased in 
the presence of inhibitors. Qdl characteriz- 
ing the metal-oxide interface is one order 
of magnitude lower than that of the inhibi- 
tor-free solution. The low value of QL indi- 
cates a thickening of the inhibitor film 
formed on the metal surface in the presence 
of both calcium and zinc ions. 

Extremely high pore resistance (R,  
was obtained in the solution of Zn/HEDP = 3. 
This high value can be related to the filling 
of pores of the oxide-hydroxide layer with 
inhibitor molecules. The impedance at high 
frequencies, which corresponds to the por- 
ous corrosion product layer containing the 
inhibitor, increases indicating that the sur- 
face layer becomes denser. The high R, val- 

Table 9-16. Impedance fit parameters of carbon steel in the presence of different inhibitor mixtures (two-time- 
constant transfer function). 

Blank 
HEDP 
Ca2+ 0.5 

1 
2 

zn*+ 0.5 
1 
2 
3 
4 

I265 
1617 
3773 
2469 
2089 
3330 
4579 
8372 

44 150 
4495 

1.41 1 0.74 2.19 
0.502 0.61 0.71 
0.202 0.63 0.65 
0.342 0.73 0.79 
0.402 0.76 0.79 
0.037 0.93 0.11 
0.161 0.81 0.79 
0.182 0.73 1.78 
0.330 0.68 51.4 
0.137 0.69 0.49 

9.23 
33.55 
19.73 
95.37 
1.053 
2.94 
29.3 
6.31 
243 
6.48 

1.423 0.71 - 
0.247 0.80 21.8 
0.145 0.88 66.5 
0.647 0.70 48.9 
0.104 , 0.74 39.4 
0.265 0.73 62.0 
0.157 0.80 72.4 
0.028 0.97 84.9 
0.051 0.75 97.1 
0.098 0.89 71.8 
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Figure 9-33. a) Nyquist and 
b) Bode plots of carbon steel 

1500 frequency response in vari- 
ous Ca2+/HEDP containing 
solutions (blank: 0.5 mol 
dm-3 NaCIO,, pH 7; cHEDp= 
3 x lo4 mol dm-3) (Felhdsi 
et al., 1999a). (Reproduced 

part of impedance, Im(Z): 
imaginary part of impedance, 
chi-s: chi-squared. 
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8000 Figure 9-34. a) Nyquist and 
b) Bode plots of carbon steel 
frequency response in vari- 

6000 ous Zn2+/HEDP containing 
solutions (basic solution the 
same as in Fig. 9-30) (Fel- 
h6si et al., 1999a). (Repro- 
duced by permission.) Re(Z): 

Im(Z): imaging part of im- 
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Figure 9-35. AFM image of 
the surface morphology of 
carbon steel pretreated in 
neutral 0.5 rnol dm-3 NaC10, 
solution in the presence of a) 
3 x 1 O4 rnol dm-3 HEDP and 
b) 3 x lo-, rnol dm-3 HEDP+ 
6 x lo4 rnol dm-3 ZnZC (Fel- 
h6si et al., 1999a). (Repro- 
duced by permission.) Re(z): 
real part of impedance, 
Im(z): imaginary part of im- 
pedance chi-s: chi-squared 
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ue corresponds to a high corrosion protec- 
tion effect. This protective effect can be at- 
tributed to the formation of metal ion/HEDP 
complexes on the metal surface with differ- 
ent composition and porosity; thus the pro- 
tective effect depends on the concentration 
of metal ions. 

Similarly, a visible time constant was ob- 
served at high frequencies, with a maximum 
of the phase angle at about 25 kHz in the im- 
pedance spectra in aerated 0.5 M Na2S04 
solution in the presence of a mixture of 
phosphonic acid and fatty amine (Mansfeld 
and Lorenz, 199 1). Similar data for these in- 
hibitor mixtures were presented by Duprat 
etal. (l981,1985)in3%NaCl, andby Mans- 
feld and co-workers (Mansfeld et al., 1985; 
Mansfeld and Kendig, 1989) in 0.5 M NaC1. 

From these impedance data, it may be 
concluded that the synergism is not only due 
to interaction between the inhibitor compo- 
nents; the structure and porosity of the sur- 
face corrosion product layer also play a sig- 
nificant role in the enhanced inhibition be- 
havior of inhibitor mixtures. 

9.4.4 Study of the Surface Morphology 
by AFM (Atomic Force Microscopy) 

The synergistic effect of inhibitor com- 
pounds also appears in the surface morphol- 
ogy, leading to the development of smooth, 
dense, protective layers, as revealed by atom- 
ic force microscopy (AFM) (FelhBsi et al., 
1999 a). The carbon steel surface is only par- 
tially covered in the neutral 3 x lo4 mol cm-3 
solution of HEDP containing 0.5 mol dm-3 
NaC104 (Fig. 9-35 a). This is consistent with 
the observed insufficient inhibition effect of 

HEDP measured by electrochemical meth- 
ods. Figure 9-35 b shows the coverage when 
the zinc ion is present in a solution of Zn/ 
HEDP=2 molar ratio. The AFM method 
showed the structural effect of synergism. 

The roughness that can be seen in section 
analysis (Fig. 9-36) indicates a qualitative 
rating of the inhibition effect in solutions of 
similar chemical composition. Figure 9-36 b 
(Ca*+/HEDP= 0.5) and Fig. 9-36d (Zn2+/ 
HEDP=2) show that in those cases when 
good inhibition efficiencies were found, a 
relatively smooth layer can be observed 
compared with the built-up surface in solu- 
tions of weaker efficiency (Fig. 9-36a: 
Ca2"/HEDP=4 and Fig. 9-36c: Zn2+/HEDP= 
0.5). The resultant smoother layers are in 
agreement with the EIS data, confirming the 
establishment that the action of the inhibi- 
tor can be related either to the filling of the 
oxide layer of the pores, the formation of a 
dense inhibitor layer on the carbon steel sur- 
face, or the combined effect of both. 

9.5 Surface Analytical Study 
of Corrosion Inhibition 
Mechanisms 

The structure of a mild steel oxide layer 
built up under different environmental con- 
ditions and, in particular, its interaction with 
corrosion inhibitors is not yet completely 
clarified (Seo and Sato, 1989; Ryan, 1995; 
Graham, 1995). The surface analytical tech- 
niques of X-ray photoelectron spectroscopy 
(XPS) and X-ray excited Auger-electron 
spectroscopy (XAES) are very useful for 
identifying the different chemical states 

r 

Figure 9-36. Section analysis of differently pretreated carbon steel surfaces: a) CakIEDP =4 (RMS = 6.4 nm), 
b) Ca/HEDP=0.5 (RMS =2.2 nm), c) Zn/HEDP=0.5 (RMS of 6.1 nm), d) Zn/HEDP= 2 (RMS of 2.9 nm). 
The basic solution was 0.5 mol dm-3 NaClO, in the presence of 3 x lo4 mol dm-3 HEDP (FelhBsi et al., 1999a). 
(Reproduced by permission.) 
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of the constituents of corrosion protective 
layers on metal surfaces (Ashcraft et al., 
1988). By these methods, analytical infor- 
mation is obtained from a very thin surface 
film restricted to depths of less than 10 nm. 

The composition and structure of the 
films formed on mild steel in inhibited acid 
to basic solutions have been widely investi- 
gated by XPS and Auger spectroscopy. The 
layers are usually thin and often contain a 
variety of inorganic ions, organic molecules, 
or chelating groups. Adsorption of ethylene- 
diamine, triethylenetetramine, 1,4-bis(3- 
aminopropyl) piperazine, and poly(ethy1en- 
imine) was investigated by XPS on an iron 
substrate (Incorvia and Contarini, 1989). It 
was found from the elemental atomic per- 
centages of iron, oxygen, nitrogen, and car- 
bon XPS spectra that chemisorption pro- 
ceeded without displacing either the oxide 
or the hydroxide species from the surface 
passive film. The amine adsorption mecha- 
nism appears to be either a nonoxidative, 
nonsubstitutive expansion of the surface 
iron atom coordination number (amine ni- 
trogen is coordinated in N 1s binding ener- 
gy), hydrogen bonding (protonated N 1s 
binding energy) of the amine to the surface 
oxy-hydroxy passive film, or a combination 
of both. 

Cyclohexylamine, pyridine, and triethyl- 
amine were studied on mild steel in 0.5 M 
H2SO4 by electrochemical impedance spec- 
troscopy and XPS. Comparison of N (1s) 
spectra between active and passive regions 
showed that adsorption is significant only in 
the passive region. Two chemically distinct 
adsorbed amine species were detected in the 
experiment. The nature of the metal surface 
can be determinative of the performance of 
the inhibitors. 

Amine adsorption in the active region of 
mild steel corrosion is based on chemisorp- 
tive interactions between the amine and the 
exposed metal atom (Li et al., 1997). 

The inhibition mechanisms of propargyl 
alcohol and ally1 alcohol for iron corrosion 
in deareated 0.5 M HC1 were studied by 
SERS, XPS, and FTIR spectroscopy. It has 
been concluded from XPS that the iron sur- 
face immersed in the propargyl alcohol so- 
lution at 70°C was covered with a thick 
polymer film containing Fe2+, 02-, and OH- 
or an organic OH group and C1- (Aramaki 
and Fujioka, 1997). 

The passivation characteristics of various 
organic polyphosphonic acids for mild steel 
were compared, and the passive film formed 
on mild steel was studied by XPS and AES 
(Fang et al., 1993). The composition of the 
surface passive film formed during 20 min 
passivation treatment in 1 M amino-tri- 
methyl phosphonic acid (ATMP) solution at 
45 "C can be determined on the basis of XPS 
measurements. The contents of iron, oxy- 
gen, nitrogen, phosphorus, and carbon were 
nearly constant after eight minutes of Ar+ 
sputtering, which indicates that the passive 
film is a homogeneous film. Thus the real 
composition of the passive film can be es- 
tablished from the constant composition 
region between 10 and 18 min in the sput- 
tering profile curves. The iron-ATMP sur- 
face film formed on steel from the con- 
stant composition region was close to that 
of Fe(ATMP), . 

Surface analytical investigations have 
been summarized, and the mechanism of the 
formation of passive films under alkaline 
conditions by organic compounds has been 
studied (Bohnsack et al., 1985, 1989). The 
passive film consists of Fe(II1)oxyhydrate 
to which a layer of calcium phosphonate (2- 
phosphonobutane- 1,2,4-tricarboxylic acid) 
is tightly attached. The C 1s spectra show 
that the number of carboxyl groups increas- 
es with the depth of the layer, parallel with 
the phosphorus content. Sulfur and nitrogen 
are present in the uppermost layer. Sulfur 
probably comes from the sulfonic acid 
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group of the dispersant, and nitrogen comes 
from tolytriazole, the copper corrosion in- 
hibitor. Metallic iron in the Fe 2p3/, spectra 
can be distinguished from a satellite peak 
for iron oxide/hydroxide at 10 nm from the 
surface. Film thickness was determined us- 
ing these depth profiles. 

The inhibitor mixture was tested based on 
amino-trimethyl phosphonic acid (ATMP) 
in combination with zinc chloride and small 
amounts of polyphosphates (Gonzalez et al., 
1995). Sputtering of the surface was used to 
determine the elements constituting the film 
as a function of depth. The proportion of 
iron, zinc, phosphorus, chlorine, and oxy- 
gen elements was nearly constant during 
sputtering. Analysis shows that the film is 
very thin and homogeneous in composition. 
The protective layer is thought to be com- 
posed of Zn(OH), resulting from the precip- 
itation inhibition mechanism on the cathod- 
ic zones. The presence of phosphorus in the 
layer shows that the ATMP molecule also 
takes part in the inhibition process. 

The synergistic inhibition effect of a 
sodium octylmercaptopropionate (SOMP), 
and 8-quinolinol (QI) mixture on the cor- 
rosion of iron in aerated 0.5 M Na,SO, 
was studied by polarization measurement, 
XPS, FTIR, and electron-probe micro- 
analysis. X-ray photoelectron spectra of 
iron, oxygen, nitrogen, and sulfur revealed 
that the inhibited surface was covered with 
the chelate precipitate of QI and iron hy- 
droxide and oxide, together with a trace 
amount of the OMP-complex (Suzuki et al., 
1996). 

Monolayers of alkanethiols CnH2n+l SH 
(C,T) and chemically modified 1 l-mer- 
capto- l-undecanol (MUO) monolayers ad- 
sorbed on an iron surface were examined for 
their capacity of developing protective films 
against corrosion in aerated 0.5 M NaCl so- 
lution. The iron surface coated with the 
monolayer or its modified version was ana- 

lyzed by Fe 2p, 0 Is, C Is, S 2p, Si 2p, and 
C1 2p X-ray photoelectron spectra. It has 
been concluded that C,T is adsorbed on the 
iron surface by the formation or iron thio- 
late. A high protective efficiency was ob- 
tained for the corrosion of iron covered with 
the MOU layer modified by an acetone so- 
lution of octyltriethoxysilane and subse- 
quently by water. 0 1s photoelectron spec- 
tra indicate that the oxide was formed on the 
iron surface during modification of the 
M U 0  monolayer by its reaction with water 
used for the hydrolysis of ethoxysilane 
bonds (Nozawa et al., 1997). 

The mechanism of adsorption of a corro- 
sion inhibitor, 1 -hydroxy-ethane- 1, l-di- 
phosphonic acid (HEDP), on polycrystal- 
line iron has been studied in neutral solu- 
tions. The chemical interactions between 
inhibitor molecules and different metallic 
or oxidized surfaces under near-neutral 
aqueous circumstances were investigated by 
XPS and XAES surface analytical methods 
(Felhosi et al., 1999a; KArmAn et al., 1998). 
For quantitative correlation between the 
components of the oxide layer and the cor- 
rosion resistance of the passive film, it is im- 
portant to determine the ratio of oxygen in 
different states in the passive layer. 

9.5.1 Effect of Surface Pretreatment 

For the investigation of the effect of sur- 
face pretreatment, two different mild steel 
samples were prepared, and their 0 1s and 
Fe 2p,,, XPS spectra were measured prior 
to the inhibitor adsorption procedure. The 
dependence of the adsorption procedure on 
sample pretreatment, i.e., how the chemical 
state (the oxide content) of the iron surface 
affects the adsorption of the inhibitor can be 
followed in Figs. 9-37 to 9-40. 

The chemical state of the iron on the sur- 
face was followed by the lineshape analysis 
of the Fe 2p3/, and the 0 1s lines. The line- 
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Figure 9-37. 0 1s photoelectron spectra of different- 
ly cleaned mild steel samples: a) sample cleaned by 
Ar' sputtering in UHV; and b) sample cleaned by elec- 
tropolishing. 
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Figure 9-38. 0 1 s photoelectron spectra of different- 
ly cleaned mild steel samples after half an hour im- 
mersion in neutralized lo4 M HEDP solution: a) ad- 
sorption in an argon atmosphere of the ArC sputtered 
sample, and b) adsorption of the electropolished sam- 
ple in air. 
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Figure 9-39. Fe 2p photoelectron spectra of differ- 
ently cleaned mild steel samples: a) sample cleaned 
by Ar+ sputtering in UHV, and b) sample cleaned by 
electropolishing. 
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Binding Energy eV 

Figure 9-40. Fe 2p photoelectron spectra of differ- 
ently cleaned mild steel samples after half hour im- 
mersion in neutralized lo4 M HEDP solution: a) ad- 
sorption in an argon atmosphere of the Arf sputtered 
sample, and b) adsorption of the electropolished sam- 
ple in air. 
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shape analysis combined with the overall 
composition data allowed elucidation of the 
chemical structure of both spontaneous ox- 
ide- hydroxide and inhibitor layers devel- 
oped in the aqueous solution. 

Four types of oxygen chemical state can be 
clearly distinguished from the altering shape 
of the 0 1s line related to 0-Fe (530.2 eV), 
HO-Fe (531.4 eV), 0-P (532.3 eV), and 
adsorbed H20 (533.2 eV) environments. 
The 0 1 s component for the HO-C environ- 
ment, measured in solid HEDP, appeared at 
53 1.2 eV. This binding energy value coin- 
cides with 0 1s for the HO-Fe component. 
Peak decomposition of the Fe 2~312 was per- 
formed using experimentally determined 
lineshapes for Fe', Fe2+, and Fe3+ states in 
Figs. 9-39 and 9-40. The amount of ad- 
sorbed inhibitor was characterized by the 
sum of the P 2p and the P KLL signals. 

The sample (Fig. 9-37a) was cleaned by 
Ar+ sputtering in an ultrahigh vacuum, and 
the adsorption was carried out in an argon 
atmosphere: the sample and the vessel were 
surrounded by a plastic bag filled with ar- 
gon, and the inhibitor solution was deaerat- 
ed by purified argon bubbling (Fig. 9-38 a). 
In the case of the second sample (Figs. 9-37 b 
and 9-38 b), the entire preparation (electro- 
polishing, rinsing, and adsorption) was per- 
formed in ambient air. 

In all cases, the surface layer contained 
iron both in a metallic state and as different 
iron oxide compounds. In the case of the 
electropolished sample, HEDP inhibitor 
coverage was twice that for the Ar+ sput- 
tered sample. 

9.5.2 Effect of Inhibitor Concentration 

Another interesting point is the depen- 
dence of the structure of the mild steel ox- 
ide layer built up in different concentrations 
of phosphonic acid on the iron surface in 
neutral, aerated, aqueous solution. 

By systematic variation of the chemical 
composition of these solutions and by ap- 
plying surface analytical methods, unique 
information can be obtained from 0 1s 
(Fig. 9-41) and Fe 2p3, (Fig. 9-42) XPS 
spectra of the surface layer formed on the 
test specimens. Comparative analysis of the 
iron and oxygen spectra proved that HEDP 
of M, and partly of lop3 M concentra- 
tion, causes a striking decrease in Fe-0 
and an increase in the metallic iron ratio. At 
lo4 M concentration, which is the optimal 
concentration of the protective inhibition ef- 
fect, the Fe-0 content is 10 times as high as 

. 0 1s 
2000 

2 
j 1800 - 

1200 

800- 

400- 

2000 0 1s 
b. 

Figure 9-41. 0 1s photoelectron spectra of mild steel 
surface formed after 30 min immersion in neutralized 
HEDP solution: a) lo4 M HEDP, b) M HEDP, 
and c) lo-* M HEDP adsorption. 
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Figure9-42. Fe 2p photoelectron spectra of mild 
steel surface after 30 min immersion in neutralized 
HEDP solution: a) lo4 M HEDP, b) M HEDP, 
and c) lo-* M HEDP adsorption. 

the metallic iron expressed in atomic per- 
centage. The amount of adsorbed HEDP 
was nearly the same throughout the meas- 
urements (Fig. 9-43). 

9.5.3 Effect of Bivalent Cations 
on Inhibitor Adsorption 

The corrosion inhibition effect of organ- 
ic phosphonic acids can be synergetically 
enhanced by bivalent cations. This effect 
has not so far been related unambiguously 
to the chemical composition and structure 
of the inhibitor layer. Several bivalent cat- 

ions have been used for studying this phe- 
nomenon (Gonzalez et al., 1995; KArmAn et 
al., 1991). 

The adsorption of 1 -hydroxy-ethane- 1,l- 
diphosphonic acid (HEDP) with Ca2+ or 
Zn2+ cation additives on a spontaneously 
oxidized mild steel surface was examined in 
order to study the effect of these cations on 
the adsorption mechanism in neutral aque- 
ous solutions. Quantitative XPS investiga- 
tions were performed to study the effect of 
increasing the calcium and zinc concentra- 
tions on the adsorption of HEDP. 

The amount of the adsorbed inhibitor was 
characterized by the sum of the P 2p and the 
P KLL signals, while the CdHEDP molar 
ratio at the sample surface was determined 
from the calciudphosphorus intensity ra- 
tio. Differences in the respective photoion- 
ization cross sections as well as in the spec- 
trometer efficiency for these elements were 
taken into account by experimentally deter- 
mining the ratio of the sensitivity factors 
from a sample of known stoichiometric 
composition (CaHPO,). 

When the solution contained calcium and 
phosphorus the Ca/HEDP molar ratio mea- 
sured on the sample surface was between 0.4 
and 0.8. In the case of a Ca/HEDP= 3 mo- 
lar ratio in the solution (Fig. 9-44), an in- 
creased amount of adsorbed HEDP was ob- 
served. 

The effect of the oxide layer on inhibitor 
adsorption is shown in Fig. 9-45. In the case 
of a CdHEDP = 3 molar ratio, a higher oxy- 
gen content was observed on the mild steel 
surface. The increase in oxygen in the 0 1s 
spectra is nearly 1.2 times compared to oth- 
er cases (Fig. 9-45 a, b). Similar results were 
obtained by analysis of the Fe 2p XPS spec- 
tra. There was an enrichment of iron oxide 
compounds on the surface (binding energy: 
Fe - 707 eV; Fe oxide compounds - 708- 
712 eV). The results show that both a thicker 
oxide layer and the presence of Ca2+ cations 
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Figure 9-43. P KLL Auger electron spectra of a mild steel surface after 30 min immersion in neutralized HEDP 
solution: a) lo4 M HEDP, b) lo-’ M HEDP, and c) lo-’ M HEDP adsorption. 

increased the amount of adsorbed HEDP on 
the mild steel surface. It has been assumed 
that calcium is incorporated into the oxide 
film developed on the mild steel surface to 
form a mixed oxide and hydroxide complex. 

In the case of Zn/HEDP experiments, the 
amount of adsorbed HEDP and zinc cations 

were determined from XPS measurements. 
The zinc/phosphorus ratio was derived from 
corrected area intensities of the Zn 3s and P 
2p signals. The results of quantitative anal- 
ysis are given in Table 9- 17. 

The decomposition of 0 1s lines into 
different chemical states is depicted in 



526 9 Environmentally Friendly Corrosion Inhibitors 

0.2 

e 
4 

0 1 2 3 4 6 6 

Ca/HEDP molar ratio in the solution 

Figure 9-44. The experimentally determined Ca/HEDP 
molar ratio at the sample surface as a function of the 
CdHEDP molar ratio in the solution used for sample 
treatment. 

(Figs. 9-46). The amount of 0 - P  as well as 
the HO-Fe component increased with in- 
creasing inhibitor content, while the con- 
centration of 0-Fe and metallic Fe de- 
creased simultaneously (Fig. 9-47). With in- 
creasing zinc concentrations up to 3 : 1 Zn/ 
HEDP molar ratio in the solution, a steady 
increase in zinc and phosphorus was mea- 
sured on the surface (Fig. 9-48). At Zn/ 
HEDP = 4 : 1, the zinc and phosphorus con- 
tents dropped to the level measured in the 
range of 0.5-2 molar ratio (Table 9-17). It 
is important to stress that the zinc/phosphor- 
us ratio remained constant (within experi- 
mental error) at a value of approx. 1 : 1 in the 
range of 1-3 Zn/HEDP ratio in the solution. 
This suggests preferential formation and ad- 

,204 0 1s b. 

100 

Figure 9-45. 0 1s photoelectron spectra of a mild 
steel surface treated in different CdHEDP molar ra- 
tio in the solutions: a) CdHEDP molar ratio = 1, and 
b) CdHEDP molar ratio = 3. 

sorption of a 2 : 1 Zn- HEDP complex. The 
zinc/phosphorus ratio dropped to 0.5 at Zn/- 
HEDP = 4, resulting in a decrease in inhibi- 
tor layer thickness as well. This may be due 
to a change in the surface complex compo- 
sition at higher Zn2+ concentration in the so- 
lution. 

With increasing zinc concentration in 
the range of Zn/HEDP = 1 -3 molar ratio, a 
steady decrease in the Fe 2p signal intensity 

Table 9-17. Surface layer compositiona in different Zn/HEDP solutions. 

ZdHEDP 0 0 0 0 P Zn Fe HO-Fe/C-OH 
molar ratio (0-Fe) (HO-Fe) (0-P) (H,O) 

0.5 26.1 23.3 5.0 12.5 1.9 0.8 28.7 24.5 
1 .o 21.0 15.3 9.0 3.3 4.1 4.8 39.2 7.5 
2.0 11.9 17.5 18.3 4.7 8.6 9.9 22.8 4.0 
3.0 5.6 11.1 27.8 8.2 13.8 15.4 7.7 1.6 
4.0 25.4 20.8 9.0 3.6 3.5 1.7 33.2 11.9 

a Atomic %. 
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Fe 2p 

790 725 720 715 710 765 7dO 
Binding Energy / eV 

Figure 9-47. Fe 2p XPS spectra of a mild steel sam- 
ples treated with solutions of different Zn/HEDP ra- 
tios: a) Zn/HEDP molar ratio = 0.5, b) ZnlHEDP mo- 
lar ratio= 1, c) Zn/HEDP molar ratio=2, and d) Zn/ 
HEDP molar ratio = 3. 

could be observed (Fig. 9-47). These obser- 
vations together with the simultaneous in- 
crease in the phosphorus signal are consis- 
tent with growing inhibitor layer thickness 
in this concentration range. A significant de- 
crease in the thickness of the inhibitor layer 
was detected when the Zn/HEDP concentra- 
tion exceeded this molar ratio, as can be seen 
in Fig. 9-49. 

d 

145 140 135 190 
Binding Energy / eV 

Figure 9-48. Zn 3s and P 2p photoelectron spectra of 
a mild steel surface treated in different Zn/HEDP mo- 
lar ratios in the solutions: a) Zn/HEDP molar ra- 
tio =0.5, b) ZnlHEDP molar ratio= 1, c) Zn/HEDP 
molar ratio=2, and d) ZnlHEDP molar ratio = 3. 

9.6 Quantitative Relationships 
between the Chemical Structure 
and Efficiency of Corrosion 
Inhibitors 

Most corrosion inhibitor molecules (at 
least those used in water) contain either ni- 
trogen, sulfur, or phosphorus. However, the 
presence of these elements alone is not suf- 
ficient to ensure efficiency. For systematic 
research of a series of related compounds, 
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Figure 9-49. Surface composition of the inhibitor- 
containing layer vs. the molar ratio of zinc and HEDP 
in the solution. 

it was necessary to characterize the chemi- 
cal structure in terms of numbers. Today, 
this area of the chemistry discipline dealing 
with (quantitative) correlations between 
numbers, which are somehow related to the 
chemical structure and its effects, is called 
the quantitative structure-activity relation- 
ship (QSAR). This model has most often 
been applied in drug research, and recently 
for developing more efficient corrosion in- 
hibitors. 

The first method aimed to assign numbers 
to a structure (proposed at the end of the 
1930s), i.e., substituent constants and (di- 
mensionless) numbers, which were first 
used to account for the variation in the re- 
activity of substituted derivatives of benzo- 
ic acid and other aromatic compounds. 
Kinetic and equilibrium constants observed 
in a series of reactions were found to fit 
the simple formula proposed by Hammett 
( 1940) 

log - = Q o  (9- 18) 

where X =  k or K ,  k being a reaction rate con- 
stant and K an equilibrium constant, where 
the zero subscript refers to the value mea- 

sured for the reference compound (usually 
a nonsubstituted “parent” structure), Q is a 
constant independent of the substituents but 
depending on the type of reaction, and o is 
a constant denoted as the substituent con- 
stant, which does not depend on the type of 
reaction, but is dependent on the substitu- 
ent. Although the values of 0 obtained by 
Hammett are related to the electron-with- 
drawing capacity of the substituents, other 
sets of substituent constants proposed by 
Taft (1956) and Hansch (1979) account for 
steric and “hydrophobic” features of the mole- 
cules, respectively. Instead of log (XIX, ) ,  
the respective values related to corrosion in- 
hibition efficiency, i.e., log ( v / v o )  or q = 1 - 
vlv, (with q denoting the efficiency of in- 
hibition), may be considered as the “depen- 
dent” variable (where v, denotes the corro- 
sion rate measured without an inhibitor and 
v stands for the corrosion rate obtained in 
the presence of an inhibitor). Thus any set 
of published substituent constants can be ap- 
plied to determine the best correlation (i.e., 
the highest correlation coefficient R )  with 
the dependent variable. It is possible to de- 
rive single- and multivariate regression 
equations which all have the following com- 
mon form 

q Xi -k U2 X2 +. . . + Uk Xk+ b (9-19) 

where k (1 I k )  stands for the total number 
of descriptors (substituent constants) and 
a,, u 2 ,  ... , a k ,  and b (the intercept) are the 
regression coefficients to be determined. It 
must be assumed that all derivatives may be 
obtained by appropriate substitutions from 
a common parent structure. The regression 
equations derived may be used to predict ef- 
ficiencies of novel, not yet synthesized de- 
rivatives, and also to explain the variation 
in the experimental efficiencies in terms of 
physical effects described by the substitu- 
ent constants. A shortcoming of this method 
is that efficiencies are determined at fixed 
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concentrations of the inhibitors, although 
efficiencies, in contrast to rate constants and 
equilibrium constants, do depend on the 
concentration of reactants (in this case, in- 
hibitors). A more sophisticated model tak- 
ing into account the concentrations of the 
inhibitors will be discussed next. 

The second method, which was applied 
in the field of QSAR of corrosion inhibitors, 
is the Free-Wilson approach (Free and Wil- 
son, 1964). Although by this method it has 
also been assumed that all the molecules are 
derivatives of a common parent structure, it 
is not necessary to collect substituent con- 
stant values to derive a regression equation. 
With this assumption, that inhibition effi- 
ciency is the dependent variable to be ac- 
counted for; the Free-Wilson method is 
based on the following equation 

q=b+al X , , j + a , X 2 , i + . . .  + a k x k , i  (9-20) 

where ai (i = 1, 2, . . . , k )  are the “group con- 
tribution constants” and X i ,  (the i, j-th en- 
try of matrix X) is equal to one if molecule 
j contains substituent i and is zero otherwise. 
The same substituent appearing at non- 
equivalent substitution sites should be con- 
sidered separately. The regression coeffi- 
cients (i.e., the group contributions) are 
again obtained using linear regression anal- 
ysis. In other words, the Free-Wilson 
model assumes that the contributions of sub- 
stituents do not depend on the presence or 
absence of other substituents, although 
models taking into account interference be- 
tween substituents were also proposed later 
on. Once group contributions have been de- 
rived using a “training set” (i.e., a set of 
molecules with known efficiencies), ex- 
pected efficiencies of new, not yet synthe- 
sized derivatives may be estimated. It can 
be proven (Lukovits, 1999) that the multi- 
ple correlation coefficient R obtained by the 
Free- Wilson approach (provided that an 
identical series of molecules is considered) 

cannot be lower than the multiple correla- 
tion coefficient obtained using any set of 
substituent constants. 

A third possible way to investigate the 
QSAR of corrosion inhibitors would be to 
use experimentally measured properties as 
independent variables instead of the sub- 
stituent constants in Eq. (9- 19). Partition co- 
efficients seem to be likely candidates, al- 
though this approach has had little attention 
so far (Growcock, 1989; Growcock et al., 
1989; Kuznetsov et al., 1987). 

The fourth approach involves using quan- 
tum chemical indices as independent vari- 
ables. In this case, the variables in Eq. (9- 19) 
denote quantum chemical indices. The ad- 
vantage of this type of approach is that in 
addition to providing local indices (e.g., 
charge densities, frontier orbital densities, 
etc.), it also provides global indices, such as 
the energy of the highest occupied molecu- 
lar orbital, EHoMo, or the energy of the low- 
est unoccupied molecular orbital, ELUMo. 
Quantum chemical indices have often been 
applied in QSAR investigations of corro- 
sion inhibitors. 

As mentioned before, these models (i.e., 
Eqs. 9-19 and 9-20) are related to fixed con- 
centrations of corrosion inhibitors. Consid- 
ering the fact that the adsorption constants 
of different organic molecules are unequal, 
the order of molecules with respect to their 
efficiencies may be affected by changes in 
the concentration. In order to take into ac- 
count the concentration of the inhibitor we 
assumed that 

q=o (9-21) 

where 0 denotes the coverage. Assuming 
that the Langmuir isotherm applies also in 
the case of corrosion inhibitors and replac- 
ing 0 by q ,  we obtain 

K c  q=- 
(1 + K c )  

(9-22) 
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where Kdenotes the adsorption constant and 
cis the concentration of the inhibitor. Kdoes 
not depend on the concentration (or, as in 
the case of the Hammett approach, the reac- 
tion rate constants), therefore we may write 

K = a x + b  (9-23) 

where a single parameter equation has been 
considered for the sake of simplicity. Ex- 
pressing Kin terms of the independent var- 
iables in Eq. (9-22), we finally have 

(a x + b) c 

[l + ( a x +  b) c] 
r l= (9-24) 

Regression coefficients a and b are obtained 
using a nonlinear regression technique in 
this case. Instead of the Langmuir adsorp- 
tion isotherm, other kinds of isotherms may 
also be considered (Lukovits et al., 1998). 
Table 9- 18 summarizes the QSAR investi- 
gations of corrosion inhibitors. All these in- 
vestigations are related to iron; no investi- 
gations on other metals have been reported 
so far. 

Donahue and Nobe (1965) reported a lin- 
ear relationship between 7 and the Hammett 
(7 constants in a series of methyl-pyridines 
and alkyl-aryl-amines. In both cases, with 
increasing values of (7 the efficiency also in- 
creased, indicating that electron withdraw- 
ing by substituents increases the inhibition 
efficiency (Donahue and Nobe, 1965). Kuz- 
netsov and co-workers (Kuznetsov, 1990; 
Kuznetsov et al., 1987), on the other hand, 
obtained results that show the importance of 
the partition coefficient between the water 
and the lipophilic phase present at the met- 
al/emtal-oxide-water interphase. Kuznet- 
sov et al. (1987) found V-shaped depen- 
dence between values of (7 and the inhibi- 
tion efficiency, suggesting that inhibition is 
due to (at least) two different reactions. 
Braun et al. (1993) reported that the inhibi- 
tion efficiency increases with the number of 
carbons in a series of p-substituted aniline 
derivatives, but it is difficult to decide 
whether this result is due to hydrophobic or 
steric effects. 

Table 9-18. Investigations on the quantitative relationships between the chemical structure and efficiency of 
corrosion inhibitors of iron. 

System Compounds Molecular index Ref. 

HCI solution 
Water 
Water 
HCI solution 

HCI solution 

HCI solution 
NaCl solution 
NaCI solution 
Borate buffer 
Water 
H,SO, solution 
H,SO, solution 
H,SO, solution 

pyridines, amines 
aromatic compounds 
p-substituted anilines 

cinnamaldehyde 
derivatives 

methyl-pyridines 

aliphatic amines 
imidazolines 

aliphatic acids 
simple anions 

triamines 
thiourea derivatives 
thiourea derivatives 
aromatic compounds 

substituent constants 
Free- Wilson indicators 
atomic charge densities 

Donahue and Nobe (1965) 
Dupin et al. (1982) 

Abdul-Ahad and Al Madfai (1989) 
EHOMO, ELUMO Growcock (1989), 

Growcock et al. (1989) 
EHOMO, ELUMO Sastri and Perumareddi 

(1994, 1997) 
Braun et al. (1993) 

Edwards et al. (1994) 
hydrophobicity Kuznetsov (1990) 

Kuznetsov et al. (1987) 
Lukovits et al. (1995) 
Lukovits et al. (1997) 
Lukovits et al. (1998) 

EHOMO-ELUMO Lukovits et al. (1999) 

number of carbons in side chain 
number of carbons in side chain 

substituent constants 
Free- Wilson indicators 

hydrophobicity, EHOMO-ELUMO 
hydrophobicity, E,oMo-EL"Mo 
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All types of quantum chemical indices 
were studied in order to detect correlation 
between the electronic structure and the in- 
hibition efficiency. Those investigations, 
where the number of compounds was low in 
comparison to the number of selected indi- 
ces (Abdul-Ahad and A1 Madfai, 1989), 
should be discarded, as in such cases corre- 
lations may lead to totally wrong conclu- 
sions. E H o M o ,  ELUMO, and the difference 
between these values (A) seem to appear 
most often in QSARs involving corrosion 
inhibitors, (Growcock, 1989; Growcock et 
al., 1989; Sastri and Perumareddi, 1994, 
1997; Lukovits et al., 1997, 1998, 1999), 
pointing to the fact that charge transfer be- 
tween the inhibitor molecule and the met- 
al/metal-oxide surface takes place. Figure 
9-50 gives a compilation of results for var- 
ious compounds; the relationship between 
inhibition efficiencies and the values of A 
show that an optimal value of A may exist 
(Lukovits et al., 1999). On the other hand, 
in some cases (Edwards et al., 1994) no 
correlation between q and the values of 
E H o M o  and E L U M o  could be demonstrated. 

-401 I I , I I I 

0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 
DELTA (beta units) 

Figure 9-50. Dependence of the corrosion inhibition 
efficiency of pyrimidines (A), amino-acids (0), and 
benzothiazines (0) on values of A. 
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Figure 9-51. Correlation between experimental and 
estimated efficiencies of pyrimidines. 

Consideration of the inhibitor concentra- 
tion markedly improves the quality of the 
correlations. Figure 9-51 shows the rela- 
tionship between experimental and estimat- 
ed inhibition efficiencies of pyrimidine de- 
rivatives (Lukovits et al., 1997) obtained by 
assuming the Langmuir adsorption. A sim- 
ilar technique can be used for the Free- Wil- 
son variables (Lukovits et al., 1995), again 
yielding much better results than those ob- 
tained using a fixed concentration approach 
(Dupin et al., 1982). 

9.7 Conclusions 

The reliability, durability, and economi- 
cal use of technical equipment has become 
more and more important for industrial de- 
velopment and increased productivity. The 
discovery and application of new materials 
determine the development of civilization 
and, at the same time, lead to novel corro- 
sion problems. It is necessary to constantly 
curtail corrosion losses by developing new 
protection techniques. 
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The anti-corrosion protection of metals 
can be achieved by the use of inhibitors. 
Corrosion inhibitors are chemical com- 
pounds that act in small concentrations in 
aggressive media to prevent through chang- 
es in the surface conditions of the metal. The 
kinetics of the heterogeneous reactions at 
the metal-solution interface are influenced 
by the presence of the inhibitor. 

The selection of inhibitors may often de- 
pend on the methods available for discharge 
disposal. The most important regulations 
are the following: 

0 chromates and nitrites are not recom- 

0 the avoidance of heavy metals, and 
0 the use of possibly phosphate-free and 

The development of corrosion inhibitors re- 
quires: 

mended due to toxicity, 

biodegradable compounds. 

research for environmentally acceptable, 
nontoxic chemical compounds, 
the use of inhibitors in very low concen- 
trations, where efficiency is achieved by 
synergistic effects, 
computer design of inhibitors leading to 
“tailor-made” molecules, and 
development of multifunctional inhibitor 
compounds. 

Three groups of chemicals were scruti- 
nized with the aim of developing environ- 
mentally friendly, multifunctional, cooling 
water additives. 

Acylated derivatives of amino acids are 
generally converted by microbes in rivers 
and lakes into acids and natural amino ac- 
ids. Effectiveness data on mild and stainless 
steels proved the importance of the acyl 
moiety. The longer alkyl moiety in the acyl 
substituent (C8-lo) greatly improves the 
corrosion inhibitor efficiency. These deter- 
gent-like compounds inhibit the deposition 
of both organic and inorganic particles, and 

in addition to anticorrosion activity, show 
antiscaling and biocidal effectiveness, as 
well. 

Anticorrosion activity could be much 
more effectively influenced by the acyl 
moiety than by the amino acid, although 
amino dicarboxylic acids (aspartic acid, 
glutamic acid) provide an additional ionized 
group, which may strengthen the linkage be- 
tween the inhibitor molecule and the metal 
surface covered by oxide/hydroxide, oxy- 
hydroxide, and salts. 

The C = C double bond causes dramatic 
changes in the corrosion-inhibiting proper- 
ty only in the acyl moiety. With the amino 
acid side chain, the effectiveness is en- 
hanced by the presence of a C = C group on- 
ly if the vicinal phenyl ring is substituted by 
hydroxy/methoxy groups. The nitrogen sub- 
stituent reduces the inhibition capacity. 

Carboxylic and/or phosphonic acids play 
an important role in corrosion inhibition. 
Phosphonic acids provide much better cor- 
rosion and scale inhibition than carboxyl de- 
rivatives, but environmental laws do not al- 
low high phosphorus loads in rivers and 
lakes. By successive substitution of COOH 
groups by PO,H, groups, the favorable 
characteristics of inhibitor molecules can be 
maintained up to a certain limit. For the in- 
hibition of both corrosion and scale forma- 
tion, the diphosphono derivative of glycine 
proved to be the most effective. 

The efficiency of benzo-hydroxamic ac- 
id derivatives, which are effective copper 
inhibitors for pitting and general corrosion 
processes, increases with increasing hydro- 
phobicity. The adsorption model of these 
compounds can be described as follows: 
The molecule is attached to the metal sur- 
face by the unpaired electrons of the nitro- 
gen and oxygen atoms of the hydroxamic 
moiety and by the n electron cloud of the 
phenyl ring, which may interact with the 
empty d-orbital of iron. 



534 9 Environmentally Friendly Corrosion Inhibitors 

9.8 Acknowledgements 

The support of the Hungarian National 
Science Foundation (OTKA T 022507, T 
019785, T 019783) is gratefully acknowl- 
edged. Thanks for the technical help of Mrs. 
8. JablBnczy, Mrs. A. JBmbor, Miss M. Ne- 
moda, Dr. A. Shaban, E. SzBcs and Mr. P. 
P6czik. 

9.9 References 

Abdul-Ahad, P. G., A1 Madfai, S. H. F. (1989), Cor- 
rosion 45, 978. 

Agrawal, 0. P., Bhatnagar, I. K., Kumar, V. (1987), 
in: Proc. of 1Olh International Congress on Metal- 
lic Corrosion, Madras, p. 2895. 

Ambrose, J. R. (1978), Corrosion 34, 27. 
Anguliar, M., Miralles, N., Sastre, A. M. (1989), Rev. 

Aramaki, K., Fujioka, E. (1997), Corrosion 53, 319. 
Aramaki, K., Hackerman, N. (1969), J. Electrochem. 

SOC. 116, 568. 
Ashcraft, R., Bohnsack, G., Hahn, R., Kleinstuck, R., 

Storp, S. (1988), Mater. Perform. 26, 31. 
Bard, A. J., Fan, F. F. (1993), in: Scanning Tunneling 

Microscopy andSpectroscopy: Bonnell, D. A. (Ed.), 
New York: VCH, Chap. 9.2. 

Bastidas, J. M., De Damborenea, J., Vazquez, A. J. 
(1997), J.  Appl. Electrochem. 27, 345. 

Bech-Nielsen, G. (1975), Electrochim. Acta 20, 619. 
Benchekroun, K., Beubachir, A., Elkholy, A. (1985), 

in: Proc. 61h Eur. Symp. on Corrosion Inhibitors, 
Ferrara: University of Ferrara, pp 141 - 153. 

Bockris, J. O'M., Khan, S. U. M. (1993) Surface Elec- 
trochemistry. New York: Plenum, 756. 

Bockris, J. O'M., Despic, A., Drazic, D. (1961), Elec- 
trochim. Acta 4, 325. 

Boffardi, B. P., Schweitzer, G. W. (1985), in: Proc. of 
Corrosion 85: Houston, NACE, No. 132. 

Bohnsack, G., Lee, K. H., Johnson, D. A., Buss, E. 
(1985), in: Corrosion '85: Houston, NACE, No. 
379. 

Bohnsack, G., Johnson, D. A., Buss, E. (1989), in: 
Corrosion '89: Houston, NACE, No. 438. 

Bonnel, A., Dabosi, F., Deslouis, C., Duprat, M., Ked- 
dam, M., Tribollet, B. (1983), J. Electrochem. SOC. 
130, 753. 

Braun, R. D., Lopez, E. E., Vollmer, D. P. (1993), Cor- 
rosion Sci. 34, 125 1. 

Brusic, V., Frish, M. A., Eldridge, B. N., Novak, F. P. 
Kaufman, F. B., Rush, B. M., Frankel, G. S. (1991), 
J. Electrochem. SOC. 138, 2253. 

Chaudhary, R. S. (1997), J. Electrochem. Soc. 46, 119. 

Inorg. Chem. 10, 93. 

Claessens, R. A. M. J., van der Linden, J. G. M. (1984), 
J. Inorg. Biochem. 21, 73. 

Cohen, S .  L., Brusic, V. A., Kaufman, F. B., Frankel, 
G. S., Motakef, S., Rush, B. (1990), J.  Vac. Sci. 
Technol. A8, 2317. 

Comeaux, R. V. (1967), Hydrocarbon Processing 46, 
129. 

Crundwell, F. K. (1992), Electrochim. Acta 37, 2707. 
DeBerry, D. W. (1984), Corrosion 40, 250. 
DeBerry, D. W., Viehbeck, A. (1988), Corrosion 44, 

299. 
Deluchat, V., Bolinger, J.-C., Serpaud, B., Caullet, C. 

(1997), Talanta 44, 897. 
Donahue, F. M.,Nobe, K. (1965), J.  Electrochem. SOC. 

112, 886. 
Donahue, F. M., Nobe, K. (1967), J. Electrochem. SOC. 

114, 1012. 
Drazic, D. M. (1989), in: Modern Aspects of Electro- 

chemistry: Bockris, J. O'M., Conway, B. E., (Eds.)., 
New York: Plenum. 

Dupin, P., DeSavignac, A., Lattes, A. (1982), Werkst. 
Korros. 33, 203. 

Duprat, M., Dabosi, F., Moran, F., Rorher, S. (I98 1 ), 
in: Proc. 8'h lnt. Con5 on Metallic Corrosion, 
Mainz, p. 1218. 

Duprat, M., Lafont, M. C., Dabosi, F., Moran, F. 
(1985), Electrochim. Acta 30, 353. 

Edwards, A., Osborne, C., Webster, S., Klenerman, 
D., Ostovar, J. M., Doyle, P. (1994), Corros. Sci. 36, 
315. 

Eswaren, M. S., Mathner, P. K. (1996), Corros. Sci. 
38, 1783. 

Evans, U. R. (1936), Trans. Electrochem. SOC. 69,213. 
Fang, J. L., Li, Y., Ye, X. R., Wang, Z. W., Liu, Q. 

(1993), Corrosion 49, 266. 
FelhBsi, I., Keresztes, Z., KBrmBn, F. H., Mohai, M., 

Bertbti, I., KBlmBn, E. (1999a), J. Electrochem. 
SOC., 146,,961. 

FelhBsi, I., Ekes, R., Baradlai, P., Bak6, I., Varga, K., 
KBlmBn, E. (1999b), J. Electroanal. Chem., submit- 
ted. 

Fiaud, C. (1995), in: Proc. 8th Eur. Symp. on Corrosion 
Inhibitors, Ferrara: University of Ferrara, 2, 929. 

Fischer, H. (1972), Werkst. Korros. 23, 445. 
Fleischmann, M., Hill, I. R., Mengoli G., Musiani, M. 

M. (1983), Electrochim. Acta 28, 1325. 
Fleischmann, M., Mengoli G., Musiani, M. M., Pagu- 

ra, C. (1985), Electrochim. Acta 30, 1591. 
Fokin, A. V., Pospelov, M. V., Levichev, A. N., Boch- 

arov, B. V., Ouskova, G. V. (1981), Zashita Metal- 
lov 19, 524. 

Free, S. M. Wilson, J. M. (1964), J. Med. Chem. 7,395. 
Freedman, A. J. (1986), in: Process Industries Corro- 

sion, Vol. 8: Moniz, J., Pollock, W. J. (Eds.). Hous- 
ton, TX: NACE, p. 205. 

Golden, J., Mayne, J. E. 0. (1978), Br. Corros. J. 13, 
45. 

Gomez Becerra, J., Salvarezza, R. C., Arvia, A. J. 
(1987), J.  Appl. Electrochem. 17, 779. 



9.9 References 535 

Gonzalez, S., Lazx, M. M., Souto, R. M., Salvarezza, 
R. C., Arvia, A. J. (1993), Corrosion 49, 450. 

Gonzalez, Y., Lafont, M. C., Pebere, N., Chatainier, G., 
Roy, J., Bouissou, T. (1995), Corros. Sci. 37, 1823. 

Graham, M. J. (1995), Corros. Sci. 37, 1377. 
Granese, S. L. (1985), in: Proc. 6'h European Symp. 

on Corrosion Inhibitors, Ferrara: University of 
Ferrara, pp. 227-237. 

Granese, S. L. (1989), Corrosion 44, 322. 
Growcock, F. B. (1989), Corrosion 45, 1003. 
Growcock, F. B., Frenier, W. W., Andreozzi, P. A. 

Gunasekarem, G. (1997), Anti-Corrosion 44, 248. 
Hammett, L. P. (1940), Physical Organic Chemistry. 

New York: McGraw-Hill, p. I .  
Hansch, C., Leo, A. (1979), Substituent Constants for 

Correlation Analysis in Chemistry and Biology, 
New York: Wiley, p. 13. 

(1989), Corrosion 45, 1007. 

Hatch, G. B. (1952), Ind. Eng. Chem. 44, 1780. 
Hatch, G. B. (1965a), Corrosion 21, 179. 
Hatch, G. B. (1965b), Mateer: Protection 4, 52. 
Hausler, R. H. (1985), in: Proc. 61h European Symp. 

on Corrosion Inhibitors, Ferrara: University of 
Ferrara, pp. 41 -65. 

Heusler, K. E., (1958), Z. Electrochem 62, 582. 
Hinton, B. R. W. (1989), in: Corrosion '89: Houston, 

Hoots, J. E., Crucil, G. A. (1986), in: Corrosion 86: 

Hwa, C. M. (1971),Mater. Perform. 10, 24. 
Incorvia, M. J., Contarini, S .  (1989), J.  Electrochem 

SOC. 136, 2493. 
IUPAC (1979), Stability Constants of Metal-ion Com- 

plexes. Oxford: Pergamon. 
Jian, C. J., Shon, C. J. (1985), in: Proc. 61h European 

Symp. on Corrosion Inhibitors, Ferrara: University 
of Ferrara, pp. 257-266. 

NACE, No. 170. 

Houston, NACE, No. 13. 

Juttner, K. (1990), Electrochim. Acta 35, 1501. 
Juttner, K., Lorenz, W. J., Paatsch, W., Kendig, M. W., 

Mansfeld, F. (1985),Werkst. Korros. 36, 120. 
Juttner, K., Lorenz, W. J., Kendig, M. W., Mansfeld, 

F. (1988), J. Electrochem SOC. 135, 332. 
Kahler, H. L., George, C. (1950), Corrosion 6, 331. 
Kalmin, E. (1994), in: Corrosion Inhibitors, Vol. 11: 

London: EFC, The Institute of Materials, pp. 

Kilmin, E., Kirmin, F. H. Telegdi, J., Virhegyi, B., 
Balla, J., Kiss, T. (1993), Corros. Sci. 35, 1477. 

Kalmin, E., Virhegyi, B., Bako, I., Felh&si, I., 
Kirmin, F. H., Shaban, A. (1994), J. Electrochem. 
SOC. 141, 3357. 

Kalmin, E., FelhBsi, I., Kirmin, F. H., Telegdi, J., 
Poczik, P., Balla, J., Kiss, T., Balla, J. (1999), un- 
published. 

12-38. 

Kirmin, F. H. (1999), unpublished. 
Kirmin, F. H., Kilmin, E., Virallyai, L., Konya, J. 

(1991), Z. Naturforsch. 46a, 183. 
KirmAn, F. H., FelhBsi, I., Kilmin, E., Cserny, I., 

KovCr, L. (1998), Electrochim. Acta 43, 69. 
Kernball, C. (1959), Adv. Catalysis 11, 223. 

Kendig, M. W., Allen, E. T., Mansfeld, F. (1984), 

Kiss, L. (1988), Kinetics of Electrochemical Metal 

Kordesch, K., Marko, A. (1960), J. Electrochem. SOC. 

Kurzak, B., Bal, W., Kozlowski, H. (1990), J. Inorg. 

Kuznetsov, J. I. (1990), B. Electrochem. 6, 571. 
Kuznetsov, J. I., Oleynik, S. V., Vesely, S. S. (1987), 

B. Electrochem. 3, 591. 
Kuznetsov, Y. I. (1989), Corrosion '89: Houston: 

NACE, No. 134. 
Kuznetsov, Y. I. (1990a), in: Proc. 71h EuropeanSymp. 

on Corrosion Inhibitors, Ferrara: University of 
Ferrara, N9. 

J. Electrochem. SOC. 131, 935. 

Dissolution. Amsterdam: Elsevier. 

107, 480. 

Biochem. 38, 9. 

Kuznetsov, Y. I. (1990b), Bull Electrochem. 6, 571. 
Kuznetsov, Y. I. (1993), in: Proc. Progress on the 

Understanding and Prevention of Corrosion, Vol. 
2: Costa, J. M., Mercer, A. D. (Eds.), pp. 853- 
859. 

Kuznetsov, Y. I. (1996), in: Corrosion Inhibitors of 
Corrosion of Metals: Mercer, A. D. Thomas J. G. 
N. (Eds.). New York: Plenum, Chap. 4. 

Kuznetsov, Y. I. ,  Trunov, E. A., Starobinskaya, I. V. 
(1988) Zashch. Met. 24, 389. 

Lahodny-Sarc, O., Popov, S .  (1988), Surf: Coat. Tech. 
34, 537. 

Lazarides, C., Allen, P. D., Hampson, N. A., Marshall, 
A., Willars, M. (1979), Technol. 9, 159. 

Lee, H. P., Nobe, K. (1986), J.  Electrochem. SOC. 133, 
2035. 

Lehrman, L., Shuldenen, H. I. (1952), Ind. Eng. Chem. 
44, 1765. 

Leroy, R. L. (1987), Corrosion 34, 98. 
Li, P., Lin, J. Y., Tan, K. L., Lee, L. Y. (1997), Elec- 

trochim. Acta 42, 605. 
Lorenz, W. J., Mansfeld, F. (1983), Corrosion Inhibi- 

tion, Proc. NACE. Houston, TX: NACE, pp. 7- 13. 
Lukovits, I. (1999), unpublished. 
Lukovits, I., Kilmin, E., PilinkBs, G. (1995), Corro- 

sion 51, 201. 
Lukovits, I., Pilfi, K., Bak6, I., Kilmin, E. (1997), 

Corrosion 53, 9 15. 
Lukovits, I., Bak6, I., Shaban, A., Kilmin, E. (1998), 

Electrochim. Acta 43, 131. 
Lukovits, I., Kosztolinyi, T., Kilmin, E., Pilinkis, G. 

(1999), in: Corrosion '99: Houston: NACE, No. 
242. 

Magerramov, R. S. et al. (1997), Neft. Gazov. Prom. 
6, 9. 

Mansfeld, F., Kendig, M. W. (1983), Werkst. Korros. 
34, 397. 

Mansfeld, F., Lorenz, W. J. (1991), in: Techniques for 
Characterization of Electrodes and Electrochemi- 
cal Processes: Varna, R., Selman, J. R. (Eds.) New 
York: Wiley, p. 615. 

Mansfeld, F., Kendig, M. W., Allen, A. T., Lorenz, W. 
J. (1984), in: Proc. grh Int. Congress on Metallic 
Corrosion, Ottawa: NRCC, 1, 368. 



536 9 Environmentally Friendly Corrosion Inhibitors 

Mansfeld, F., Kindig, M. W., Lorenz, W. J. (1985), J.  

Marshall, A. (1981), Corrosion 37, 214. 
Masler, W. F., Amjad, Z. (19881, in: Corrosion 88: 

May, R. C., Geiger, G. E., Bauer, D. A. (1980), in: 

May, R. C., Geiger, G. E., Bauer, D. A. (1981), 

Mayne, J. E. O., Pryor, M. J. J. (1949), J. Chem. SOC. 

McKee, D. W. (1967), J.  Catalysis 8, 240. 
Mercer, A. D. (1980), in: Proc. 5'h European Symp. 

on Corrosion Inhibitors, Ferrara: University of 
Ferrara, No. 7, pp. 563-581. 

Mercer, A. D. (1990), in: Proc. 71h European Symp. 
Corrosion Inhibitors, Ferrara: University of Ferra- 
ra, N. 9, pp. 449- 469. 

Mitzlaff, M., Hoffmann, H. N. Juttner, K., Lorenz, 
W. J. (1988), Ber. Bunsenges. Phys. Chem. 92, 1234. 

Muller, E. (l953), Praktikum der Electrochemie. 
Frankfurt Stein Kopp. 

NahlC, A. H. (1997), Corr. Prev. Control 44, 248. 
Nichols, R. J., Magnussen, 0. M., Kolb, D. M. (1990), 

J. Electroanal. Chem. 290, 21. 
Nozawa, K., Nishihara, H., Aramaki K. (1997), Cor- 

ros. Sci. 39, 1625. 
Ohno, N., Uehara, J., Aramaki, K. (1993), J. Electro- 

chem. SOC. 140, 2512. 
Olen, L., Riggs, J. R., Every, R. L. (1962), Corrosion 

18, 262t. 
Pallos, G., Wallwork, G. (1985), Corros. rev. 6, 

237. 
Patterson, W. S., Jones, A. W. (1952), J.  Appl. Chem. 

2, 273. 
Pech-Canul, M. A., Turgoose, S .  (1993), Corros. Sci. 

35, 1445. 
Perboni, G., Rocchini, G. (l983), in: Int. Con5 on Cor- 

rosion Inhibitors, Dallas, TX: NRIC, N29. 
Putilova, I. N., Balrin, S .  A., Borannik, V. P. (1960). 

Metallic Corrosion Inhibitors. London: Pergamon. 
Raicheva, S. N., Aleksiev, B. V., Sokolova, E. I. 

(1993), Corros. Sci. 34, 343. 
Stoyanova, A. E., Sokolova, E. I. ,  Raicheva, S .  N. 

(1997), Corros. Sci. 39, 1595. 
Ralston, P. H. (1969), J. Pet. Chem., 1029. 
Ralston, P. H. (1972), Muter. Perform. 11, 39. 
Rizkalla, E. N. (1983), Rev. Inorg. Chem. 5, 223. 
Ross, R. J., Low, K. C. (1997), Muter. Perform. 36, 

Rozenfeld, I. L. (198l), Corrosion Inhibitors. New 

Ryan, M. P. (1995), J. Electrochem. SOC. 142, 177. 
Sanna, D., Micera, G., Buglyo, P., Kiss, T. (1988), J.  

Sastri, V. S . ,  Perumareddi, J. R. (l994), Corrosion 50, 

Sastri, V. S., Perumareddi, J. R. (1997), Corrosion 53, 

Sauerbrey, G. (1956), Z. Phys. 155, 206. 

Electrochem. SOC. 132, 290. 

Houston: NACE, No. 11. 

Corrosion 80: Houston, NACE, NO. 196. 

Muter. Perform. 20, 34. 

1831. 

53. 

York: McGraw-Hill, p. 109. 

Chem. SOC. Dalton Trans. 87. 

432. 

617. 

Schmitt, G. (1983, in: Proc. 61h European Symp. on 
Corrosion Inhibitors, Ferrara: University of Ferra- 
ra, N8. 

Schmitt, G., Bedbur, K. (1984), in: Proc. 9" Int. Con- 
gress on Metal Corrosion, Toronto: NRCC, 4, 

Sekine, I., Asazuma, M. (1983), Bull. Chem. SOC. Jpn. 

Sekine, I., Hirakawa, Y. (1986), Corrosion 42, 272. 
Seo, M., Sato, N. (1989), in: Corrosion '89: Houston, 

Shaban, A. (1998), Ph.D. Thesis. 
Shaban, A., KBlmBn, E., Telegdi, J. (1998a), Electro- 

chim. Acta 43, 159. 
Shaban, A,, KBlmBn, E., Telegdi, J., PBlinkBs, G., 

D6ra, G .  (1998 b), Appl. Phys. A 66, 545. 
Siegenthaler, H., Juttner, K. (1984), J. Electroanal. 

Chem. Inter& Electrochem. 163, 327. 
Silverman, D. C., Kalota, D. J., Stover, F. S .  (1995), 

Corrosion 51, 11 818. 
Srhiri, A., Ben Bachir, A. (1980), in: Proc. 51h Euro- 

pean Symp. on Corrosion Inhibitors, Ferrara: Uni- 
versity of Ferrara, pp. 439-452. 

Suggs, D. W., Bard, A. J (1994), J.  Am. Chem. SOC. 
116, 23. 

Suzuki, T., Nishihara, H., Aramaki, K. (1996), Cor- 
ros. Sci. 38, 1223. 

Syed Azim, S., Muralidharan, S., Venkatakrishna 
Iyer, S. (1 9 9 3 ,  J. Appl. Electrochem. 25, 495. 

SzCics, E., Felhosi, I., Schmidt, U., KBlmBn, E. (19981, 
193th Meeting of Electrochemical Society, San 
Diego, U.S.A. 

Szocs, E., FelhBsi, I., Schmidt, U., KBlmBn, E. (l999), 
unpublished. 

Taft, R. W., Jr. (1956), in: Steric Effects in Organic 
Chemistry: Newman, M. S .  (Ed.). New York: Wi- 
ley, p. 559. 

Telegdi, J., KBlmBn, E., KBrmBn, F. H. (1992), Cor- 
ros. Sci. 33, 1099. 

Telegdi, J., Alexandre, S., FelhBsi, I., KBrmBn, F. H., 
KBlmBn, E. (1994), in: Proc. of U K  Corrosion & Eu- 
rocorr '94: Costa, J. M., Mercer, A. D. (Eds.), Lon- 
don: EFC, pp. 186-192. 

Telegdi, J., KBlmBn, E., KBrman, F. H., Keresztes, Z., 
Stahl, G. (1995), in: Proc. Srh European Symp. on 
Corrosion Inhibitors, Ferrara: University of Ferrara, 

Telegdi, J., KBrmBn, F. H., KBlmBn, E. (1999), unpub- 

Trabanelli, G. (1989), in: Corrosion '89: Houston, 

Trabanelli, G. (1991), in: Corrosion '91: Houston, 

Veres, A., Reinhard, G., KilmBn, E. (1992), Br. Cor- 

VBrtes, A., Czak6-Nagy, I. (1989), Electrochim. Acta 

Viebeck, A. (1984), J. Electrochem. SOC. 131, 1853. 
Wada, H., Fernando, Q. (1972), Anal. Chem. 44, 

p. 112. 

56, 22. 

NACE, No. 138. 

pp. 549-559. 

lished. 

NACE, No. 133. 

NACE, pp. 410-419. 

ros. J. 27, 147. 

34, 721. 

1640. 



9.9 References 537 

Weisstuch, A., Carter, D. A., Nathan, C. C. (1971), General Reading 
Muter: Perform. 10. 11 .  

Kdman, E. (1994), A Working Party Report on Cor- 
rosion Inhibitors. London: EFC, The Institute of 
Materials, No. 11, p. 12-38. 

Kuznetsov, Y. I. (1996), Organic Inhibitors ofCorro- 
sion of Metals. New York: Plenum. 

Wu, Y. C., Zhang, P., Pickering, H. W., Allara, D. L. 
( 1993), J .  Electrochem. Soc. 140, 279 1. 

Xingping, W., Yufu, Z. (1987), in: Proc. 10th Inter- 
national Congress on Metallic Corrosion, Madras, 
p. 2799. 

Marcus,”P., Oudar, J. (1995), Corrosion Mechanisms 
in Theory and P ractice. New York: Marcel Dekker. 

Nathan, C. C. (1973), Corrosion Inhibitors. Houston, 
TX: NACE. 

Rosenfeld, I. L. (1981), Corrosion Inhibitors. New 
York: McGraw-Hill. 

Trabanelli, G. (1986), Corrosion Mechanisms: Mans- 
feld, F. (Ed.). New York: Marcel Dekker, pp. 119- 
163. 



Index 

absorbed hydrogen-enhanced local plasticity 

absorption, hydrogen 6 
acceptors, impedance spectroscopy 303 
acetic anhydride production 71 
acid cleaning inhibitors 478 
acid rock drainage, microbial corrosion 
acidic acid 230 
acidic attack 
- hotcorrosion 105 
- microbial corrosion 189 ff 
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air deposition 
- Kelvinprobe 346 
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- volatile corrosion products 108 
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- passivity 159 
- polymer-coated 364 
- stress corrosion cracking 216 
aluminum anodes, sacrificial 425 ff 
aluminum anodization, Bode diagram 307 
aluminum-copper system 
- dealloying 49 
- stress corrosion cracking 223 
aluminum-zinc coating 337 
aluminum-zinc-indium alloy anodes 439 
aluminum-zinc-magnesium alloys 
- hydrogen-induced plasicity 255 
- natriumchloride solution 214 
amine absorption, mild steel 520 
amines-iodides mixtures 500 
amino acids 
- inhibitors 484ff 
- microbial corrosion 180, 193 
amino trimethyl phosphonic acid (ATMP) 521 
aminophosphonic acids 490 
ammonia 
- copper-aluminum alloys 226 
- microbialcorrosion 179,189 
- redox potentials 183 
- stress corrosion cracking 216 
ammonia production, high temperature corrosion 7 1 
ammonium salts 180 
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annular flow 269 
anode-backfill reactions, cathodic protection 414 
anodes 
- cathodic protection 410,414,440 
- sacrificial 424ff 
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- environment sensitive fracture 212 
- metals 5 
- multiphaseflow 276 
anodic inhibitors 476 
anodic polarization curve see: current-potential 

anodic protection 383,453 ff 
anodic segregation, sulfur-induced corrosion 
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antibiotics 177,201 
antimony-tin solders 33 1 
applications 
- anodic protection 391 
- cathodic protection 391,444 ff 
- film rupturehlip dissolution model 
- Kelvin probe 352 
- scanning electrodes 327 f 
aqueous corrosion 5 
- nickel-based alloys 214 
aqueous solutions 154 
aqueous stress corrosion cracking 
aralkenyl groups 484 
archaebacteria, microbial growth 186 
argon ion sputtering 29 
aromatic inhibitors 487 

150 

curve 134 

I6 1 

248 

212 f 

arsenic alloying, stress corrosion cracking 218 
arsenous compounds, inhibitors 62 
aryl groups, inhibitors 484 
ashes 
- high temperature corrosion 71 
- scale failure 102 
Aspergillium 178 
asphalt 440 
assimilation, microbial growth 180 
asymmetry coefficient, stray currents 434 
atmospheric corrosion 352 
atomic force microscopy (AFM) 493,517 
atomistic model, passive films 148 
attack classification 291 
attenuation equations, cathodic protection 394 
Auger electron spectroscopy (AES) 29 f 
- mildsteel 525 
- passive films 
- pitting 58 
austenitic stainless steels 
- fatigue 221 
- nitrogen containing 2 I2 
- passivefilms 153 
- stress corrosion cracking 216,223 
autocorrelation functions, noise analysis 
automatic drainage 435 
autopassivity 453 
autotrophy, microbial corrosion 176 

138, 153, 158 

3 18 

B,O, 107 
backfills, sacrificial anodes 429 
bacteria 171-205 
bactericides 201 
band bending, passive films 142 
barriers 52 f  
- high temperature corrosion 74 
- passivefilms 138 
batch cultures, microbial growth 186 
benzo-hydroxamic acid (BHA) 484 f, 490 f 
benzotriazole (BTA) 500 
bilayer model, passive films 138 
binary systems, dealloying 49 
biocides, microbial corrosion 174,195,201 
biocoenosis 176 ff 
biodegradability 176,193 
biofilms 187ff 
biogenetic attack simulation 196 
bivalent cations 503,524 
blast furnace cement 198 
block diagram 
- anodic protection 457 
- Kelvinprobe 342 
- potentiostats 23 f 
- XPS 33 
blocking 
- anodematerials 414 
- impedance spectroscopy 3 10 
- inhibitors 476 
- sulfur-induced corrosion 160 
blue algae, microbial corrosion 175, 178 
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Bockris-Devanathan method 
- embrittlement 63 
- inhibitors 475 
Bode plots 
- carbon steels 515 
- organic steel coating 305 
borates 479 
boron 107 
Boudouard equilibrum 1 11 
boundary element method, 

brasses 
- dealloying 49 
- stress corrosion cracking 218 
breakdown 
- anodematerials 413 
- oxidation 88 
- passivity 
- stress corrosion cracking 223 
brine, corrosion rates 280 
brittle-like failure 212 
brittle-to-ductile transition (BDT) 259 
bromine 58 
Brownian motions 187 
bubble collapse, multiphase flow 274 
buckling, oxide scales 98 
Burgers vector 240 ff, 259 
buried underground, cathodic protection 401 
Butler-Volmer equation 

cathodic protection 423,451 

134, 162 ff, 328 

15 ff, 39 ff 

C-steels see: carbon steels 
cables 447 
Cabrera-Mott model 150 
cadmium addition 427 
calcium complexes 505 
calcium sintering 71 
calibration, Kelvin probe 35 1 
calomel electrode 
- cathodic protection 398 
- standard potentials 22 
capillary current source 325 
caproyl glutamic acid 487 
carbides 
- hydrogen corrosion I24 
- precipitation 92 
- stability 77 
carbon alloying 218 
carbon backfills 413 f 
carbon dioxide 
- concrete 438 
- high temperature corrosion 72 
- internal carburization 110 
- microbial corrosion 
- multiphaseflow 269 
carbon disulfide production 71 
carbon monoxide 1 I0 
carbon sources, microbial growth 179 
carbon steel 
- anode materials 41 1 
- autopassivity 453 

I78 ff, 189 

- impedance spectra 5 13 f 
- multiphaseflow 267 
- open circuit potential 334 
- stress corrosion cracking 2 16 
carbonate solutions 216 
carbonic acids 
- microbial corrosion 192 
- multiphase flow 268,276 
carbonization 
- concrete 438 
- wood preservation 174 
carboxisomes 175 
carboxylates 479,488 f 
carboxymethyl amines 484,488 
carburization 
- gascorrosion 109 
- high temperature corrosion 7 1 ff 
- internal 90ff 
carcinogenic properties, microbial corrosion 201 
case studies 
- anodic protection 460 f 
- cathodic protection 423 f 
castiron 400 
catastrophic oxidation 107 
cathodes, anodic protection 458 
cathodic compensation 5,38 f 
cathodic delamination 357 
cathodic depolarization 190 
cathodic hydrogen evolution 
- noise analysis 315 
- Tafelplot 42 
cathodic inhibitors 476 
cathodic polarization 220 
cathodic protection 383-470 
cathodic region, fatigue 236 
cation vacancies 150 
cationic fraction, chromium 37 
caustic solutions, stress corrosion cracking 214 f 
cell division 179 
cell nucleus 175 
cell reactions, noise analysis 315 
cellulose 180 
cement 
- chloride content 438 
- microbial corrosion 197 
cementite 
- hydrogen corrosion 124 
- metal dusting 111 
charge transfer overvoltage 14 f 
chelates, inhibitors 480 
chemical compositions see: material compositions 
chemical countermeasures, microbial corrosion 200 
chemical defects 5 
chemical processes, high temperature corrosion 7 1 
chemical reaction rates 293 
chemical scale failure 102 ff 
chemisorption 1 I1 
chemosynthesis 179 
chemotrophy 176 
chloride extraction, concrete 438,442 
chloride solutions 216 
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chlorides 
- evaporation temperatures 109 
- meltingpoints 120 
- pitting 54, 164 f 
chlorination 
- gas corrosion 119 
- high temperature corrosion 71 
chlorine 
- high temperature corrosion 71 
- pitting 58 
- pressure 119 
chlorophyll 178 
chromate-zinc mixtures 502 
chromates 479 
chromia 
- high temperature corrosion 74 ff 
- internal carburization 109 
- volatile corrosion products 108 
chromia scales 
- formation 79,85 
- growthstresses 96 
- metal dusting 112 
chromium 
- carbideformers 124 
- cationic fraction 37 
- electrodes 25 
- passive films 52,140, 149 
- pitting 61 
- potential drops 137 
chromium alloying 2 18 
chromium contents 
- chlorination 120 
- iron based alloys 89 
- passivated ironhickel based alloys 153 
- scanning electrodes 329 
chromium halides complexes 59 
chromium-nickel steels, anodic protection 454 
chromium-nickel system, scale growth 87 
chromium-nickel-titanium steel, sulfidation 1 17 
chromium salts, pressure-impregnation 201 
circuital methods, cathodic protection 45 1 
cleavage model, cracking 250 ff 
close-interval1 potential survey (CIPS), cathodic 

coal 174 
coal gasification 
- high temperature corrosion 77,92 
- metal dusting 111 
- sulfidation 118 
coal tar 194 
coatings 
- cathodic protection 416 f 
- impedance spectroscopy 304 
- industrial 365f 
- organic 355ff 
- scanning electrodes 336 ff 
- sulfidation 118 
coefficients of thermal expansion (CTE) 93 
Coffin-Manson curves 

- stainless steels 221 

protection 420 f 

- Cr-yalloys 234 

Cohen model 138 
combustion 70,103 
complexes formation 
- inhibitors 500 
- microbial corrosion 190 
- passivefilms 165 
complexing agents 12 
- HEDP-iron 482f 
- microbial corrosion 192 
compound cycles, microbial corrosion 176 
compressive stresses 
- hydrogen assisted cracking 237 
- oxidescales 99 
computer analysis, cathodic protection 45 1 
concentration profiles 
- diffusion-limited electrode processes 18 
- inhibitors 523 
concrete 
- cathodic protection 389,437 ff 
- microbial corrosion 198 
conditioning films, microbial growth 187 
conducting polymers 412 f 
conduction band 142 
conductive asphaltlpaints 440 
constant phase element (CPE) 
- impedance spectroscopy 302 
- synergistic inhibition 512 
convection 23 
cooling water 475 
cooxidation, microbial corrosion 176 
copper 
- aceticacid 230 
- anodic protection 453 
- benzo-hydroxamic acid inhibitors 490 ff 
- benzotriazole inhibition 502 
- dissolution 25,49 
- passive films 52 f, 141, 145, 159 
- Pourbaix diagram 11 
- surfacefilms 221 
copper addition, aluminum anodes 428 
copper alloys 
- cathodic protection 399 
- stress corrosion cracking 216 
copper impurities 427 
copper-nickel system 79 
copper salts, pressure-impregnation 201 
copper-stannium system 49 
copper-zinc alloys 250 
copper-zinc system, dealloying 50 
copperhat. CuSO, electrode (CSE) 392 
core level electrons, photoemission 32 
correlation spectra, stray currents 435 
corrosion-assisted cleavage model, cracking 252 f 
corrosion-enhanced plasticity model (CEPM) 256 
corrosion fatigue see: fatigue 
corrosion products 83,291 f 
- high temperature 73 ff 
- inhibitors 476 
corrosion rates 
- cathodic protection 403 f 
- multiphase oil/water/gas systems 280 ff 
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coulombic interactions 500 
counter electrodes 20,298 
coupling effects, mechanical-electrochemical 233 f 
crack faces, stress corrosion 227 
crack propagation 2 17 ff 
crack tip chemistry 212,226 ff 
crack tip strain rate evaluations 
cracking 6,52,61 ff 
- cathodic protection 389 
- internal 90ff 
- metal dusting 112 
- microbial corrosion 194 
- oxidescales 98ff 

creep 230 
crevice corrosion 21,52, 109 
- scanning vibraton electrode 321 
crevices 92 
cross slip probability 244 
cross-correlation functions 3 18 
crude oil 
- microbial corrosion 194 
- multiphaseflow 267 
cryophillic microorganisms 186 
crystallites, passive films 147 
curing temperatures, Kelvin probe 369 
current distribution, cathodic protection 394,402, 

current-potential curves 
- iron 139 
- passivity 134ff 
current sources, scanning vibrating electrode 
cyanide 
- complexing agents 12 
- inhibitors 62 
cyanobacteria 175 ff 
cyclic deformation, air-induced 234 
cyclohexylamine 520 
cytocromes 183 
cytoplasm membranes 175 

249 

see also: stress corrosion cracking 00 

449 

325 

D10 value, microbial corrosion 199 
damage 5 
- cathodic protection 408 
- fatigue 219 
- microbial corrosion 189 f 
- slug flow corrosion 278 
DC see: direct current 
dealloyed surface layers 
- film-induced cleavage 250 
- stress corrosion cracking 226 
dealloying 6,48 
decohesion model, environmentally assisted 

deconvolution technique, galvanic corrosion 
defects 5 
- cathodic protection 418 
- embrittlement 62 
- Kelvinprobe 366f 
- metal dusting I12 

cracking 253 ff 
33 1 

- oxidation 80 
- passive films 
- pitting 59 f 
- stresses 97 
deformations 
- air-induced 2 
- localized corro! 

Index 

45 

4 
in 230ff 

- plasticity 256 
degradation 
- environmental 5 
- microbial corrosion 176 
dehydration 141, 151 
dehydroxylation 152 
delamination 
- Kelvin probe 365 f 
- polymer-coated iron 357 
denitrifying bacteria 184 
depletion, scale growth 88 
depolarization, microbial corrosion 190 
deposition methods, passive films growth 150 
deprotonation 152 
descaling inhibitors 478 
desorption 14 
destruction, microbially-influenced 188 
Desulfotomaculum 173 
Desulfovibrio 173 
deterioration, electrochemical techniques 291 
detrimental effects, impurities 160 ff 
diauxic growth I86 
dibenzylsulfoxide (DBSO) 491 
dichromates 52 
diffusion 5,  14 
- high temperature corrosion 74 
- hydrogen 237 
- impedance spectroscopy 31 1 
- overvoltage 17 
- plasticity 259 
diffusion control 
- potentiostatic transient 28 
- scalegrowth 84 
diffusion layers 23 
dilatation stresses, hydrogen-assisted cracking 237, 

di(phosphonomethy1)glycine 488 
direct current methods, cathodic protection 402 
direct current voltage gradient survey (DCVG) 420 f 
disbonding, cathodic protection 418 
discoloration 194 
dislocations 5 
- fatigue 231 
- hydrogen 237 
- impedance spectroscopy 303 
- plasticity 256 
dispersed flow 27 1 
displacement, stresses 93 
dissociation constants 13 
dissociative adsorption, passive films 
dissolution 
- inhibitors 475f 
- mechanical behavior 230 f 
- metals 5 

242 
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- passivefilms 150 
- scaleformation 78 
dissolution moderators, passivity 160 
distillation 
- high temperature corrosion 72 
- microbial corrosion 194 
- sulfidation 118 
distortions, hydrogen assisted cracking 237 
divacancies 23 1 
divalent oxides, lattice disorder 80 
Donnon potential 350 
donor-acceptor states, impedance spectroscopy 303 
donors, passive zinc films 314 
doping 
- defect concentrations 8 1 
- impedance spectroscopy 3 13 
double layer charging, potentiostatic transient 28 
double layer model, inhibitors 478 
drainage, stray currents 435 
drycorrosion 5 
dry heating, microbial corrosion 199 
duplex layers, copper passive films 
duplex stainless steels 
- aging 329 
- crack initiation 235 
Dwight equation 415,426 
dynamic system analysis, impedance spectroscopy 

146 

296 

E3 (efficiency, economy, ecology) development 479 
Ebonex 440 
edge dislocation-hydrogen interactions 239 ff 
edge dislocations 303 
electrical systems 
- anodic protection 457 
- cathodic protection 409,43 1,449 f 
electrochemical breakdown, surface films 225 
electrochemical characteristics, passive systems 134 ff 
electrochemical corrosion 475 
electrochemical corrosion rates 294 
electrochemical fundamentals 1-66 
electrochemical impedance spectroscopy (EIS) 295 ff 
- cathodic protection 397,404 f 
electrochemical noise, cathodic protection 408 f 
electrochemical noise analysis (ENA) 314 ff 
electrochemical protection 383470 
electrochemical research techniques 20 ff, 285-38 1 
electrode kinetics 6, 13 ff 
- inhibitors 476 
electrode types 20 
electrolyte bridges 22 
electrolyte convection 23 
electrolyte-covered metals surfaces 344 
electrolyte reactions 5 
electron conductor, defect chemistry 81 
electron diffraction, passive films 138 
electron spectroscopy 3 1 f 
electron transfer 15 
electroneutrality 38 
electronic properties, passive films 142 ff 

electroosmosis 419 
ellipsometry 138 
embedding, sample preparation 21 
embrittlement 6,61 f 
- environment sensitive fracture 212 
- gascorrosion 124 
- hydrogen-assisted cracking 237 
endoplasmic reticulum 177 
energy conversion, high temperature corrosion 72 
energy-dipersive X-ray analysis I27 
energy sources, microbial growth 176,179 
enhanced creep, copper in acetic acic 230 
environment sensitive fracture 207-263 
environmental conditions, cathodic protection 401 
environmentally assisted cracking (EAC) 21 2-263 
environmentally friendly inhibitors 47 1-537 
enzyme hydrogenase 190 
enzyme nitrogenase 180 
enzymes 177 
epoxy resins, mounting 21 
equilibrumpotential 13 
- iron Pourbaix diagram 11 
equivalent circuits 307 
erosion corrosion 389 
erosion resistance 74 
error functions, transient techniques 28 
ethanol 201 
ethylene oxide 201 
ethylene processes, high temperature corrosion 71 
eukaryotes 175 ff, 201 
Eurotunnel, cathodic protection 439 
eutectics 107 
evaporation, volatile corrosion products 108 
excess metals, defect chemistry 80 
exoenzymes 191 ff 
exopolymer substances 173 
experimental techniques, high temperature corrsion 

exposure experiments 291 
125 ff 

FADH,, redox potentials 182 
failure 97, 102 ff 
Faradaic rectification 406 
Faraday law 
- electrode kinetics 8, 13, I8 
- impedance spectroscopy 299,3 13 
fast Fourier transform (FFT), noise analysis 
fatigue 64 
- cathodic protection 389 
- environment sensitive fracture 212,218 f 
fermentation 178, 184, 192 
Fermi level 3 1,142 
ferritekitanium, anode materials 41 2 
ferritic stainless steels 
- passivefilms 153 
- stress corrosion cracking 223 
ferritic steels 
- stress corrosion cracking 218 
- sulfidation 114 
ferrosilicon 460 

3 19 
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fiberglass manufacturing 71 
Fick diffusion 17, 82 
- hydrogen 238 
field testing, insulation 420 
filiform corrosion 364 
film breakdown 
- pitting 56 f,l63 
- stress corrosion cracking 223 
film-electrolyte interface 137 
film-induced cleavage model 250 f 
film rupture-slip dissolution model 
film thickness 279 
filters, microbial corrosion 200 
finite-element methods 423,45 1 
Flade potential 454 
flat-band potential 142,314 
flow-accelerated corrosion 276 
flow regime map 269 
fluctuations, noise analysis 3 14 f 
fluorides 
- evaporation temperatures 109 
- pitting 58 
fluting, stress corrosion cracking 213 
fouling 475 
Fourier transform, impedance spectroscopy 297 
fracture, environment sensitive 207-263 
fracture toughness, oxide scales 97 
Franck-Read sources 257 
Free-Wilson method 530 
freeze-thaw attack 196 
frequency dispersion, impedance spectroscopy 301 
frequency response analyzer (FRA) 298 
Froude number 267 f, 274 ff 
fuel ash attack 71, 102 
full-width-at-half-maximum (FWHM), scanning 

fully dispersed flow 27 1 
fungi 175 ff, 185 ff, 200 
furnace tubes, high temperature corrosion 71 

225,246 f 

vibrating electrode 325 

y-radiation 200 
Galvani potential difference 344 
galvanic anodes 424 
- cathodic protection 389 
galvanic anodic protection 453 
galvanic cell, noise analysis 314 
galvanic corrosion 321,330 
galvanized steels 362 f 
galvanostatic transient, nickel in HCI 46 
gas corrosion 109 ff 
gas-induced acidic attack 105 
gas-liquid mixture 267 
gas production, high temperature corrosion 
gasification, high temperature corrosion 72,77,92 
genetic engineering, microbial corrosion 180 
Gibbs free energy 6 f 
Gibbs-Helmholtz equation 7 
glass tubes 21 
gluconates 479 
glucose 180 

7 1 

glucose oxidase 185 
glucose-sorbitol mixture, diauxic growth 187 
glues 188 
glutamic acid 487 
gold 
- complexing agents 12 
- electroderings 24 
- HEDP-zinc adsorption 507 
gold alloys 25 1 
gold-copper system, dealloying 49 
grain boundaries 5 
- decarburization 124 
- embrittlement 62 
- high temperature corrosion 73 
- impedance spectroscopy 303 
- internal corrosion 102 
- localized corrosion 55 
- stress corrosion cracking 2 18 
- weakening 90 
grain boundary sensitation, cracking 249 
grain-like structures 
- passivefilms 146 
- scaleformation 78 
graphite 
- anodematerials 412 
- metal dusting 11 1 
grazing incidence X-ray diffraction (GXRD) 
green rust 476 
Griffith model 254 f 
grout concrete 440 
growth conditions, bacteria 
growth mechanism, passive films 
growth stresses 
- chlorination 120 
- oxidation 93 
gypsum 197 

145,150 

173 f, 176 ff 
145, 150 ff 

Haber-Luggin capillary 19 ff 
haernatite 89 
hafnium, passivity 53 
half-cell potential, Kelvin probe 345 
half-cell reactions, noise analysis 
halides 
- crevice corrosion 21 
- gascorrosion 71 
- localized corrosion 54 f, 58 ff 
halogen compounds, high temperature corrosion 73 
Hammet equation 529 
harmonic analysis, cathodic protection 406 
harmonic impedance spectroscopy (HIS) 406 
hazard determination, stray currents 433 
healing capacity 
- high temperature corrosion 74 
- oxidescales 99f 
heat treatment, microbial corrosion 178, 195, 199 
heater tubes, high temperature corrosion 71 
heavy metals 173,201 
Helmholtz layer 15 
Helmholtz plane 478 
Helmhotz function 7 

3 15 
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heterogeneous electrochemical reactions 475 
heterotrophy 176 
hetrocyclic compounds 194 
Heusler model 43 
Heyrovsky equation 41 ff, 62 
HF corrosion 72 
Hg/Hg,CI, sat. KCI electrode 398 
Hg,SO, electrode 22 
HgO electrode 22 
hibernation 18 1 
high-alloy chromium steels 112 
high-alloy steels 456 
high dissolution rates 45 f 
high-field model, passive films 15 1 
high temperature corrosion 67-129 
high-voltage direct current (HVDC) transmission 

lines 431 
hole conductors 80 
Hookelaw 238 
hopping model 150 
host lattice 237 
hot corrosion 5 ,  102,212 
humid air, Kelvin probe 346 
humid heating, microbial corrosion I99 
humidity 
- aluminum alloys 364 
- microbial corrosion 178,18 1 
hydraulic jumps, multiphase flow 275 
hydrocarbons 
- metal dusting 11 1 
- microbial corrosion 194 
hydrochloric acid 13 
hydrocracking 7 1 
hydrodynamically modulated rotating-ring-disk 

electrode (HMRRDE) 26 
hydrogen, gas corrosion 124 f 
hydrogen-assisted cracking models 253 f 
hydrogen diffusion 237 
hydrogen dislocation interactions 237 ff 
hydrogen electrode 39 ff 
hydrogen embrittlement 212 ff 
hydrogen evolution 38 ff, 51 ff 
- cathodic disbonding 419 
- noise analysis 315 
hydrogen-induced plasticity models 255 
hydrogen ion concentration 181 f 
hydrogen mass transport, multiphase flow 276 
hydrogen permeation 61 f 
hydrogen production, high temperature corrosion 71 
hydrogen standard electode 8 
hydrogen sulfide 
- inhibitors 62 
- microbial corrosion 
hydrostatic stress 237 
hydroxide films 134 ff 
hydroxide layers 48 ff 
hydroxy ethane diphosphonic acid (HEDP) 481 ff, 

hydroxyl groups 135 ff, 148 
hydroxyl recombination, sulfur-induced corrosion 

173 f, 189 

503 ff 

161 

hydroxylamine 183 
hydroxylation 15 1 
hyphae 175f 

imines-iodides mixtures 500 
immersion tests 
- cathodic protection 401 
- copper 495f 
- noiseanalysis 316 
immunity 137 
impedance spectroscopy 20,295 ff 
- cathodic protected steel 405 
- synergistic inhibition 51 1 
impregnation, microbial corrosion 174 
impressed current cathodic protection 408 
impurities 
- detrimental effects 160 ff 
- zincanodes 427 
inclination changes, multiphase flow 267 ff 
inclusions 5,223 
indium impurities 428 
industrial applications, cathodic protection 408 
industrial coatings 365 f 
industrial water 475 
infrared spectroscopy 29 
inhibitors 62 
- environmentally friendly 47 1-537 
- localizedcorrosion 54 
- multiphaseflow 268 
- scanning electrodes 332 
initiation 
- cracking 217 
- oxide scale formation 78 
- pitting 164 
inner layer, passive films 138 
inorganic inhibitors 478 
inorganic layers 374 
installation 
- anodes 414,429 
- anodicprotection 457 
- cathodic protection 389 
insulating films 
- inhibitors 476 
- passive systems 135 
insulation, stray currents 435 
insulation resistance, cathodic protection 41 7 
insulators, passive films 142 
interdiffusion, dealloying 50 
interfaces 
- inhibitors 478 
- Kelvinprobe 369 
- metal-electrolyte 5 
- passivity 137 
interferent processes, microbial corrosion 192 
intergranular propagation 213 f 
intermittent flow 268 
internal carburization 90 ff, 109 
internal corrosiodoxidation 90 ff, 102 
internal energy/enthalpy 6 
internal sulfidatiodnitridation 90 ff, 102 
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interstitials 
- defectchemistry 80 
- hydrogen assisted cracking 237 
intrinsic growth stresses 95 
iodides-amines mixtures 500 
iodine, pitting 58 
iodine solutions 213 
ion scattering spectroscopy (ISS) 29 f, 36 
- passive films 138, 153 
ion spectroscopies 36 f 
iron 
- autopassivity 453 
- cathodic protection 399 
- impedance spectroscopy 302 
- metal dusting 112 
- monolayer-modifed 372 
- passive films 53, 139, 149 
- pitting 58,444 
- potential drops 137 
- Pourbaixdiagram 9 
- structure-inhibitor relationship 531 
- sulfidation 114 
- wet/dry transition 353 
iron-based alloys 34, 153 
iron-based spinels 93 
iron+hromium alloys 155 
iron-chromium-nickel alloys 155 
iron dissolution 
- inhibitors 475 
- neutral solutions 309 
- sulfuric acid 24,39 ff 
iron halides complexes 59 
iron impurities 427 
iron oxides 
- high temperature corrosion 75 
- scales 79, 89, 123 
iron reduction, biologically catalyzed 184 
iron sulfide precipitation 190 
iron-sulfur proteins 183 
irreversible adhesion 188 

kaolin 174 
karyon 175 
Kelvin probe 20 
keteneproduction 71 
kinetics 38ff 
- cathodic protection 401 
- delamination 370 
kink sites 49 
Koch postulates 196 
Kossel-Stranski model 43 ff 
Kramers-Kronig transform 298 

lactates 183 
Langmuir adsorption 530 
Laplace transform 297 
lattice defects, sulfidation 115 
lattice disorder, nomenclature 80 
lattice distortions 303 

layers 5, 12,48 ff 
- charging 28 
- dealloyed 250 
- diffusion 17,23 
- Helmholtz 151 
- inhibitors 476 
- passivating 34,52 
lead 399 
lead alloys 
- anodematerials 412 
- stress corrosion cracking 21 8 
lead chlorides 103 
lead impurities 427 
lead-tin solders 33 1 
leakage, stray currents 43 1,435 
leather 193 
lichenic acids 178, 185 ff 
LIDA anodes 424 
ligaments, ductile 2 I3 
linear symmetric objects, cathodic protection 450 
linear system theory, impedance spectroscopy 296 
liquid metal embrittlement 212 
liquid phases 107 
lithotrophy 176, 189 
Lloyd equation 426 
local elements, dealloying 50 
localized corrosion 5 1,54 f 
- passivity 134 
- scanning vibrating electrode 321 
localized corrosion-deformation interactions 

230 ff 
localized electrochemical impedance spectroscopy 

(LEIS) 326f 
localized potential mapping, scanning vibrating 

Lomer-Cottrel locks 252 
low-alloy steels 112 
low-melting eutectics 107 

electrode 322 f 

magnesium anodes 425 f 
magnesium chloride 213 
magnesium production, high temperature corrosion 

72 
magnetite 
- anodematerials 412 
- scalegrowth 89 
manganese addition, aluminum anodes 428 
manganese reduction, biologically catalyzed 184 
maritime applications, cathodic protection 408 
Marquardt algorithm 404 
mass gain 
- carbon steel carburization 117 
- oxides/sulfides 83 
mass spectroscopy 30 
mass transfer, multiphase flow 276 f 
material compositions 
- passive films 138 ff 
- sacrificial anodes 425 
- stress corrosion cracking 2 18 
material selection, microbial corrosion 188,195 
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maximum entropy method (MEM), noise analysis 

McCoy equation 426 
Mears-Brown theory 392 
mechanicaldamage 219 
mechanical scale failure 97 
mechanical stress 
- cracking 215,223 
- oxidation 92 
melamine 71 
melting, high temperature corrosion 74 
melting points 
- chlorides 120 
- natrium sulfate 103 
- oxides/eutectics 106 
mercury, microbial corrosion 201 
mercury impurities 428 
mesophilic microorganisms 186 
metabolic activity 173 f 
metal cation diffusion 84 
metal corrosiodcathodic reaction combinations 47 f 
metal dissolution, impedance spectroscopy 
metal dusting 109 ff 
metal electrode 43 
metal-electrolyte interfaces 5 
metal-electrolyte system, Kelvin probe 344 
metal-film interface, passivity 137 
metal-humic-air system 346 
metal ion complexes 178 
metal-oxide-electrolyte system, Kelvin probe 345 
metal-oxide-humic air, Kelvin probe 347 
metal passivity 131-169 
metal-polymer-humic air system 348 
metal recession, water vapor 124 
metal sulfides 173 
metal surfaces, Kelvin probe 344 f 
metallic materials, microbial corrosion 192 
metallurgical industry, high temperature corrosion 72 
methane 184, 194 
methanol 71 
microbial corrosion 17 1-205 
- inhibitors 475 
- scanning electrodes 333 
microbially enhanced oil recovery (MEOR) 
microbicides 201 
microelectrochemistry 20 
microorganisms 174 ff 
microstructure weakening 124 
migration 5, 14 
mild steels 480 f, 485 f 
mineral acid attack I89 f 
minimum potentials, cathodic protection 399 
mitochondrium 177 
mixed cracking, austenitic stainless steels 228 
mixedflow 271f 
mixed inhibitors 476 
mixed metal oxides 
- anode materials 412 f 
- reinforced concrete 439 f 
mixed potential theory, cathodic protection 392 
mixtures, cathodic/anodic inhibitors 499 

319 

3 14 

194 

modified metal surfaces, Kelvin probe 37 1 f 
molten fluoride corrosion 72 
molten phases, corrosion products 106 f 
molybdates 479 
molybdenum 
- carbideformers 124 
- passivefilms 155 
- stress corrosion cracking 218 
monolayers, organic 372 
MOO,, molten phases 107 
MottSchottky equation 313 
mounting, sample preparation 21 
multifunctional inhibitor molecules 484 ff 
multilayers, femtic steels 116 
multiphase flow 265-284 
mycelia 177 

NADH,, redox potentials 182 
natrium chloride solutions 234 
natural gas, multiphase flow 267 
natural materials, microbial corrosion 193 
Nernst diffusion layer 17 
Nemst equation 10 f, 22 ff, 38,45,62 
Nemst impedance 308 
neutral solutions 

- inhibitors 475 
- iron 309 
nickel 
- galvanostatic transient 46 
- passive films 52, 140,147 f 
- pitting 55 ,58  f 
- potential drops 137 
nickel-based alloys 
- aqeous environment 214 
- chlorination 120 
- passivefilms 153 
- stress corrosion cracking 216 
nickel-chromium alloys 87 
nickel-copper alloys 79 
nickel halides complexes 59 
nickel oxides 75 
nickel steels I13 
nickel sulfides 102 
niobium 
- anode materials 412 
- carbideformers 124 
nitrate reduction, biologically catalyzed 184 
nitrate solutions, stress corrosion cracking 
nitric acid 
- anodic protection 453 f 
- complexing agents 13 
- microbial corrosion 189 
- passivation 46f 
- production 71 
- stress corrosion cracking 216 
nitridation 
- high temperature corrosion 71 
- internal 90ff 
nitrifiers, microbial corrosion I89 

- Alloy600 214 

2 16 
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nitrifying bacteria 198 
nitrilo(triacetic acid) (NTA) 488 
nitrites 
- inhibitors 479 
- redox potentials 183 
nitrites-phosphonates mixtures 502 
nitrogen 
- microbial growth 188 f 
- passivefilms 158 
- stress corrosion cracking 218 
nitrogen-containing austenitic stainless steel 
nitrogen oxides, microbial corrosion 190 
noble metals 
- complexing agents 12 
- electrodes 20,24 
- humic air deposition 347 
noise, cathodic protection 408 
noise analysis 295 
noise resistance 3 19 
nuclear industry, high temperature corrosion 72 
nucleation 
- localized corrosion 55 
- noiseanalysis 317 
- oxidescales 96 
- passive films 145 f 
- scale formation 78 
Nyquist noise 315 
Nyquist plots 
- carbon steels 5 15 
- impedance spectroscopy 301 
- mildsteels 489 

21 2 

octadecyltrichlorosilane (n-OTS) 372 
offshore installation 426 
offshore structures 445 
ohmic drops 46 
- cathodic protection 397 f 
- electrode kinetics 19 
- pitting 60 
oil-fired boiler superheaters 72 
oil refining processes 7 1 
oivwater flow 27 I 
oil/water/gas flow 268 
OKPLIN software 423 
open channel flow, hydraulic jumps 275 
open circuit potential (OCP), scanning electrodes 

open pores, internal corrosion 91 
operating conditions 
- anodic protection 391,456 
- cathodic protection 391 
- thermal proceseses 70 f 
optical band gap, passive films 
organic coatings 
- Kelvinprobe 355ff 
- phosphated steel 304 
organic compounds, biologically catalyzed 

decomposition 184 
organic inhibitors 478,487 
organic layers 372 ff 

328,333 

143 

organic phosphonic acid inhibitors 481 
organotrophy 176 
oscillating jumps 275 
outer layer, passive films 138 
overpotential 14 
overprotection 393 
overvoltage 14 
oxidants, microbial growth 185 
oxidation 
- high temperature corrosion 
- internal 90ff 
oxide films, passivity 134 ff 
oxide growth stresses 96 
oxide layers 48 ff 
- microbial corrosion 192 
oxide roses 87 f 
oxide scales 78 ff 
oxides 
- evaporation temperatures 109 
- high temperature corrosion 74 
- mass gain 83 
- Pilling-Bedfort ratios 95 
oxidizer addition 453 
oxidizing inhibitors 478 
oxygen 
- anodic protection 454 
- microbial growth 185 
oxygen adsorption, scale formation 78 
oxygen-containing atmospheres 120 
oxygen deficiency, defect chemistry 80 
oxygen electrode 41 
oxygen inward-diffusion 84 
oxygen limitation, microbial corrosion 178 
oxygen partial pressure 76 
oxyhydrogen reactions, microbial growth 182 
ozone 201,480 

71 ff 

paints 440 
palladium 453 
parabolic oxidation 82 ff 
parabolic rate constant 125 
partial pressure, oxygen 76 
partitition coefficients 530 
passivating layers 
- ironalloys 34 
- microbial corrosion 190 ff 
passivation 
- acids 46f 
- metal surfaces 52 ff 
- mildsteel 520 
passive layers 48 ff 
- breakdown 38 
- concrete 438 
- impedance model 3 12 f 
- inhibitors 476 
passive pit model, impedance spectroscopy 307 
passive protection 195 
passive regions 
- anodic protection 453 
- fatigue 235 
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passivity 
- anodic 453 
- cathodic protection 389 
- metals/alloys 131-169 
- stress corrosion cracking 222 
passivity breakdown 
- pitting 55,61 
- scanning electrodes 328 
PbO, molten phases 107 
Pearson method 420 
pelletizing, high temperature corrosion 71 
penetration depth 
- internal corrosion 90 
- microbial corrosion 200 
Penicillium 178 
peptidoglycane layer 175 
perchlorate 54 
perchloric acid 46 f 
perforation, metal dusting 113 
periplasmatic space 175 
permeability, high temperature corrosion 74 
peroxidase 185 
persistent slip bands (PSB) 231 
pertubation Gequency, impedance spectroscopy 

297,327 
petrochemical processes 71 
pH value 
- anodic protection 454 
- concrete 438 
- hydrogen electrode 41 
- inhibitors 475 
- Kelvin probe 346,359 
- microbial corrosion 178,18 1 
- stress corrosion cracking 227 
phase boundary reactions, sulfidation 115 
phase changes, multiphase flow 267 
phosphates 
- inhibitors 479 
- layers 52f 
- microbialgrowth 180 
- solutions 216 
phosphomethyl iminodi(acetic acid) 488 
phosphonate-zinc mixtures 502 
phosphonates 479 
phosphonic acids 481,488 f 
phosphono methyl amines 484 
phosphoric acid 456 
phosphorilation 183 
phosphorus 180 
phosphorus alloying, stress corrosion cracking 21 8 
photoelectrochemical measurements 142 f 
photoemission, core level electrons 32 
photoinitiated cross section (PICS) 32 
photosynthesis 178 f 
phototrophy 176 
phthalate buffer 56 
Pidgeon process 72 
Pilling-Bedfort ratios (PBR) 94 f 
pipelines 
- cathodic protection 390 
- multiphaseflow 267 

pitting 54 ff, 60 f 
- cathodic protection 389,444 
- copper 494 
- initial stages 162 ff 
- metal dusting 113 
- microbial corrosion 192 
- noiseanalysis 316 
- scanning vibrating electrode 321 
pitting resistance equivalent (PRE) 
plasma polymer-modified metal surfaces, 373 
plasma spray coating 118 
plastic materials, microbial corrosion 193 
plasticity 
- dissolution processes 232 
- environment sensitive fracture 212 
plasticity models 255 f 
platinized anode materials 412 f 
platinum, electrode rings 24 
platinum additives 453 
platinum contacts 21 
platinum strings, thermogravimetry 125 
plugflow 268 
point defect model 
- passivefilms 151 
- pitting 165 
poisons, microbial corrosion 195,201 
Poisson equation 228,452 
Poisson ratio 256 
polarization 
- anodic 453 
- fatigue 220 
polarization curves 
- iron 309,354 
- scanning electrodes 329 

see also: current-potential curve 134 
polarization methods, anodic protection 459 
polarization resistance 48,300 
polarized drainage 435 
polyaspartates 480 
polyethylene (PE) 416 
polymer coating 
- Kelvinprobe 347 
- scanning electrodes 336 
polymerization, inhibitors 477 
polymers 
- anodematerials 412f 
- cathodic concrete protection 440 
polyolefin layers, cathodic protection 41 6 
polyphosphate-chromate mixtures 502 
polyphosphates 479 
polyphosphonic acids 520 
polysaccharides 180 
polythionates 2 16 
pore plugging 476 
Portland cement 198 
potential distribution, 

potential drop, passivated surface 137 
potential mapping 
- Kelvin probe 341 f, 366 f 
- scanning vibrating electrode 322 f 

155, 158 

cathodic protection 394 ff, 399,449 
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potential-pH diagramm see: Pourbaix diagram 
potential range, mild steel cracking 
potentiokinetic curve see: current-potential curve 
potentiostatic curves 453 f 
potentiostats 22 ff 
- anodic protection 458 
- impedance spectroscopy 298 
- passive systems 134 
Pourbaix diagrams 52 f 
- cathodic protection 389 
- copper 136 
- sulfuroniron 161 
power cables 447 
precipitation 
- dealloying 50 
- inhibitors 476 
- passivefilms 150 
- saltlayers 52 
preoxidation 119 
pressure drop, multiphase flow 267 
pressure-impregnation, wood 201 
pressure measurements, multiphase flow 277 
process plants, cathodic protection 446 
prokaryotes 175 ff, 201 
promoters, passivity 160 
propagation, stress corrosion cracking 
protective layers, see: layers 12 
protective surface scales see: scales 
protonation constants 483, SO5 
protons, microbial growth 181 
pseudo-slug flow 269 
PVC 
- microbial corrosion 194 
- sample embedding 21 
pyridine 520 
pyrite 174 

222 

21 3,217 

quantitative structure-activity 

quartz chamber, thermogravimetry 125 
quartz crystal microbalance (EQCM) 491 

relationship (QSAR) 528 ff 

radiation, microbial corrosion 195,200 
Raman spectroscopy 29 
randomness, stray currents 433 
realkalization, carbonated concrete 438,443 
rectification, Faradaic 406 
rectifiers, cathodic protection 408 f 
redox reactions 
- electrode kinetics 15 f 
- microbial growth 182 
- passivefilms 142 
redox systems 39 f 
reduction 
- biologically catalyzed 184 
- oxidants 38 
reference electrodes 20 
- anodic protection 459 
- cathodic protection 398,440 

- impedance spectroscopy 298 
- noiseanalysis 319 
- scanning vibrating 321 f 
- standard potentials 22 
refining, high temperature corrosion 72 
reflection high-energy electron 

diffraction (RHEED) 145 
refractory metal oxides 105 
reinforced concrete 389,437 ff 
repartition of hydrogen, steady state 239 
residmetal contacts 21 
resistances 
- cathodic protection 389 
- high temperature corrosion 73 ff 
- ohmic 19 
resistometric methods, cathodic protection 407 
respiration processes, microbial growth 182 
reversible adhesion 187 
ribosomes 175 f 
Rice-Thomson model 254 
Richardson-Ellingham diagram 75,8 1 
rolling wave, multiphase flow 268 
rotating-disk electrode (RDE) 23 f 
rotating-ring-disk electrode (RRDE) 23 f 
- dealloying 50 
- pitting 58 
Rutherford backscattering 

spectroscopy (RBS) 29,36 

sacrificial anodes 424 ff, 441 
salt films see: passivated layers 46 
salt formation 190 
salts, scale failure 102 
sample preparation 21 
sandwich layer impedance model 305 
scales 78ff 
- failure 97, 102 ff 
- high temperature corrosion 73 ff 
- inhibitors 475 
scanning Auger electron spectroscopy (SAES) 
scanning electron microscopy (SEM) 31 
- crackfaces 217 
- thermogravimetry 127 
scanning force microscopy (SFM) 21.43 
scanning Kelvin probe (SKP) 340 ff 
scanning reference electrode technique (SRET) 323 
scanning tunneling microscopy (STM) 2 1,43 
- passivefilms 145 

scanning vibrating electrode 

screw dislocations 
- hydrogeneffect 244 
- impedance spectroscopy 303 
seawater exposure 390 ff, 401 
secondary mass spectrometry (SIMS) 138,153 
segregation 5 

- hydrogen 240 
- sulfur 160f 

3 1 

- gold-HEDP SO7 

technique (SVET) 321 ff 

- flow 271 
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self-diffusion 
- nobleelements 251 
- oxides 84 
semiconductors 
- defectchemistry 80 
- impedance spectroscopy 303 
- passivefilms 142 
semi-segregatedmixeddispersed flow 27 1 
sensitized stainless steels 248 
sensitized steels/alloys 216 
shear failure, oxide scales 99 
side-chain amino acids 484 ff 
Sievertlaw 90 
silica 
- high temperature corrosion 74 
- internal carburization 109 
- scalegrowth 85 
silica formers 108 
silicon addition 11 8 
- zincanodes 427 
silicon cast iron 41 2 
silicon concentration, chromium steels 88 
silver 201 
silver chloridekat. potassium chloride electrode 398 
silver-gold system 25 1 
single-layer impedance model 304 
site blocking, sulfur-induced corrosion 160 
site selection, microbial corrosion 196 
sites, scale formation 78 
slip plane stresses, hydrogen-induced 242 f 
slug flow 267 f, 272 ff 
smooth stratified flow 268 
sodium chloride 492 
sodium octylmercaptopropionate (SOMP) 521 
sodium perchlorate 486 
softening effects, natrium chloride solutions 23 1 
soil, microbial growth 18 1 
solid state diffusion 81 
spalling 
- high temperature corrosion 74 
- oxide scales 93,98 ff 
spectral power density (SPD), noise analysis 3 16 f 
spectrometers 29 ff 
spherical anodes 449 
spinels 
- iron-based 93 
- volatile corrosion products 108 
split-ring-disk electrode (SRDE) 24 
sputtering, inhibitors 521 
stability 
- corrosion products 74 
- oxide scales 118 
- thermodynamic 73 
stability constants 
- halide complexes 59 

stability diagram, metals/oxides/carbides 77 
stacking faults 244 
stainless steels 
- acylated amino acid inhibitors 485 
- high temperature water 248 

- HEDP 483,505 

- stress corrosion cracking 21 3 
standard deviation, noise analysis 318 
standard hydrogen electrode (SHE) 8 
standard potentials, reference electrodes 22 
standard reactions 7 
starch 180 
stationary electric fields, cathodic protection 449 
steady jumps, multiphase flow 275 
steady-state repartition, hydrogen 239 f 
steel alloys, noble element addition 453 
steels 
- acidic solutions 500 
- cathodic protection 389,399 
- inhibitors 485ff 
- metal dusting 112 
- polymer-coated 356 
step flow mechanism, passive films 
sterilization 178, 199 
Stern-Geary relation 
- cathodic protection 402 
- impedance spectroscopy 300 . 
sticking microorganisms 188 
stochastic fluctuations, noise analysis 314 f 
stochastic signals, stray currents 433 
stoichiometric coefficients 7 
storage tanks, cathodic protection 446 
strain rate 215, 249 
stratified flows 268 
stray current protection, cathodic 430 ff 
stress assisted diffusion, hydrogen 237 
stress corrosion cracking (SCC) 52,61,64 f 
- cathodic protection 393 
- environment sensitive fracture 212 
- scanning vibrating electrode 321 
stress corrosion fatigue 219 
stresses 5 
- hydrogen-induced 242 f 
- oxidescales 92 
strong jumps, multiphase flow 275 
structural defects 5 
- pitting 59 
structures 
- chromium enrichment 154 
- passivefilms 145ff 
- stress corrosion cracking 21 8 
substrates, microbial growth 179 
succinates 183 
sugar, microbial corrosion 193 
sulfate-induced hot corrosion 103 f 
sulfate-reducing bacteria 
sulfidation 
- gascorrosion 113 
- high temperature corrosion 71 ff 
- internal 90ff 
sulfide layers 93 
sulfide precipitation 190 
sulfides, mass gain 83 
Sulfolobus 185 
sulfur, microbial growth 179 
sulfur content, fatigue 229 
sulfur cycle, sewage system 197 

146 

180, 184, 190 ff 
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sulfur impurities 97 
sulfur-induced corrosion 160 ff 
sulfur-oxidizing bacteria 173 ff 
sulfur vapor pressure 115 
sulfuric acid 
- anodic protection 453 f 
- iron 24,39 
- microbial corrosion 201 
- passivation 46f 
supplementary materials, microbial growth 180 
surface analysis 29 ff 
- inhibition 518 
surface corrosion, microbial 192 
surface coverage, inhibitors 499 
surface damage, slug flow corrosion 
surface effects 6 
surface films 
surface imhomogenities, impedance spectroscopy 303 
surface layers 
- dealloyed 250 
- zinc-HEDP 526 

surface pretreatment 521 
surface scale see: scales 
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1.1 Introduction 

Every material in use is exposed to a cer- 
tain environment which can influence or de- 
stroy the function of components. Corrosion 
causes much damage to steel constructions. 
Corrosion must always to be considered as 
a system of two reactants - metal and cor- 
rosive environment. The cause of all corro- 
sion reactions is the thermodynamic in- 
stability of metals in relation to different 
environments, such as air, water, acids or 
other oxidizing agents. Kinetic barriers such 
as protective layers or passive films make a 
metal more or less inert to most environ- 
ments. Stainless steels derive their good cor- 
rosion resistance from the thin invisible pas- 
sive film of chromium oxide formed by re- 
action between the metal and oxygen in the 
ambient environment. 

According to DIN 50 900 Part 1 (1982) 
the corrosion reaction is usually an electro- 

chemical process (electrolytic corrosion), 
but occasionally it can be a chemical or met- 
al physical process (Fig. 1-1).  

Corrosion resistance is not a simple ma- 
terial property like yield stress or electrical 
conductivity -corrosion behavior is not on- 
ly influenced by the surrounding medium, 
but also to a great extent by other factors, 
shown in Fig. 1-2. 

Selection of a material for corrosive en- 
vironment is, therefore, often a difficult 
task, because of the complexities of a cor- 
rosion system which might lead to malfunc- 
tion of components. Apart from the chem- 
istry and metallurgy, other factors, such as 
cost and availability of semi-finished prod- 
ucts and ease of fabrication must be consid- 
ered. 

As a practical subdivision of this chapter, 
some basic properties of steels and corro- 
sive media are given in the next two sec- 
tions. 

Chemical 
Corrosion 

Corrosion under Operating Conditions 

Electrochemical 
Corrosion 

Metalphysical 
Corrosion 

high-temperature 
corrosion in gas 

inward or outward 
diffusion t 

- uniform corrosion 

- pitting and crevice 
corrosion 

- shallow pit 
format ion 

- selective corrosion 

- corrosion by diff. 

- galvanic corrosion 

- high temperature 

aeration 

corrosion in 
molten salts 

- stress corrosion 

- corrosion fatigue 

- corrosion-erosion 

- cavitation 
corrosion 

cracking 
- hydrogen-induced 

cracking (HIC) 

- hydrogen-induced 
stress-corrosion 
cracking (HSCCI 

embritt lement, e . g 
SCC by molten zinc 

- liquid metal 

L 
Figure 1-1. Corrosion of metals under operating conditions. 
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Figure 1-2. Corrosion system. 

1.2 Classification and Properties 
of Materials 

The technically relevant materials can be 
classified into two groups - metallic mate- 
rials and non-metallic materials. As a fur- 
ther useful classification metallic materials 
can be subdivided into ferrous metals and 
non-ferrous metals. Because this chapter 
deals with corrosion of steels, the other 
group of materials (non-metallic and non- 
ferrous) will not be discussed further. 

Finally, the ferrous metals can be classi- 
fied into steel and cast iron. Iron-carbon al- 
loys with a carbon content lower than 2% 
are defined as steels and iron-carbon alloys 
with more than 2% carbon are known as cast 
iron. According to DIN EN 10 027 (1992) 
steel alloys can be subdivided on the basis 
of application or chemical composition or 
quality groups, i.e.: 

- structural steels (normal and high 
strength) 

steels for heat-treatment and surface- 
hardening 
stainless steels 
heat resisting steels 
free-cutting steels 
tool steels, etc. 

An example of a typical classification 
based on different applications is presented 
in Table 1-1. Sometimes the different clas- 
sifications used are complex and can be con- 
fusing. This is because of the different view- 
points of steel producers and users - an en- 
gineer or technical designer favors a clas- 
sification based on the application whereas 
a metallurgist or steel producer is more con- 
fident with the chemical composition or 
quality group of steels. 

1.2.1 Unalloyed and Low-Alloy Steels 

On a tonnage basis carbon and low-alloy 
steels are the most widely used engineering 
materials. An acceptable corrosion rate for 
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Steel grade 

Structural steels 
(DIN EN 10025) 

Table 1-1. Classification of steel grades DIN EN 10027 (1992). 

Characteristics, example Quality grade 

Unalloyed and low-alloy C steels, yield strength 
180 to 360 MPa, S 235JR. S355JR (A 5 16 Gr. 65/70) 

Basic steels 

High strength structural 
steels (DIN EN 10 113-2/3) 

Micro-alloyed steels (Ti, Nb, V,B, Zr), 
yield strength 460 to 960 MPa, 
S460N or S460M (ASTM A 633 Gr. E), 
S690V (ASTM A 5 17 Gr. F) 

Quality steels 

Steel grade 

Low temperature steels 
(DIN EN 10028-4) 

Steel grade 

Characteristics, example Quality grade 

Ni-alloyed steels with excellent toughness between Alloyed high- 
-60 and-195 "C, 10Ni14, X8Ni9 grade steels 

I Characteristics, example 

Stainless steels 
(DIN EN 10088-1/3) 

1 Quality grade 

12% Cr steel, austenitic stainless steel, duplex stainless steel 
X3CrNiMo13-4 (A 182 Gr. F 6 NM), 
X20Cr 13 (A 276 Type 420), 
X2CrNi 19- 1 1 (A 182 Gr. F 304L), 
X2CrNiMoN22-5 (A 182 Gr. F 5 1) 

QT steels 
(DIN EN 10083-113) 

Heat resisting steels 
(DIN EN 10095-draft) 

Mn/CrMo/V-alloyed steels with 0.2 to 0.6% C, 
high-strength, C45E (ASTM A 576 Gr. 1045), 
42CrMo4 (ASTM A 434 Class BB) 

Cr/Ni/AI/Si-alloyed steels, high temperature application 
800 to llOO°C, XIOCrAISi7, XIOCrAISi25, 
XlOCrNiTil8-10, X15CrNiSi25-21 

Steels with special properties 

Alloyed high- 
grade steels 

Alloyed high- 
grade steels 

a low-cost material such as plain carbon 
steel is approximately 0.2 mm a year or low- 
er. Otherwise unalloyed and low-alloy steels 
must be protected by appropriate methods. 
One method is protection by application of 
an organic coating, or by galvanizing or 
metal plating (zinc, nickel, chromium, etc.); 
cathodic protection can also be used. An- 
other method is to alter the corrosive media 
by inhibition, deaeration or removal of ag- 
gressive components. 

The most important alloying element of 
iron is carbon. The phase diagram of iron- 

carbon alloys (Fig. 1-3) shows thepolymor- 
phic changes of the crystal structure in the 
equilibrium state. Solutions of carbon in 
iron are known as y-iron, or austenite, with 
a face-centered-cubic (fcc) crystal structure 
and a-iron, or ferrite, with a body-centered- 
cubic (bcc) crystal structure. When the car- 
bon content is higher iron carbide or ce- 
mentite (Fe3C), with an orthorhombic struc- 
ture, will be formed. This diagram actually 
shows a metastable equilibrium, because 
Fe3C is normally unstable relative to graph- 
ite. But graphite, the stable structure does 
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Carbon, atom% - 

Cementite, wt0h - 
not form readily in steels and Fig. 1-3 is an 
appropriate diagram for discussion of the 
behavior of carbon steels. 

Steels with a very low carbon content are 
characterized by a ferritic microstructure. 
With increasing carbon content a mixed 
structure of ferrite and pearlite forms. This 
structure is typical of structural steels. 

Below a temperature of 723 "C and up to 
a carbon content of 0.8% austenite decom- 
poses in an eutectoidic reaction to pearlite, 
a lamellar microstructure of ferrite and ce- 
mentite. 

Rapid quenching in oil or water (hard- 
ening) leads to the metastable phases, e.g. 
bainite and/or martensite (Fig. 1-4). 

Martensite has a tetragonal crystal struc- 
ture with very high hardness because the 
carbon - dissolved in the austenite - is kept 
in a supersaturated solid solution. Steels 
for heat-treatment with a carbon content 

Figure 1-3. Metastable 
phase diagram of Fe-Fe,C 
(Massalski, 1990). 

20.2% are used in a quenched and tempered 
state. 

The mechanical properties of unalloyed 
and low-alloy steels are determined by their 
chemical composition, microstructure, and 
heat-treatment. The strength of structural 
steels, in particular, has been improved con- 
tinuously in recent decades, Fig. 1-5. On the 
basis of structural steels St 37 and St 52 new 
fine-grained structural steels with a yield 
strength up to 960 MPa (StE 690, StE 960) 
were developed. In a first step the alloy con- 
tent of normal structural steels was increased 
to furnish greater strength. But this concept 
was restricted by the requirement of weld- 
ability. A higher alloy content commonly re- 
duces weldability, which is expressed by the 
carbon equivalent (CEV) for structural steel. 
For arc welding the CEV must be in the range 
0.35 to 0.70. With increasing CEV preheating 
becomes necessary to avoid cold cracking. 
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Figure 1-4. Time-Temperature-Transformation (TTT) diagram of unalloyed steel. 
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Figure 1-5. Development of high-strength weldable structural steels. 
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CEV = %C + (%Mn/6) + 
+ ((%Cr + %Mo + %V)/5) + 
+ ((%Ni + %Cu)/15) (1-1) 

Higher strength and improved toughness 
was achieved by combined thermomechan- 
ical treatment and/or tempering from the 
hot-forming temperature. Modern high- 
strength structural steels are micro-alloyed 
steels containing Ti, Nb, Zr, and B to impart 
a fine-grained structure. The main applica- 
tion of high-strength structural steels are 
pressure vessels, pipelines and construction 
of apparatus. 

The toughness of steel was also increased 
by improved ladle and process metallurgy. 
Most accompanying elements - sulfur and 
oxygen - can be removed by vacuum ladle 
treatment (VOD/AOD) and calcium injec- 
tion into the liquid melting bath and so the 
number of non-metallic inclusions, e.g. sul- 
fides and oxides, in the alloy is considerably 
reduced. Today a sulfur content below 
20ppm and an oxygen content below 
30 ppm can be reached. 

The formation of calcium-sulfur com- 
pounds, in particular, influences the proper- 
ties of the material. Calcium-sulfur com- 
pounds have an increased deformation re- 
sistance during hot rolling and remain near- 
ly spherical. In the absence of calcium in- 
jection manganese sulfides with a very low 
deformation resistance will normally be ob- 
tained. During hot rolling long, banded 
manganese sulfide inclusions are formed 
and this reduces the toughness (lamellar 
tearing). Spherical non-metallic inclusions 
reduce the directionality of notch impact 
toughness and reduce susceptibility to hy- 
drogen-induced cracking. 

Additional alloying elements can influ- 
ence the stability range of a crystal struc- 
ture. Austenite is stabilized by the alloying 
elements Mn, Co, Ni, N and C; ferrite is sta- 
bilized by Cr, Mo, Si, Al, Ti and Nb. The 

opening up or shrinking of the y-phase field 
enables the development of austenitic and 
ferritic steels. For austenitic stainless steels 
Cr, Ni and Mo are the major alloying ele- 
ments. 

1.2.2 Stainless Steels 

Because of the development of corrosion- 
and oxidation-resistant materials, stainless 
steel has increased in importance in the last 
30 years (Graf and Eich, 1987); production 
in the Western world has more than doubled 
to 7 million tons per annum. 

It is used in the chemical industry, and in 
power and energy generation, environmen- 
tal technology, civil engineering, and in do- 
mestic equipment. Stainless steels are iron- 
based alloys with at least 12% Cr. Increas- 
ing the chromium content and addition of 
other alloying elements provides stainless 
steels with a wide range of corrosion resis- 
tance. 

One of the most widely used classifica- 
tions of stainless steels is based on the 
Schaeffler diagram, Fig. 1-6 (Schaeffler, 
1949). The figure shows the dependence of 
the structure of high-alloy steels on the 
chrome- and nickel-equivalent. It is obvious 
that the chrome-equivalent includes all the 
ferrite-stabilizing elements and the nickel- 
equivalent all the austenite-stabilizing ele- 
ments. For example a high-alloy stainless 
steel with 25% Ni and 20% Cr has a fully 
austenitic structure whereas a stainless steel 
with 18% Cr has a mainly ferritic structure. 

It should be mentioned that strictly speak- 
ing the Schaeffler diagram is only valid for 
the welded and non heat treated condition. 
But nevertheless the diagram is often used 
for a first orientation about the microstruc- 
ture of an alloy. In connection with the weld- 
ing or heat-treatment of stainless steels we 
must also consider the carbon content of the 
alloy. Stainless steels can fail because of 
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Austen i te  
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Cr equivalent = % Cr+% M0+1.5*% Si+0.5% Nb 

Figure 1-6. The Schaeffler diagram (Schaeffler, 1949). 

intergranular corrosion along the grain 
boundary (see Section 1.4.1). 

Austenitic or ferritic stainless steels with 
a carbon content greater than 0.3% can form 
mixed chromium-iron carbides of the type 
M2& with a high chromium content. The 
reason for carbide precipitates is the low sol- 
ubility of carbon in stainless steel at room 
temperature. Under normal solution an- 
nealed conditions the entire carbon content 
is kept in a supersaturated solid solution. 
During subsequent heat-treatment, i.e. 
stress relieving or welding within a critical 
temperature range (500 to 800 "C) chromi- 
um-iron carbides will be formed at the grain 
boundaries. This carbides can have a chro- 
mium content of up to 60%. Zones close to 
the grain boundary are depleted in chromi- 
um because re-diffusion of chromium is al- 
most impossible. This precipitation process 
is called chromium depletion or sensitiza- 

tion. For a standard austenitic stainless steel 
containing 18% Cr and 10% Ni the chromi- 
um content in these zones can be reduced to 
12% and lower. Consequently the grain 
boundaries will be attacked in a corrosive 
media. 

In addition to carbide precipitates, other 
intermetallic phases (Sigma-phase FeCr 
with up to 50% Cr, Chi-phase Fe36Cr,2M010 
and Laves-phase Fe,Mo) can also cause 
intergranular corrosion. In ferritic Cr steel 
Cr,N must be mentioned. There are three 
reasons for the reduced corrosion resistance 
of the grain boundaries: 

- depletion of alloying elements that are 
important in the maintenance of passiv- 
ity and corrosion resistance; 

- formation of microstructural components 
at the grain boundaries that are preferen- 
tially attacked; and 
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- accumulation of impurities at the grain 
boundaries which stimulate the anodic 
dissolution. 

The susceptibility to intergranular corro- 
sion depends on the carbon content of the 
alloy and the duration and temperature of 
sensitizing. A typical time-temperature 
diagram for austenitic steel containing 
18% Cr, 8% Ni and different carbon con- 
tents is shown in Fig. 1-7 (Rocha, 1962). 
The lines encompass the beginning of the 
susceptibility for intergranular attack. 

Appropriate metallurgical measures are 
taken to avoid intergranular corrosion: 

- reduction of carbon content to 10.03%, 
i.e. production of extra-low-carbon 
grades (X2CrNi 19- 1 1 or X2CrNiMo 17- 
13-2); and 

- stabilization with titanium or niobium 
(X6CrNiTi18-10 or X6CrNiNb18-10). 

Titanium and niobium form carbides or 
carbonitrides because of their greater affin- 

ity for carbon compared with chromium. As 
a result no free carbon is available for M,& 
precipitates. 

Depending on their structure, stainless 
steels are classified into four different fam- 
ilies: 

- ferritic stainless steels, for example 
X6Cr17 (Mat. No. 1.4016) 

- martensitic stainless steels, for example 
X20Cr13 (Mat. No. 1.4021) 

- austenitic stainless steels, for example 
X5CrNi18-10 (Mat. No. 1.4301) or 
X2CrNiMo18-14-3 (Mat. No. 1.4435) 

- austenitic-ferritic stainless steels (du- 
plex), for example X2CrNiMoN22-5-3 
(Mat. No. 1.4462) 

Table 1-2 gives a general overview of al- 
loy composition and guidelines to the me- 
chanical properties in respect of several dif- 
ferent standards, (e.g. DIN EN 10028-7 

400 (02-91)and 410 (Draft 08-97). 
(1997), DIN EN 10088-2/3, (08-95), SEW 

lB%Cr-B%Ni I -  

Figure 1-7. Influence of 
time and temperature on 
the susceptibility to inter- 
granular attack, and its 

0.01 0.1 1 10 100 1000 10000 dependence on the carbon 
Time, h content (Rocha, 1962). 
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Table 1-2. Classification of stainless steels. 

Ferritic stainless steels 

Alloy elements Mechanical properties: 
13-30% Cr - Yield strength 250-300 MPa 
<0.08% C - Tensile strength 450-600 MPa 
+ Mo, Al, Ti, Nb, Ni - Elongation Approx. 25% 

- Notch impact strength at ambient temperature 20-55 J 

Martensitic stainless steels 

Alloy elements Mechanical properties: 
12- 18% Cr, - Yield strength 450-600 MPa 
up to 7% Ni, - Tensile strength 600-950 MPa 
0.1-1.2% c - Elongation 10-20% 
+ Mo - Notch impact strength at ambient temperature 20-40 J 

Austenitic stainless steels 

Alloy elements Mechanical properties: 
16-35% Cr, - Yield strength 175-230 MPa 
7-26% Ni, - Tensile strength 500-700 MPa 
up to 7% Mo, - Elongation Approx. 45% 

+ Ti, Nb, N, Mn, Cu 
up to 0.1% c - Notch impact strength at ambient temperature 85-120 J 

Austenitic-ferritic stainless steels 

Alloy elements Mechanical properties: 
22-27% Cr, - Yield strength 400-500 MPa 
4-8% Ni, - Tensile strength 500-800 MPa 
up to 0.07% C - Elongation Approx. 25% 
+ Mo, N, Cu - Notch impact strength at ambient temperature 20-55 J 

1.2.2.1 Ferritic Stainless Steels 

This group of stainless steels (Table 1-3) 
has a chromium content of 11 to 30% and, 
in general, a low carbon content (10.06%). 
Interstitial elements such as carbon and ni- 
trogen are very poorly soluble in ferrite and 
so to avoid embrittlement, even at room 
temperature, the carbon and nitrogen con- 
tent must be kept very low, especially at 
higher chromium levels. 

Ideally Mo is added to the alloy to im- 
prove the pitting resistance. Ti and Nb are 
used for stabilization, i.e. binding of carbon 
and nitrogen, a condition essential for weld- 

ability. The concentration of titanium or ni- 
obium must be higher than for austenitic 
grades. For the ferritic steel X6CrTi17, for 
example, the stabilization ratio Ti/C should 
be 27. 

In combination with nitrogen chromium 
rich nitrides Cr,N can initiate intergranular 
corrosion in ferritic steels. 

Unstabilized grades are finally heat-treat- 
ed at 750-850°C with subsequent air or 
water cooling. All carbon is precipitated 
as M,,C, but without chromium-depleted 
zones. Depletion of chromium is impossible 
because the annealing time of the heat-treat- 
ment is long enough to secure chromium dif- 
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Table 1-3. Ferritic stainless steels. 

Grades Material AISIl YS C Cr Ni Others 
number UNS [MPa]* 

~ 

X6Cr 13 1.4000 -403 400 50.08 12.0-14.0 - - 

X2CrNi 12 1.4003 410s  380 50.02 10.5 0.30- 1 .OO - 
X6Cr17 1.4016 430 450 10.08 15.5-17.5 - - 
X2CrTi 12 1.4512 409 220 50.05 10.5-12.5 - Ti 1 0.65 
X2CrMoTi29-4 1.4592 500 10.025 28.0-30.0 3.0 Mo = 4.0 + Ti 

* The values of the yield strength are valid for the annealed or tempered condition. 

fusion around the carbides. Ferritic steels 
containing 17% chromium can suffer inter- 
granular corrosion only after rapid cooling 
from high temperature. 

Ferritic Cr steels (l.4000/-403, 1.40031 
410S, 1.4512/409) with a chromium con- 
tent of 1 1 - 13% have the minimum chromi- 
um level of corrosion-resistant stainless 
steels. They are used for automobile con- 
struction, catalytic converters and contain- 
ers (Tarutani and Hashizume, 1995). In the 
chemical industry the ferritic steel 1.4000 
containing 13% Cr is often used for struc- 
tured packing in washing columns. Parts for 
dishwashers and washing machines are usu- 
ally made from 18% Cr steels (1.4016/430). 

X2CrMo29-4 is a special alloy with a 
chromium content of nearly 30% and con- 
taining 4% molybdenum (Brandis, 1975; 
Kiesheyer and Thyssen, 1982). The main 

Table 1-4. Martensitic stainless steels. 

application of superferrite materials is the 
desalination of sea water or other high chlo- 
ride-containing aqueous media. Very high 
pitting and stress corrosion resistance is the 
most important advantage of these materi- 
als. 

1.2.2.2 Martensitic Stainless Steels 

Higher strength of up to 750MPa and 
hardness can be achieved with martensitic 
chromium steels, Table 1-4. Because of the 
high carbon content it is possible to trans- 
form the austenite to martensite by acceler- 
ated cooling. 

Martensitic steels containing up to 0.4% 
C are mostly used in the quenched and tem- 
pered state. For grades with more than 0.4% 
C the hardened (quenched) state is preferred 
because of minimum susceptibility to cor- 

Grades Material AISI/ YS C Cr Ni Others 
number UNS [MPa] * 

X12Cr13 1.4006 410 450 0.15 11.5-13.0 - - 

X20Cr 13 1.402 1 420 450 0.20 12.0-14.0 - - 
X90CrMoVl8 1.4112 440B 58HRC** 0.90 16.0-18.0 - M0=0.75 + V  
X3CrNiMo13-4 1.4313 - 550 10.05 12.0-14.0 4.0 MO = 0.5 
XSCrNiCuNbl6-4 1.4542 S17400 750 50.07 15.0- 17.5 4.0 CU = 4.0 + Nb 

* The values for the yield strength are valid for the quenched and tempered condition. 
** Rockwell hardness for the quenched condition. 
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rosion. AISI types 410 and 420 are the most 
widely used grades of martensitic steels. 
They are used, e.g., for turbine blades, pump 
and compressor components, roller bear- 
ings and wear-resistant components and 
various parts for sour gas service. 

In recent years new grades of so call- 
ed high nitrogen steels (HNS-grade X 12 
CrMoN15 + 0.3% N) have been developed 
with substitution of carbon by nitrogen 
(Menzel 1996). They combine improved 
toughness with good corrosion resistance in 
comparison with grade 440 B. 

Another very important group are the 
nickel-containing and age-hardening mar- 
tensitic steels l .43 13 and l .4542/UNS 
17400 with a reduced carbon content of 
0.05% maximum. There are variations of 
the different 13/4 and 17/4-types which are 
alloyed with 1 to 4% Mo for further im- 
provement of corrosion resistance (Nie- 
derau, 1982; Brezina, 1983a, b). This group 
of materials has a multitude of advantages: 

- low carbon for good weldability and 
toughness; 

high chromium and molybdenum content 
for corrosion resistance; 
precipitation hardening by Cu results in a 
range of tensile strengths from 740 to 
1350 MPa, depending on the tempering 
temperature; and 
good resistance to cavitation and abra- 
sion. 

1.2.2.3 Austenitic Stainless Steels 

If austenite stabilizers such as nickel or 
manganese are added to Fe-Cr alloys the 
structure changes to the face-centered-cubic 
austenitic structure. Austenitic stainless 
steels constitute the highest proportion of 
stainless steel products - ca. 70%. 

Apart from the basic grade X5CrNi 18- 10, 
many steels with reduced carbon content 
and addition of Mo, N, Cu, Ti, Nb, and Si 
has been developed, see Table 1-5. 

To prevent intergranular corrosion the 
most grades have a reduced carbon content 
and/or are stabilized with titanium or niobi- 
um. Stabilized grades can suffer from a spe- 

Table 1-5. Austenitic stainless steels. 

Grades Material AISII YS C Cr Ni Others 
number UNS [MPa] 

X5CrNi18-10 

X2CrNi 19- I 1 

X2CrNiMo 17- 12-2 

X2CrNiMo 18- 14-3 

X6CrNiMoTi 17- 12-2 
X INiCrMoCu25-20-5 

1.4301 

1.4306 

1.4404 

1.4435 
1.457 1 

1.4539 

304 

304L 

316 

316L 
316 Ti 

NO8904 

195 

180 

205 

190 
210 

220 

50.05 

$0.03 

10.03 

10.03 
10.08 
50.02 

17.0- 19.0 

18.0-20.0 

16.0- 18.0 

17.0- 18.5 

16.5- 18.5 
19.0-21.0 

9.5 

11.5 

12 

14 

12 

25.0 

- 

MO = 2.0 

Mo = 3.0 

Mo = 2.0 
Mo = 4.5, 

C u = l S + N  

MO = 7.0, 
Cu= 1 .2+N 

Mo = 4.5, 
Mn = 6.0 + N 

MO = 6.0 + N 

Mo = 7.0 + N 

26.0-28.0 32 XINiCrMoCu32-28-7 1.4562 NO803 1 280 10.02 

X2CrNiMnMoN24- 17-6-4 1.4565 420 50.03 24.0 17.0 

XlCrNiMoCuN20-18-7 

X lNiCrMoCu25-20-7 

1.4547 

1.4529 

S3 1254 

NO8926 

300 

300 

10.02 

50.02 

20.0 

25.0 

18.0 

20.0 
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cia1 form of corrosion attack after the weld- 
ing process. This form of corrosion is called 
knife-line attack. At a temperature above 
1150 "C niobium carbides and, especially, 
titanium carbides dissolve. As an example, 
the small heat-affected zone at the fusion 
line of a base metal during the welding pro- 
cess can reach a temperature of more than 
1200°C. Further heat input from an oppo- 
site weld-line or other heat-treatment pro- 
duces new M2,C6 carbides and then corro- 
sion along the fusion line can occur. A reli- 
able means of avoiding knife-line attack is 
sufficient over-stabilization of the alloy 
with titanium. 

Austenitic Cr-Ni steels have a low yield 
strength of - 200 MPa. Therefore relatively 
large sections are necessary for high me- 
chanical loads or pressure vessels. This dis- 
advantage can be reduced by use of nitro- 
gen-alloyed Cr-Ni steels. Addition of small 
amounts of nitrogen (0.2-0.5%) results in 
a very large increase in the yield strength. 
With a special electro-slag re-melting pro- 
cess under pressure higher nitrogen contents 
of up to 1% can be achieved (Speidel, 1992; 
Stein, 1992). 

In addition to its impact on mechanical 
properties nitrogen also improves resistance 
to pitting and crevice corrosion. This is ex- 
pressed by the pitting resistance equivalent 
index (Kearns, 1987; Grafen, 1996; DIN 
8 1 249, 1997). For austenitic stainless steels 
with Mo c 3% and austenitic-ferritic stain- 
less steel X3CrNiMoN27-5-2: 

PRE = %Cr + 3.3 x %Mo 

For austenitic stainless steels with Mo2 3%: 

(1 -2) 

PRE = %Cr + 3.3 x %Mo + 
+ 3 0 x % N  (1-3) 

and for austenitic-ferritic stainless steels: 

PRE = %Cr + 3.3 x %Mo + 
+ 1 6 x % N  ( 1-41 

The higher alloyed grades 1.4529, 1.4562, 
1.4565, all with PREvalues >40, are denot- 
ed superaustenite. They were developed to 
improve general corrosion resistance and to 
prevent pitting and crevice corrosion in a 
high chloride-containing environment such 
as sea water, flue gas desulfurization appli- 
cations, or chemical processes (Kearns, 
1987; Gillesen, 1991; Olsson, 1997). 

Welding of austenitic grades with a high 
Mo content may be a problem because seg- 
regation and precipitates in the weld and the 
heat-affected zone result in lower corrosion 
resistance. This is particularly so for the 
Chi-phase Fe&r,.@O,o with a Mo-content 
of ca 15-25% and the Laves-phase Fe2Mo 
with a Mo-content up to 45% (Garner, 
1985a; Gillesen, 1991; Nakao, 1993; Ols- 
son, 1997). Overmatching filler electrodes 
like the nickel base alloy NiCr22Mo9Nb are 
recommended. 

1.2.2.4 Duplex Stainless Steels 

Although the duplex stainless steels (aus- 
tenitic-ferritic steels) have been known 
since 1940, they did not find wide applica- 
tion until 1975. This is somewhat surprising 
because this alloy family has a number of 
interesting properties. The microstructure 
of duplex stainless steels consists of the two 
phases austenite and ferrite (50% of each). 
This microstructure combines good corro- 
sion behavior with interesting strength 
properties. 

Today different high-quality grades are 
assured by improved metallurgy, Table 1-6. 
Corrosion resistance can be improved by ad- 
dition of Mo, Cu, W and N. Nitrogen as an 
austenite stabilizer reduces precipitation of 
the 0-phase. Overall, the precipitates in Du- 
plex steels can be very complex. Beside the 
high temperature phases (0-phase, X-phase, 
Cr2N-nitride, M23C6) a 475 "C embrittle- 
ment can occur (Schlapfer and Weber, 1986; 
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Table 1-6. Duplex stainless steels. 

Grades Material AISI/ YS C Cr Ni Others 
number UNS [MPa] 

X2CrNiN23-4 1.4362 S32304 400 50.03 21.5-24.5 4.5 N = 0.10 

X3CrNiMoN27-5-2 1.4460 - 450 50.05 25.0-28.0 5.5 MO = 2.0+ N 

X2CrNiMoN22-5-3 1.4462 S31803 450 50.03 21.0-23.0 5.5 MO = 3.2+N 

X2CrNiMoCuN25-6-3 1.4507 S32550 450 50.03 24.0-26.0 6.5 MO = 3.0, 
CU = I S  + N 

X2CrNiMoN25-7-4 1.4410 S32750 450 50.03 24.0-26.0 7.0 MO =4.0 + N  
X2CrNiMoCuWN25-7-4 1.4501 S32760 450 50.03 24.0-26.0 7.0 MO = 3.5, 

Cu = 0.7 + W, N 

Charles, 1994). Because the a'-phase re- 
duces the ductility, long-term application at 
elevated temperatures is limited to a maxi- 
mum temperature of 280 "C. 

The composition of welding material and 
shielding gas (inert gas plus up to 5% N2) 
must be carefully chosen so that after the 
welding process a balanced ferrite/austenite 
corresponding to the base metal ratio will be 
obtained. An optimum balanced ratio offer- 
rite/austenite of 50 : 50 is very important for 
the mechanical properties and for the corro- 
sion resistance. Duplex stainless steels are 
used in sea water desalination plants, for 
sour gas service, in the offshore and chem- 
ical process industries (Notten, 1997; Smith 
and Fowler, 1997; Wallen, 1997) in which 
their good pitting and stress corrosion resis- 
tance and their corrosion fatigue behavior in 
chloride-containing environments are espe- 
cially important advantages compared with 
other stainless steels. Cast Duplex stainless 
steels have been successfully used for 
pumps used in flue-gas desulfurization 
(Hagen and Schoffler, 1996a; Schneemann 
and Krebs, 1996). 

1.3 Definition of Corrosive Media 

Corrosive environments can be differen- 
tiated as: 

atmospheric environments; 
soil; 
aqueous media (natural water, sea water, 
cooling water, inorganic acids, salt solu- 
tions, etc.); 
non-aqueous media, i.e. mainly organic 
substances (oil, petrol, organic acids); 
process fluids (injection water, sour gas 
and oil, flue gas desulfurization); and 
gases. 

Corrosion reactions occur on the metal 
surface and can be expressed as interfacial 
processes. Generally the corrosive phase 
can be a liquid, gas, or solid, or mixtures of 
these. 

The corrosion reaction is a heterogene- 
ous reaction with several partial reactions. 
As one of the most important reactions in 
corrosion the mass transfer of reactants to 
the metal surface and the formation of pro- 
tective layers or passive films must be con- 
sidered (see Chapter 1, Part I). For example 
a flowing medium can either encourage or 
prevent corrosion; these contrasting effects 
can, however, be explained. Copper alloys 
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are normally protected by an oxide film of 
Cu,O in neutral aqueous media, but at a flow 
velocity higher than 1.5-2 m s-' the protec- 
tive oxide film and the copper will be de- 
stroyed by erosion corrosion, i.e. corrosion 
is favored. Austenitic stainless steel can suf- 
fer crevice corrosion in sea water under 
stagnant conditions because of incrustations 
or fouling. A minimum flow velocity elim- 
inates critical stagnant conditions and pre- 
vents crevice corrosion. 

Temperature and time also affects the cor- 
rosion reaction. It is generally known that 
the rate of a chemical reaction increases 
with increasing temperature. As a rule of 
thumb the reaction rate doubles for every 
10" increase in temperature. The kinetics of 
corrosion reactions can develop differently, 
Fig. 1-8. A constant, linear rate of reaction 
is observed for acidic corrosion where no 
protective layer is formed (curve a). De- 
creasing rates of corrosion are often ob- 

served as a result of the formation of pro- 
tective surface layers, i.e. atmospheric cor- 
rosion of weathering steels or the magnetite 
layer in boiler water at elevated temperature 
(curve b). More or less increasing rates are 
found when retroaction of corrosion prod- 
ucts takes place (curve c). Also typical are 
corrosion processes with an incubation time 
of several hours up to several weeks, such 
as pitting and crevice corrosion, and stress- 
corrosion cracking (curve d). 

The electrode potential as the 'motive force' 
characterizes the tendency of a metal to pass 
into the ionic form, i.e. to transfer electrons. 
Potentials are usually indicated relative to 
the hydrogen electrode (SHE). In a manner 
similar to the electrochemical potential, the 
pH of an aqueous solution determines the 
corrosion behavior. This correlation is usu- 
ally shown in plots of potential against pH 
(the Pourbaix diagram). Further details are 
given in Chapter 1 of Volume I of this book. 

curve c 

curve a 0 
, 
i 

0 
I 0 

cve d 

, 0 
0 I curve b 

time 

Figure 1-8. Kinetics of corrosion reactions. 
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1.4 Types of Corrosion 

Depending on the corrosion and metal 
surface reactions, different types of corro- 
sion can occur under different conditions 
(Fig. 1-1). The types of common electro- 
chemical corrosion are usually subdivided 
into corrosion without mechanical stress 
and corrosion with mechanical stress. Pit- 
ting corrosion or selective corrosion can 
sometimes initiate other types of corrosion 
damages, e.g. stress-corrosion cracking or 
corrosion fatigue. The various types are dis- 
cussed in the following section. 

1.4.1 Corrosion without 
Mechanical Stress 

Uniform or general corrosion is charac- 
terized by a nearly homogeneous loss of 
material from the entire metal surface, Fig. 
1-9 a. Corrosion of the metal proceeds at ap- 
proximately the same rate over an exposed 
surface. Uniform corrosion can be estimat- 
ed very simply. At a given corrosion rate, 
for example 0.1 mm year-', an allowance 
for corrosion can be calculated. For a life- 
time of 20 years an additional corrosion al- 
lowance of 2 mm is necessary. The use of 
corrosion rates implies that all mass loss is 
attributable to general corrosion and not to 
localized corrosion such as pitting or inter- 
granular corrosion. 

Pitting and crevice corrosion are types of 
localized corrosion. This form of corrosion 
can be observed for instance on passive met- 
als especially austenitic stainless steels in 
the presence of certain anions (chloride, 
bromide). Pitting corrosion (Fig. 1-9 b) re- 
sults from a local destruction of the protec- 
tive passive film, with the formation of a 
small corrosion anode. Pitting can start at 
faults in the passive film or at non-metallic 
inclusions like sulfides in stainless steel. 
Because of hydrolysis of the corrosion prod- 

ucts the pH in the pit drops considerably (to 
2.0 to 3.0), even if there is a neutral electro- 
lyte outside the pit. 

Pitting of unalloyed and low-alloy steel 
can be caused by: 

- a differential aeration cell in aqueous me- 
dia; 

- anodic inhibitors (carbonates, phosphates, 
silicates or organic inhibitors); and 

- passivating inhibitors (chromate, nitrite) 
in insufficient concentration if stimu- 
lating salts (chloride and sulfate) are 
present. 

Pitting of stainless steels is triggered by 
anions such as chloride and bromide, espe- 
cially with increasing medium temperature. 
As a countermeasure, stainless steels with a 
high chromium content and addition of mo- 
lybdenum and nitrogen are used in chloride- 
containing media. Use of these alloying ele- 
ments increases the pitting resistance equiv- 
alent (PRE). Fig. 1-10 illustrates the critical 
pitting temperature (CPT) of different stain- 
less steels in the ASTM-G48 test (Heubner, 
1993). With increasing PRE value a higher 
CPT is measured. 

Crevice corrosion is another type of lo- 
calized corrosion relevant to non-alloyed 
and stainless steel. Narrow gaps caused 
by the constructive design or the formation 
of deposits are a necessary requirement, Fig. 
1-9c. Crevice corrosion as aresult of the dif- 
ferent compositions of the electrolyte inside 
and outside the crevice, i.e. depletion of 
oxygen in the crevice. In a crevice there is 
a large metal area/electrolyte volume ratio 
with a long diffusion path. Solution in the 
depth of a crevice is depleted of oxygen and 
therefore has a composition different from 
that of the bulk solution. As a result of the 
lack of oxygen anodic metal dissolution oc- 
curs at the depth of a crevice. Because dif- 
fusion in the crevice is almost impossible, 
the chemical composition becomes acidic 
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a) Schematic illustration of uniform corrosion d) Schematic illustration of intergranular corrosion 

b) Schematic illustration of pitting corrosion e) Schematic illustration of galvanic corrosion 

c) Schematic illustration of crevice corrosion 

Figure 1-9. Different types of corrosion. 

e) Schematic illustration of shallow pit corrosion 

pH as a result of hydrolysis. The occurrence 
of crevice corrosion is highly dependent on 
crevice geometry. Crevice with a gap widths 
lower than 1 mm can be critical. 

Crevice corrosion typically appears 
under stagnant conditions or under depos- 
its. Crevice corrosion at stainless steels is 
caused by local activation and the halides 
chloride or bromide can stimulate crevice 
corrosion. Thus for prevention of crevice 
corrosion similar counter-measures are 
used, i.e. high chromium and molybdenum 
content. Critical crevice corrosion temper- 

ature data are shown in Fig. 1-1 1 (Heubner, 
1993). 

Other types of localized corrosion are 
intergranular and selective corrosion, Fig. 
1-9d. Intergranular corrosion is character- 
ized by a preferential corrosive attack at or 
adjacent to the grain boundaries of a metal. 
Intergranular corrosion can appear on fer- 
ritic and austenitic stainless steels contain- 
ing >0.03% C. After welding or heat-treat- 
ment in a critical temperature range the ma- 
terial becomes sensitized. The zone adjacent 
to the grain boundary is depleted in chromi- 
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Figure 1-10. Critical pitting temperature of stainless steels and nickel alloys in 10% FeC1, solution (Heubner, 
1993) 
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um because of precipitates of carbides 
(M23C6). Thus the chromium content of the 
bulk is reduced to below the minimum lev- 
el of 13% necessary to maintain the passiv- 
ity of stainless steels. 

Galvanic corrosion is a form of corrosion 
whereby two metals of different electrode 
potential are located in the same electrolyte 
and connected with each other electrically, 
Fig. 1-9e. It is unimportant whether this 
electrically conductive connection is inside 
or outside of the electrolyte. A galvanic ele- 
ment is formed when the anode is attacked 
more severely and the cathode less severe- 
ly than in the unconnected state. Under these 
conditions the less noble metal will become 
the anode. The extent of galvanic corrosion 
depends partly on the potential difference 
between the two metals, the electrical con- 
ductivity of the medium, and the anode to 
cathode surface-area ratio. It is important to 
know the electrode potential of a metal in 
the electrochemical series and that this po- 
tential is influenced by different conditions 
(medium, temperature, flow velocity, etc.). 

As an example, the corrosion behavior of 
materials in contact with similar or differ- 
ent materials in sea water is shown in Ta- 
ble 1-7 (DIN 81 249, 1997). 

Shallow pit formation is a special form of 
uniform corrosion, with a localized differ- 
ent corrosion rate, mainly observed with 
unalloyed and low-alloy steel (Fig. 1-9f). 
The diameter of the shallow pit is substan- 
tially greater than its depth. Shallow-pit cor- 
rosion occurs under conditions leading to 
the formations of concentration cells or dif- 
ferential aeration cells. 

Hydrogen or hydrogen-induced corro- 
sion at ambient temperature can affect car- 
bon and low-alloy steel, and high-strength 
steel, in many different ways: 
- loss of tensile ductility for steels exposed 

to gaseous hydrogen, called hydrogen 
embrittlement; 

- blistering at the surface in low-strength 
steels by hydrogen induced cracking 
( H W ;  

- cracking or stepwise cracking as a result 
of hydrogen induced cracking (HIC); and 

- hydrogen induced stress-corrosion crack- 
ing (HSCC) in the presence of hydrogen 
sulfide (H2S) in sour environments (often 
also called as sulfide stress cracking 
(SCC)). 

Here we will consider only the blistering 
and cracking because tensile stress is not 
necessary for HIC. HSCC will be discussed 
in Section 1.4.2 as a form of corrosion with 
mechanical stress. 

The absorbed hydrogen can arise in dif- 
ferent ways: 

by thermal dissociation in metallurgical 
processes like welding or casting 

(1-5) 

by gaseous carbonization of iron (only at 
temperatures > 200 "C) 

H2O H H + *OH 

3 Fe + CH, H Fe3C + 4 H (1-6) 

by thermal or catalytic dissociation of 
molecular hydrogen 

H2 H 2H (1 -7) 

as a result of electrochemical production 
of hydrogen (pickling, cathodic corrosion 
reaction, or galvanic processes) 

H3O+ + e- H Had + H2O (1 -8) 

H2O + e- H Had + OH- (1-9) 

H2S + e- H H + HS- (1-10) 

pressurized gaseous hydrogen at high 
pressure ( pH2 > 100 bar) 

H2,gas H2ad 2Had 2Hab (1-11) 

In all these reactions the hydrogen is formed 
outside the metal. Normally the atomic or 
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adsorbed hydrogen recombines to for mo- 
lecular hydrogen according to the Tafel re- 
action or the Heyrowski reaction and will be 
removed by gas bubbles: 

Had + Had H2T (1-12) 

Had + H+ + e- + H2T (1-13) 

Only when the recombination of hydro- 
gen is inhibited can the amount of hydrogen 
produced increase and be absorbed by the 
metal. Substances such as H2S, CO, CO,, 
HCN, ASH, inhibit hydrogen recombination, 
and so are called promoters. Under these 
conditions hydrogen absorption is favored: 

Had (1-14) 

The atomic hydrogen absorbed by the met- 
al will recombine to molecular hydrogen. At 
room temperature the molecular hydrogen 
cannot diffuse and is trapped in the metal. 
Recombination of hydrogen takes place 
preferentially at non-metallic inclusions 
(sulfides or oxides) or at segregation with a 
hard micro-structure (bainite or martensite). 
Because of the recombination a high pres- 
sure (> 1000 bar) is built up and cracks are 
formed in the material. Hydrogen-induced 
cracks are often orientated parallel to the 

rolling direction along the banded structure 
of sulfide inclusions. 

Hydrogen induced cracking in the pres- 
ence of H,S has been a serious problem 
in the oil and gas industry. Today special 
HIC-resistant steel grades are available 
with a very low sulfur and oxygen content 
( ~ 2 0  ppm and <30 ppm, respectively) com- 
bined with calcium injection (grade API 
X52, X65 or X70). 

1.4.2 Corrosion with Mechanical Stress 

Many types of alloy can suffer stress-cor- 
rosion cracking (SCC) if subject to external 
stress or residual stress when in contact with 
corrosive media. Typically SCC is charac- 
terized by a low-ductility or brittle fracture. 
For example standard austenitic stainless 
steels, e.g. types 1.4301 or 1.4401, are sus- 
ceptible to chloride-induced stress-corro- 
sion cracking in a chloride-containing envi- 
ronment at a temperature above 50 "C. De- 
pending on the specific environment cracks 
propagate trans- or intergranularly; chlo- 
ride-induced SCC is characterized by trans- 
granular cracks (Fig. 1-12). 

SCC is generally divided into anodic SCC 
(crack growth as a result of anodic dissolu- 

Figure 1-12. Transgranular SCC of a stainless steel X2CrNiMo18-14-3 heat exchanger tube (water, 40 mg L-' 
C1-, 150 "C, 25 bar). 
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tion of metal at the crack tip) and cathodic 
SCC (embrittlement and cracking by hydro- 

1.4.2.1 SCC of Unalloyed 
and Low-Alloy Steel - .  . 

gen), also called hydrogen-induced crack- 
ing (HSCC). Stainless steels can suffer from 
anodic type SCC whereas high-strength or 
heat-treatable steels suffer from HSCC. 

For unalloyed and low-alloy steels SCC 
is observed in the following media (the type 
of failure is given in parentheses): 

Other factors influencing SCC are: 

type of load: 
static load with a constant tensile stress; 
or 
dynamic load with increasing or alternat- 
ing tensile stress; 
critical threshold for tensile stress or crit- 
ical strain rates 
the nature of the surface of the material 
(notched or not notched); 
pH and temperature of the medium; 
the electrode potential and threshold po- 
tentials. 

to lo-' s-'); 

Table 1-8 lists some common examples 

- hot nitrate solutions (intergranular); 
- carbonate and bicarbonate solutions 

- ammonium carbonate solutions (inter- 

- hot hydroxide solutions (intergranular); 
- liquid ammoniac (inter- and transgranu- 

- aqueous solutions of carbon dioxide 

(intergranular); 

granular); 

lar); 

containing oxygen (transgranular). 

In alkaline environments unalloyed steel 
is protected by an oxide layer (Fe,O,) which 
is unstable at the grain boundaries and can 
be destroyed under load, enabling intergran- 
ular SCC to start and proceed. For the prac- 

of SCC (Scully, 1990). For further discus- 
sion it is useful to discuss SCC for unalloyed 
and low-alloy steel and austenitic stainless 
steels in a separate subsections. 

tical application of unalloyed steel it is im- 
portant to know the threshold stress for 
SCC. Fig. 1-13 illustrates the critical thresh- 
old stress in boiling 55% calcium nitrate 
solution for different materials (Grafen, 
1969). 

Table 1-8. Examples of stress-corrosion cracking systems (Scully, 1990). 

Alloy Specific medium Mode of failure 

Unalloyed and Hot nitrate solutions 
low-alloy steels Hot hydroxide solutions 

Ammoniacal solutions 
Amine solutions 
Carbonatehicarbonate solutions 
Water + CO-CO, 
Water + CO, 
Water + H,S 
Organic solvents (methanol) 

Intergranular 
Intergranular 
Intergranular + transgranular 
Intergranular 
Intergranular 
Transgranular 
Transgranular 
Transgranular 
Intergranular 

Austenitic Chloride solutions and seawater Transgranular 
CrNi steels Organic solvents (separating CI-) Transgranular 

Hot hydroxide solution 
High-temperature water with oxygen Intergranular 

Intergranular + transgranular 
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Armco-Iron boiler plate I1 13 CrMo 4 4 10 CrMo 9 10 StE 36 

alloy 

Figure 1-13. Critical threshold stress for SCC of unalloyed and low-alloy steels in boiling 55% Ca(NO,), 
(Grafen, 1969). 

The unalloyed boiler plate material HI1 
has a threshold stress of 120 MPa whereas 
an alloyed steel 10 CrMo 9 10 the value ex- 
ceeds 420 MPa. The alloyed steel 10 CrMo 
9 10 is resistant to SCC under these condi- 
tion because the threshold stress is above the 
yield strength. 

A further example of the corrosion behav- 
ior of unalloyed steel in sodium hydroxide 
with the interaction of other factors is ex- 
plained in Fig. 1-14 (Prakins et al., 1972). 
On one hand the SCC resistance of unal- 
loyed steel in sodium hydroxide depends on 
the strain, on the other hand it depends on 
the electrode potential. Only at a low strain 
rate of 1.5 x lop5 or 1.6 x 1 Op6 s-' in the po- 
tential range UsHE=-0.8 to -0.5 can the 
material suffer SCC in the boiling solution. 

As already mentioned, absorbed hydro- 
gen can lead to so-called hydrogen-induced 
stress-corrosion cracking (HSCC). The 
mechanism of hydrogen absorption as a ba- 
sic condition for crack initiation is the same 
as discussed for HIC, above. Thus HSCC of 
unalloyed and low-alloy steel is to be ex- 
pected under the conditions: 

- solution without promoter: 
high-strength steel with R,> 1200 MPa 
under static load; and 
all types of steel under dynamic plastic 
deformation; 

- solution with promoter (H,S, CO, CO,, 
HCN): 
all types of steel exceeding a critical 
threshold stress; and 
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-1 -0 .6  -0 .2  0.2 0 . 6  

potential, V,, 

Figure 1-14. Influence of 
strain rate and electrode poten- 
tial on SCC in boiling 35% 
NaOH (Prakins et al., 1972). 

- hydrogen gas: 
all types of steel under dynamic plastic 
deformation. 

HSCC can occur only if hydrogen is ab- 
sorbed and tensile stresses are present. Both 
hydrogen activity and stress critical values 
must be exceeded, Fig. 1-15 (Pirchner, 
1986; Popperling, 1986). 

For unalloyed and low-alloy steel with a 
yield stress of up to 650 MPa the threshold 
stress amounts to 20-80% of the yield 
stress. High-strength steels with a yield 
stress of more than 800 MPa are at risk 
if the threshold stress is lower than 10% 
of the yield stress. More detailed results 
from HSCC tests on pipeline steels and 
heat-treatable steels are summarized in 
Fig. 1-16 (Popperling, 1986), in which the 
critical threshold stress after 1000 h testing 
is shown as a function of material yield 
stress. 

We must consider two strength levels of 
the material: 

- steels with Rp< 650 MPa have an increas- 
ing threshold stress with increasing yield 
stress (RCrit. = 0.2 - 0.5 x RP) 

- high-strength steel withRp> 650Mpa, for 
which the threshold tends to decrease, i.e. 
HSCC-susceptibility is increased. 

Less aggressive media, e.g. boiler water 
(deionized, oxygen-free) can also cause 
HSCC on unalloyed steels at higher temper- 
atures (100-200 "C). The hydrogen is gen- 
erated by the formation of magnetite 
(Fe304) on the steel: 

3Fe + 4H20 + Fe304 + 8H (1-15) 

Cracks in the heat-affected zone (HAZ) 
of a repair weld in a boiler were observed 
after 1 year of service. The maximum hard- 
ness in the welded zones reached 400 HV. 
The HSCC was induced by the hardness in- 
crease in the HAZ because post-weld heat- 
treatment was overlooked (Drodten, 1997). 

In general the following precautions 
should be maid in order to avoid HSCC: 

use of steels with a very low sulfur and 
oxygen content; 
use of steels with a maximum yield stress 
of 800 Mpa; 
use post weld heat-treatment, to reduce 
the hardness increase in the HAZ. 
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Farater 
____ 

-0 hydrogen absorbtion, 
if a(H) > acrlt. 

-Q stress levels 
> threshold stress 

-+ cracking 

tow-strength steel, 
iield-stress < 650 MPa 

xitical threshold < YS 

(-20 to 80% of YS) 

iigh-strength steel, 
iield stress > 800 MPa 
xitical threshold << YS 

(-10% of YS) 

mechanism 

without with promoter (H2S) 
promoter 

recombination of HP 
at inclusions or 
defects 

pressure built up 
at inclusions or 
defects 

I 
inner stresses 

hydrogen induced 
cracking (HIC) 

I I 

Figure 1-15. Schematic illustration of HIC and HSCC (Popperling, 1986). 

1.4.2.2 SCC of Austenitic Stainless Steel 

Chloride-containing media and alkaline 
solutions can cause SCC at elevated temper- 
ature (>5OoC), Table 1-8. The mechanism 
of cracking occurs by anodic dissolution at 
the crack tip. Cracks propagate through the 
material at rates of up to 1 mm h-'. It is ob- 
vious that the lifetime of a component is de- 
termined by the incubation time, i.e. the pe- 

riod of time until the first crack is formed. 
Depending on the corrosive media and 
stress level the incubation time can exceed 
1000 h and more. Under these circumstanc- 
es it is understandable that SCC is one of the 
most unpleasant types of corrosion because 
it occurs unexpectedly and cracking is very 
rapid. 

Often the crack nucleates at a pit (local- 
ized pitting corrosion). Therefore stainless 
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Figure 1-16. Critical threshold stress 
for HSCC of steels with different 
yield stress (Popperling, 1986). 

Figure 1-17. Influence of temper- 
ature on SCC of stainless steel in 
22% NaCl (Speidel, 1992). 
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steels with improved resistance to localized 
corrosion reduce the risk of SCC. Intergran- 
ular SCC can be observed for sensitized, un- 
stabilized CrNi steels. Fig. 1- 17 illustrates 
the influence of heat-treatment on SCC sus- 
ceptibility. The standard CrNi steel X5- 
CrNi18- 10 in the solution-annealed condi- 
tion shows no SCC at temperatures 40°C 
whereas the sensitized X5CrNi18-10 is sus- 
ceptible to SCC even at room temperature. 
It should be mentioned that the duplex stain- 
less steel X3CrNiMoN25-5-4 is resistant to 
SCC below 150 "C. 

Besides heat-treatment, the nickel con- 
tent of the alloy also affects SCC behavior, 
Fig. 1-18 (Copson, 1959). CrNi steels con- 
taining 10% nickel have the greatest suscep- 
tibility to SCC in boiling MgC1, solution. 
With increasing nickel content SCC suscep- 
tibility is reduced and nickel-based alloys 
are resistant. Ferritic nickel-free stainless 
chromium steels are also highly resistant. 

Corrosion fatigue is a form of corrosion 
which occurs when a metal is subjected 
to alternating or fluctuating loading and, 
simultaneously, a corrosive environment. 
This corrosion behavior is usually described 
by the Wohler curve, Fig. 1-19. The effect 
of stress on the number of cycles to failure 
is shown for the same steel in non-corrosive 
and aggressive media, for example sea wa- 
ter. The additional corrosive influence shifts 
the area of fatigue strength for finite life- 
time (< lo7 cycles) to a lower number of 
cycles and shows no further endurance 
strength. 

Corrosion fatigue occurs in many circum- 
stances and for any type of metal. Note that 
compared with normal fatigue no fatigue 
limit or fatigue strength exists with corro- 
sion, only a finite life time can be achieved. 

During fatigue corrosion the metal slides 
along glide planes where cracks nucleate. 
The freshly formed metal surface is rapidly 

Figure 1-18. Influence of nickel content on 
SCC in boiling 42% MgCl, at 154 "C (Cop- 
son, 1959). 
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number of cycles 

Figure 1-19. Schematic Wohler curves under different conditions. 

oxidized and during the reverse cycle this 
oxide layer is pulled into the metal. Because 
of interaction of the deformation process 
with anodic metal dissolution the time to 
failure will be shortened. 

Two basic types of corrosion fatigue can 
be distinguished: 

- corrosion fatigue in the active mode, in 
which the metal surface is active and cor- 
rodes and corrosive attack is visible on 
the surface; and 

- corrosion fatigue in the passive mode, in 
which the metal surface is passive and 
there is no evidence of corrosive attack. 

An example of corrosion fatigue failure 
on a water turbine is shown in Fig. 1-20. The 
turbine shaft of St52-3 structural steel 
cracked after 7800 h operation (3.5 x lo7 cy- 
cles). The shaft was coated with an epoxy 
tar for corrosion protection. Failure analy- 
sis revealed corrosion fatigue. Corrosion fa- 
tigue can occur after 1 o7 to 10' cycles at low 
frequencies, even at very low stress levels 

of 30 to 40 MPa, Fig. 1-21 (Wachter and 
Weigel, 1991). 

Overviews of corrosion fatigue for low- 
and high-alloy steels have been presented 
by Roeder and Vollmar (1992, 1995). Cor- 
rosion fatigue data for unalloyed carbon 
steel (AISI 101 S), examined by the rotating- 
bar fatigue test for different environments 
at ambient temperature is shown in Fig. 
1-22 (Ragab et al. 1989). 

Figure 1-20. Corrosion fatigue failure of a water tur- 
bine, St52-3. 
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Figure 1-22. Corrosion fa- 
tigue of carbon steel in dif- 

strength i n  air 

bending fausme 
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water, 25 Hz 

beding fatigue 
strength in tap 
water, 2 Ha 

106 107 108 109 

number of cycles 

0 brackish water 

0 4% Nac1 solution 
I , , , , , , % ,  

Figure 1-21. Corrosion fatigue of St37-2 structural steel in tap water (Wachter and Weigel, 1991). 
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unalloyed C steel, 
t frequency 4 7 . 5  Hz, RT 

I 

air 

tap water 

natural seawater 

105 106 

number of 

When fatigue strength in air was mea- 
sured at 200 Mpa for four different environ- 
ments - tap water, natural sea water, brack- 
ish water and artificial 4% NaCl solution - 
the same corrosion fatigue of 60 to 70 MPa 

lob ferent environments (Ragab 107 

cycles et al. 1989). 

after lo7 cycles was reported. But without 
further corrosion protection unalloyed 
steels are not used in sea water. Fig. 1-23 
makes plain the influence of cathodic pro- 
tection for unalloyed steel P355 on corro- 
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e -C o,= 245 MPa 

+ oA= 294 MPa 

+ oA= 343 MPa 

-1600 -1400 -1200 -1000 -800 Em,, 

potential in mv,, 

sion fatigue at different stress amplitudes 
(Todorokai, 198 1). Extended lifetime was 
observed for potentials from -800 to 
- 1000 mV,,, . 

As a further example the corrosion fa- 
tigue, the behavior of various stainless steels 
in chloride-containing media (0.0 1 M NaCl 
solution) at elevated temperature (80 "C) is 
shown in Fig. 1-24 (Schmitt-Thomas et al., 
1986, 1987). 

320 

'$ 240 
4J 
4 

3 
m 8 160 
LI 
0 

80 

Figure 1-23. Influence 
of cathodic protection on 
corrosion fatigue of P355 
C-steel in artificial sea 
water at 30 "C (Todoro- 
kai, 1981). 

Overall the best resistance to corrosion 
fatigue was observed for the martensitic 
steel X4CrNiMo16-5, with a value of 
230 MPa at lo7 cycles. Two duplex stain- 
less steels reached values of 120 to 
160 MPa. These results warrant further ex- 
planation. Normally it would be expected 
that the higher alloyed and more corrosion- 
resistant duplex stainless steel would also 
be less susceptible to corrosion fatigue. 

A X4CrNiMo16-5-1 

0 X3CrMnNibfoN25-6-4 

+ X20CrM013 

X2CrNiMoN22-5-3 

6 x20cr13 

CJm = 350 MPa 
f = 50 Hz - 

A X4CrNiMo16-5-1 
+ X20CrM013 

0 X3CrMnNibfoN25-6-4 

X2CrNiMoN22-5-3 

1 0 5  

Figure 1-24. Corrosion 
fatigue of different 
stainless steels in 0.05% 
NaCl solution at 80 "C 
(Schmitt-Thomas et al., 
1986, 1987). 

10' 109 
lo6n&er of cycles 
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Firstly the load for each material is differ- 
ent. Referred to the yield stress of each ma- 
terial the martensitic steel X4CrNiMo16-5 
with R,=750 MPa is loaded up to 75% of 
the yield stress (om& oA). The duplex stain- 
less steel X2CrNiMo22-5 has a yield stress 
of 450 to 500 MPa. Therefore the total load 
exceeds nearly 100% of the yield stress. 
Secondly a martensitic stainless steel has 
low pitting resistance and under static con- 
ditions, for example shut down of an engine, 
pitting corrosion will occur, whereas the du- 
plex stainless steel will resist pitting at this 
temperature (89 "C). 

At a lower mean stress om of 250 MPa a 
duplex stainless steel has very good resis- 
tance to corrosion fatigue of 20 to 220 MPa. 
Only at the very high temperature of 150 "C 
does increased corrosivity reduce the corro- 
sion fatigue, Fig. 1-25 (Schmitt-Thomas 
et al., 1986, 1987). 

Corrosion fatigue behavior must be con- 
sidered for rotating equipment such as 
pumps, turbines or compressors. The fa- 

tigue life under corrosive conditions can be 
prolonged by several measures: 

- production of compressive stress by shot 
peening; 

- intelligent design avoiding stress raising 
notches and crevices; 

- organic coating andlor cathodic protec- 
tion; and 

- drainage of wetted surface, if possible. 

Erosion corrosion is mainly observed in hy- 
draulic installations (pumps, turbines, or 
tubes). This form of corrosion appears at a 
point where the flow velocity of the bulk solu- 
tion exceeds a critical limit, or where this lim- 
it is exceeded by local turbulence. Erosion cor- 
rosion results from an interaction between me- 
chanical and chemical influences, Fig. 1-26. 
One model describing the mechanism of ero- 
sion corrosion assumes that local shear forces 
acting on the metal surface as a result of the 
high flow velocity forms pores or unprotected 
areas. Accelerated mass transfer then occurs in 
these areas and aggravates corrosion damage. 

350 I I I 

150 

-- 

t 
250 

I I 

105 10' 107 108 
number of cycles 

Figure 1-25. Corrosion fatigue of duplex stainless steel X2CrNiMoN22-5-3 in 0.05% NaCl solution at differ- 
ent temperatures (Schmitt-Thomas et al., 1986, 1987). 
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Figure 1-26. Schematic illustration of erosion corrosion. 

Cavitation corrosion or cavitation-ero- 
sion is associated with the implosion of bub- 
bles in a corrosive environment. In a nega- 
tive pressure zone caused by high velocity 
the local pressure falls below the vapor pres- 
sure and forms bubbles. The bubbles spread 
in the liquid and implode in higher pressure 
zones on the metal surface. Material cavita- 
tion consists of a complex combination of 
mechanical stressing and electrochemical 
reaction: 

- the mechanical influences of bubble im- 
plosion, e.g. like destruction of passive 
films, plastic deformation of metal sur- 
face, cracking due to material fatigue; and 

- electrochemical reaction, e.g. active 
anode metal dissolution, detachment of 
metal particles, and formation of local 
galvanic elements. 

All types of metal can be affected by ero- 
sion and cavitation corrosion. 

1.5 Atmospheric Corrosion 

The cost of protection against atmospher- 
ic corrosion is very high, although most met- 
als corrode very slowly under atmospheric 
conditions. Tremendous amounts of steel in 
bridges, buildings, and automobiles are ex- 
posed to the atmosphere. Approximately 
70% of total cost of corrosion protection is 
that of measures against atmospheric corro- 
sion. 

Atmospheric corrosion was defined by 
Barton (1973): “Atmospheric corrosion is 
an electrochemical process which proceeds 
in a certain amount of electrolyte. The elec- 
trolyte has a neutral or slightly acidic char- 
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acter and the properties are determined by 
the chemical composition of the atmosphere 
and corrosion products.” 

It is obvious that atmospheric oxygen 
alone is not corrosive at normal climate tem- 
peratures. An aqueous electrolyte on the 
metal surface is essential for atmospheric 
corrosion. Depending on the climate the at- 
mosphere contains a varying amount of wa- 
ter vapor (depending on the relative humid- 
ity). The corrosion severity is increased 
when salt, sulfur compounds and other con- 
taminants are present. 

According to DIN 55928 Part 1 (DIN 
55 928-1, 1991) climate can be classified as: 

- Indoor 
- Rural 
- Urban 
- Industrial 
- Marine 

Industrial environments contain sulfur 
compounds, nitrogen compounds, and oth- 
er acidic agents that can promote the corro- 
sion of steels. In addition, industrial envi- 
ronments contain a heavier loading of air- 
borne particles, which also contribute to 
corrosion. Urban environments are compar- 
able with industrial, but the amount of pol- 
lution will be less intense. Marine environ- 
ments are characterized by the presence of 
chloride, an ion that is particularly detri- 
mental to the corrosion resistance of steels. 
Rural and indoor environments are the least 
corrosive of the atmospheric environments. 

This differentiation of atmosphere types 
is of course a simplification of the real at- 
mosphere. It is easy to understand that in 
coastal areas combinations like industrial + 
marine or urban + marine environments are 
possible. 

1.5.1 Unalloyed and Low-Alloy Steels 

Above a relative humidity of -70% the 
corrosion of unalloyed and low-alloy steels 
increases rapidly. In the absence of addition- 
al pollutants the atmospheric corrosion of 
iron is described by the electrochemical re- 
action: 

Fe + Fe2+ + 2e- (anodic) (1-16) 

0, + 2H,O + 4e- + 40H- (cathodic) 

In further consecutive reactions rust (FeOOH) 
is formed on the metal surface: 

(1-17) 

Fe2+ + 2 OH- + Fe(OH), (1-18) 

4Fe(OH), + 0, + 2H20 + 4Fe(OH), 
(1-19) 

Fe(OH), + FeO(0H) + H,O (1 -20) 

The hydrated oxides can lose water during 
dry periods and are converted to hematite 
(Fe,O,) and magnetite (Fe304). 

Sulfur dioxide (SO,) is an important pol- 
lutant with a detrimental effect on the at- 
mospheric corrosion of steel, Fig. 1-27. 

Even at 30% relative humidity increasing 
weight loss of iron is observed. SO, is oxi- 
dized to sulfate (SO,’-) under the catalytic 
effect of iron: 

(1-21) 

The mechanism of corrosion in so-called 
sulfate nests can be formulated as follows: 

(1 -22) 

SO, + 0, + 2e- + SO,’- 

Fe + H&I -+ Fe(OH)& + H+ 

Fe(OH)& + Fe(OH),d, + e- (1 -23) 

Fe(OH),d, + so,’- + FeSO, + OH- + e- 
(1 -24) 

FeSO, + 2H20 (1 -25) 
-+ FeO(0H) + SO,’- + 3H+ + e- 

In the last reaction the sulfate ion is released 
and further stimulates the corrosion process 
(Eq. (1-25)). 
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Figure 1-27. Influence of relative humidity and different environments on the corrosion of steel (ASTM, 1968). 

Marine environments are very aggressive 
conditions for structural steels. Chlorides 
promote the corrosion and reduce the criti- 
cal relative humidity. The corrosion mech- 
anism can be expressed as: 

2FeC1, + 3 H20 + %02 (1 -26) 
+ 2FeO(OH) + 4HC1 

2Fe + 4HC1+ 0, + 2FeC1, + 2H20 
( 1-27) 

For example, at Galeta Point Beach in Pan- 
ama (ASTM, 1968) the weight loss of car- 
bon steel plate (1 0 x 15 cm) during 2 years 
exposure was 336 g (G 1.5 mm year-') 
compared with 7 g at Detroit ( ~ 0 . 0 3  mm 
year-' 1. 

Different results were obtained by Boh- 
nenkamp (1973) and Burgmann (1980). 

During four years exposure at Cuxhaven, 
Germany, in a marine atmosphere the loss 
of material was up to 800 g m-', a corrosion 
rate of ~ 0 . 0 3  mm year-'. This example il- 
lustrates that marine and rural atmospheres 
vary globally and simple classification is 
not adequate for a serious prediction of cor- 
rosion rate. 

Fig. 1-28 shows the corrosion behavior of 
non-alloyed steel under rural, urban, and in- 
dustrial environmental conditions (Barton 
1973). This example can be used to discuss 
different trends. In the aggressive industri- 
al atmosphere linear corrosion at a rate of 
0.05 mm year-' was reached after exposure 
for 1.5 years. During the first 18 months the 
corrosion rate was greater. In the urban atmos- 
phere linearity was measured after 3 years; 
the corrosion rate was low, 0.015 mm year-'. 
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Figure 1-28. Atmospheric corrosion of steel under different environmental conditions (Barton 1973). 

All these results indicate that unalloyed 
and low-alloy steels do not develop a pro- 
tective layer and so must be protected by ad- 
ditional surface coatings, e.g. paint, zinc, 
aluminum, etc., when used in outdoor appli- 
cations. 

It is known that addition of small amounts 
of copper to unalloyed steel can reduce 
atmospheric corrosion (Fig. 1-29; Drodten, 
1969). A special group of alloys which 
should be mentioned are the weathering 
steels or COR-TEN@ steels developed at the 
beginning of the 1960s. By alloying the steel 
with elements like Cu, P, Cr, Si and Ni cor- 
rosion resistance in outdoor atmospheres is 
improved by the presence of protective 
layers. The rust which develops on weath- 
ering steels is more protective than that on 
unalloyed steel. In principle, the corrosion 

mechanism is similar for both type of steel 
but on weathering steels the rust forms a 
denser and compact layer which protects the 
steel surface from the corrosive compo- 
nents. 

When the atmosphere is heavily polluted 
with SO, and under climatic conditions with 
long wet periods weathering steels behave 
much like unalloyed steels. The same was 
observed in marine environments especial- 
ly in sheltered positions (Mattsson, 1982). 

Useful information about weathering 
steels are listed in DIN EN 10 155 and DaSt- 
Richtlinie 007 (1993). Enclosure 1 of DaSt- 
Richtlinie 007 provides information about 
the average loss of material in different cli- 
mates (Fig. 1-30). Enclosure 4 gives practi- 
cal technical design hints relating to corro- 
sion protection. 
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0.15 Figure 1-29. Atmospher- 
ic corrosion of weather- 
ing steel in industrial at- 
mosphere (Drodten, 
1969). 

8 O e l  
m 
4J 

E 
C 
0 

m 
4 

E 0.05 
0 
D 

0 

0 0.1 0.2 0.3 0 . 4  0 . 5  

copper content, % 

9 
m 
.i 

m U 
m 

s 
E 

1000 
measured data 

600 heavily polluted 
industrial atmosphere 

200 

100 

60 

30 

15 

1 2 3 4 5 6  10 1 5 2 0  

1.5.2 Stainless Steels 

Stainless steels are widely used in build- 
ings for exterior and interior applications. 
Their use is driven by the good corro- 
sion resistance and aesthetic appearance. A 
well known example of stainless steel 
(XSGNi 18- lO/grade AISI 304) in architec- 
ture is the cladding on the top of the Chrys- 
ler Building in New York (Graf and Eich, 
1987). The building was dedicated in 1929 
and even after more than 60 years no fail- 
ure has occurred. 

Atmospheric contaminants often respon- 
sible for the rusting of structural stainless 
steels are the chlorides and metallic iron dust. 
Chlorides can originate from concrete (CaC1,) 
and spraying of salt on the road or from ex- 

years of exposure posure to industry and marine locations. 
Chlorides promote pitting Or crevice attack 
on stainless steels. As discussed above, the 
corrosivity of different atmospheres can dif- 
fer and must be considered when materials are 
selected. Rural and urban environments with- 

less steel, even in areas with high humidity. 

Figure 1-30. Atmospheric corrosion of weathering 
steel (DaSt-Richtlinie 007, 1993). @ Rural atmos- 
phere, South Bend (USA), @ rural atmosphere, Olpe 
(GER), @ rural/industrial atmosphere, Cuxhaven 
(GER), @ industrial atmosphere, Mulheim/Ruhr 
(GER), @ + @ industrial atmosphere, Oberhausen 
(GER), 0 highway atmosphere, Herford (GER), 
@ encompass border line. 

out pollutants (chloride) do not corrode stain- 
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Table 1-9. Corrosion behavior of stainless steels in a marine atmosphere (15 year exposure 250 m from the 
Atlantic Ocean at Kure Beach, USA) (International Nickel Company, 1963). 

Type of steel Type of Average corro- Average Appearance 
(DIN) steel sion rate depth of pits 

(AISI) [mm year-'] rmm1 
~~ ~ ~ 

1.4310 30 1 <2.5 x 10-5 0.04 Light rust and rust stain on 20% 
XlOCrNi 18-8 of the surface 

1.4319 302 <2.5 x 0.03 Spotted with rust stain on 10% 
X3CrNiN17-8 of the surface 

1.4301 304 4 . 5  x 10-5 0.028 Spotted with slight rust stain on 15% 
X5CrNi18-10 of the surface 

1.4541 32 1 4 . 5  x 1 0 - ~  0.067 Spotted with slight rust stain on 15% 
X6CrNiTil8-10 of the surface 
1.4401 316 <2.5 x 0.025 Extremely slight rust stain on 15% 
X5CrNiMo17-12-2 of the surface 
1.4449 317 <2.5 x 0.028 Extremely slight rust stain on 20% 
X5CrNiMo 17- 13 of the surface 

1.484 1 310 <2.5 x 10-5 0.01 Spotted with slight rust stain on 20% 
X 15CrNiSi25-21 of the surface 

In industrial or marine environments the 
corrosivity is more severe. Table 1-9 com- 
pares the performance of several stainless 
steels after 15 years exposure to a marine at- 
mosphere 250 m from the ocean at Kure 
Beach, North Carolina, USA (International 
Nickel Company, 1963). Rust staining was 
extremely slight for alloys containing mo- 
lybdenum, e.g. X2CrNiMo18-14-3 (AISI 
316/317), and the surface could easily be 
cleaned to reveal a bright surface. 

The corrosion behavior of stainless steels 
in outdoor exposure tests near the shore in 
a marine atmosphere is also described in 
DIN 8 1 249, part 4 (1997). The information 
given relates to a distance of 25 m from the 
waterline outside the splash line. Table 1-10 
lists the corrosion rate and susceptibility to 
pitting or crevice corrosion. CrNi steels con- 
taining molybdenum are passive and have 
good corrosion resistance. 

A special application of stainless steel is 
its use in fasteners. These also are subject- 
ed to corrosion, and susceptibility to corro- 

sive attack is particularly dangerous for 
such applications. A wet film containing 
chlorides and dust or soot can cause pitting 
corrosion, and this can promote stress-cor- 

Table 1-10. Corrosion rate, susceptibility to pitting, 
and crevice corrosion for stainless steels in sea water 
(DIN 81 249, 1997). 

Material 
subgroup 

Part 

Uniform 
corrosion 

rate 

Negligible 

Susceptibility 
to pitting and 

crevice corrosion 

Extremely low 

Very low 

Low 

Moderate 

FE 1 : austenitic CrNiMo steels 
FE 2: austenitic CrNi steels 
FE 3: martensitic steels 
Further material classification according to DIN 8 1 249 
- Part 2 
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Table 1-11. Results of corrosion measurements on various stainless steels (max. depth of pits in pm, no sam- 
ples taken) (Jokiel et al., 1996). 

Location Road tunnels Chimneys 

Mont Blanc, Belchen, Power plant, Power plant, 
Switzerland Switzerland Gelsenkirchen- Frimmers- 

Scholven, dorf, 
Germany Germany 

Exposure time [months] 24 52 24 52 42 54 54 

Type of Type of steel 
steel (DIN) (AISIKJNS) 

1.4301 AISI 304 420 373 402 348 0 b 

X5CrNi 1 8- 10 

I .440 1 AISI 316 184 398 b 149 59 65 
X5CrNiMo17-12-2 

1.4439 - 102 410 747 173 35 67 70 
X2CrNiMoN17- 13-5 

1.4462 UNS3 1803 0 0 b 0 150 83 41 
X2CrNiMo22-5-3 

1.4529 - 0 0 0 0 0 0 34 
X 1 NiCrMoCu25-20-6 

1.4539 UNS08904 163 0 116 56 65 13 56 
X lNiCrMoCu25-20-5 

1.4547 UNS3 1254 b b 0 0 80 27 55 
X2CrNiMoN20- 18-6 

rosion cracking. Even one pit can harm the 
performance of the material. Special alloys 
have to been evaluated for use under the 
most severe conditions and fasteners are 
available for constructions of road tunnels, 
chemical plants and power plants chimneys. 

In 1985 a tragic accident in apublic swim- 
ming pool demonstrated the limitation of 
common 18-10 CrNi steels (Herbsleb and 
Theiler, 1989) and extensive field tests have 
shown that only high-molybdenum stainless 
steels (1.4529,654 SMO, grade 904L) offer 
sufficient resistance in these specific envi- 
ronments, Table 1-1  1 (Jokiel et al., 1996; 
Mietz and Oldfield, 1996). 

1.6 Aqueous Corrosion 

Aqueous liquids can contain dissolved 
salts, gases and suspended matter. The pH 
varies from acidic (pH < 4.5) through neu- 
tral (4.5 <pH< 10) to alkaline (pH> 10). 
Depending on origin different types of wa- 
ter can be differentiated: 

natural water, e.g. groundwater, surface 
water, sea water 
treated water, e.g. softened, demineral- 
ized and/or degassed water 
special fluids, e.g. cooling brines, chem- 
ical or industrial process water 
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Inorganic Salts 

Natural water contains inorganic salts in 
varying quantities. These salts furnish pos- 
itive and negative ions: 

- cations, e.g. Ca2+, Mg2+, Na+, K+, H+ 

- anions, e.g. HCOj, COZ-, C1-, SO:-, 
NO;, OH- 

Very important factors are calcium and hy- 
drogen carbonate content, which are respon- 
sible for the hardness of the water. The con- 
centration of these substances is stated in 
degrees of hardness as well as in concentra- 
tion units. Carbonate hardness is an impor- 
tant criterion when using non-alloyed or 
low-alloy steels, because it favors the for- 
mation of protective layers (scaling). The 
stability of these layers depends on pH and 
temperature. Higher temperatures and/or 
pH cause the HCO, ions to decompose to 
CO, and CaC03 : 

Ca(HCO,), + CaCO, + C02 + H20 (1-28) 

Equilibrium curves can be determined 
and, on the basis of a given water composi- 
tion, used to establish whether a water is 
scaling (not corrosive) or non-scaling (cor- 
rosive). Many different methods have been 
proposed for prediction of the formation of 
CaC0,. Commonly used equations or indi- 
ces are the Langelier Saturation Index, LSI 
(Langelier, 1936) and the Stability Index, 
RSI, a modification of the LSI proposed by 
Ryznar (1944). In the German literature the 
LSI is known simply as the Saturation In- 
dex, Is (Morbe et al., 1987). These indices 
describe the algebraic difference between 
the actual pH of the water and the calculat- 
ed pH at which it would be saturated with 
calcium carbonate: 

LSZ = pH - pH, 

RSI = 2pHs - pH 

(1 -29) 

( 1-30) 

where pH is the actual (measured) pH, 
pH, = pCa + pAlk. + K ,  pCa = -log,, (Ca2’) 
(M), pAlk. = -log,, (total HCO,) (M), and 
K is a constant. Values of the constant K are 
listed in Table 1-12. 

On the basis of a given water composi- 
tion the indices indicate the tendency for 
CaCO, to deposit. Interpretation of LSI and 
RSI results is given in Table 1- 13. 

The term ‘protective layer’ should not be 
used in relation to the formation of hardness 
layers and the uniform corrosion of unal- 
loyed steel. Newer investigations of drink- 
ing water applications (Sontheimer, 1988) 
indicate there is no direct correlation be- 
tween the Saturation Index and the corro- 
sion rate of unalloyed steel, Fig. 1-31, al- 
though a scaling water is generally less cor- 
rosive than a non-scaling water. 

Table 1-12. Values of the constant K. 

Total Temperature 
dissolved 
salts [mg/l] 20°C 30°C 40°C 50°C 

80 2.19 2.03 1.85 1.69 
200 2.28 2.12 1.94 1.78 
320 2.35 2.19 2.01 1.85 
440 2.40 2.24 2.06 1.90 
560 2.44 2.28 2.10 1.94 
680 2.48 2.32 2.14 1.98 
800 2.50 2.34 2.16 2.00 

Table 1-13. Interpretation of the LSZ and RSI indices. 

LSI-Index RSI-Index Tendency of scaling 

2.0 <4 Heavy scaling 

0.5 5-6 Slight scaling 

0 6-6.5 Balanced or at CaC03 
saturation 

-0.5 6.5-7 Non-scaling and slightly 
aggressive 

-2.0 > 8  Undersaturated, 
very aggressive 
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Figure 1-31. Influence of saturation index on the corrosion of steel in tap water (Sontheimer, 1988). 

Other dissolved salts, e.g. chlorides and 
sulfates, increase the tendency of local cor- 
rosive attack. These salts stabilize the for- 
mation of local elements. The small area 
where chloride or sulfate ions are adsorbed 
become anodic (active corrosion) to the 
large cathodic surface (passive oxide). Sea 
water contains on average ca. 30000 mg 
L-', or 3%, dissolved salts, although salt 
content can vary considerably from one sea 
to another (e.g. Baltic Sea 0.7%, Dead Sea 
2 1 %). Approximately 70 to 80% of the salt 
content of sea water is sodium chloride 
(NaCl), which means that sea water is very 
corrosive. In coastal areas and estuaries, in 
particular, sea water is often heavily pollut- 
ed (brackish water). Mention must made, for 
example, of hydrogen sulfide (H2S) and am- 
monium ions (NH:). Even at concentrations 
as low as a few milligrams per liter these 
elements can drastically intensify aggres- 
siveness. 

Gases 

In relation to the corrosion of steel the 
gases oxygen and carbon dioxide must be 
considered, because they play an essential 
part in the corrosion process. Without oxy- 
gen corrosion is normally very slow, as for 
example in heating systems. The solubility 
of a gas depends on the water temperature, 
partial pressure, and salt concentration. Wa- 
ter in contact with air dissolves significant 
amounts of oxygen and carbon dioxide. The 
solubility of oxygen in tap water, for exam- 
ple, is 9.2 mg L-' (20°C and 1 bar). In sea 
water the oxygen content varies between 10 
and 8 mg L-' and the pH between 7.5 to 8.2 
at temperatures between 10 and 15 "C. 

Carbon dioxide is more soluble in pure 
water, i.e. 1300 mg L-' (30°C and 1 bar). 
The carbon dioxide can react with water and 
is converted to carbonic acid (H,CO,) 
which dissociates to bicarbonate ions 
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(HC0;)and subsequently to carbonate ions 
(COZ-). Softened or demineralized water, in 
particular, can have a pH c 5, because it 
lacks buffer capacity, and so acidic attack 
can occur. 

Microorganisms 

In the presence of microorganisms (algae, 
fungi and bacteria) a biofilm can be formed 
on the metal surface and this strongly affects 
corrosion behavior. It is, however, difficult 
to predict the influence of microorganisms 
in water. Although untreated natural water 
always contains some microorganisms, this 
does not mean that the water will necessar- 
ily interact harmfully with a material. In 
practice an empirical concept is often used. 
For cooling circuits a maximum number of 
lo4 organisms mL-' is tolerated. 

Natural sea water contains living micro- 
organisms which can form a biofilm on 
a metal surface. This biofilm has a large 
catalytic effect on the cathodic reaction, 
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resulting in more noble potentials (300- 
350 mVs,,). Natural sea water is, therefore, 
more corrosive than artificial sea water or 
solutions of sodium chloride (Institute of 
Materials, 1993). 

1.6.1 Unalloyed and Low-Alloy Steels 
in Aqueous Media 

Unalloyed and low-alloy steels corrode 
in neutral aqueous solutions by oxygen cor- 
rosion (see Chapter 1, Part I). In the absence 
of dissolved oxygen the water itself can act 
as the oxidizing species: 

4 H 2 0  + 4e- + 2H2 + 40H-  (cathodic) 

The rate of corrosion (uniform corrosion) of 
unalloyed steel is proportional to the oxy- 
gen content of the water (Fig. 1-32a). Dis- 
solved salts like chlorides and sulfates have 
no significant influence on the measured 
rate of uniform corrosion (Fig. 1-32b; 
Kaesche, 1966). 

(1-31) 

Aunalloyed s t e e l  i n  NaCl a t  25'C 

x unalloyed steel i n  Na2S04 at 25'C 

0 2 4 6 0 2 4 6 

oxygen content,  mg/l oxygen content,  mg/l 

Figure 1-32. Influence of oxygen concentration on the corrosion rate of unalloyed steel at 25 "C (Kaesche, 
1966). 
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Typical values of uniform corrosion rates 
are in the range of 0.05 to 0.4 mm year-'. 
Further information about the likelihood 
of corrosion of unalloyed and low-alloy 
steels are given in DIN 50 930, part 2 (1993). 
If the dissolved oxygen is removed (by 
thermal degassing or addition of chemicals) 
the corrosion rate is reduced to ~ 0 . 0 2  mm 
year-'. This measure is commonly used for 
heating systems as well as for boiler appli- 
cations to avoid corrosion. 

Localized corrosion, e.g. pitting, crevice, 
or shallow-pit corrosion, of an active metal 
can occur if uncovered areas are formed 
(oxygen concentration cell or Evans ele- 
ment), Fig. 1-33; local attack with high cor- 
rosion activity can occur as a result of a lo- 
cal failure (pores or cracks) in an organic or 
metallic coating. As the pit grows, iron is 
dissolved according to the anodic reaction 
(Eq. (1-16)) and insoluble ferrous hydrox- 
ide corrosion products are formed. Oxygen 
transfer from the electrolyte is slowed down 
by barrier effects. The cathodic reaction 
with the reduction of oxygen to hydroxide 
OH-(Eq. (1-17)) takes place outside the pit. 
In the presence of alkaline ions the reaction 
leads to an increasing pH around the pit (al- 

kalinity). If chlorides are present in the elec- 
trolyte, the pH inside the pit becomes very 
acidic owing to hydrolysis of the corrosion 
products. 

An example of shallow-pit corrosion is 
given in Fig. 1-34. This corrosion damage 
was observed in an open recirculation cool- 
ing system after 18 months of operation. The 
tube, made of structural steel (St 37), 
showed several local attacks by pitting with 
a local corrosion rate of up to 3 mm year-'. 
Iron sulfide was detected in the corrosion 
products. This indicates the presence of an- 
aerobic sulfate-reducing bacteria (SRB). 
Under strictly anaerobic conditions the bac- 
teria reduced the sulfates to sulfides leading 
to enhanced corrosivity of the medium (We- 
ber and Knopf, 1994). 

Unalloyed steel (St 37-2) exposed to sea 
water in the immersion zone, at Helgoland, 
Germany, over a period of seven years per- 
formed quite well. In the absence of inter- 
ruption and cleaning of the metal surface 
over the test period material loss of 0.03 to 
0.06 mm year-' was measured. When the 
surface was periodically cleaned every year 
loss of material increased to 0.11 mm year-' 
(DIN 81 249, 1997; Arlt et al., 1990). 

Figure 1-33. Corrosion of iron under a drop of salt (Evans element). 



44 1 Corrosion of Steels 

Figure 1-34. Localized 
corrosion of a structural 
steel tube by SRB. 

1.6.2 Stainless Steels in Aqueous Media 

Stainless steels have very good corrosion 
resistance in natural water. They corrode 
very slowly but are subject to pitting or cre- 
vice corrosion if there is an appreciable 
chloride content. Further details are given 
in DIN 50 930, part4 (1993). Stainless steels 
are also known to be susceptible to stress- 
corrosion cracking in chloride-containing 
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waters at temperatures above 50°C, Fig. 
1-35 (Hersleb, 1987). 

The martensitic chromium steels can be 
used in natural water at ambient tempera- 
ture up to a maximum chloride content of 
200 to 300 mg L-' (Fot and Heitz, 1967; 
Effertz and Forchhammer, 1977). No gen- 
eral limits for the maximum chloride level 
can be given if additional corrosive mecha- 
nisms, e.g. microbial corrosion, are active. 

x No SCC afler 100Wh test duration 

t m . .  m .  

t . . .  . .  
. .  

stress corros ion  c racking  

X X 

X 

no stress corros ion  c racking  

100 1000 10 000 100 000 1000 000 

Figure 1-35. Influence of temperature and chloride concentration mg L-' on SCC of stainless steel X5CrNi18-10 
(Hersleb, 1987). 
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Pitting corrosion in the presence of manga- 
nese-oxidizing bacteria was observed in hy- 
draulic turbines at a chloride level of 20 to 
100 mg L-' (Linhardt, 1996). Martensitic 
chromium steels cannot be used for seawa- 
ter application because the minimum value 
of PRE must be 27, as listed in Table 1-14. 

Table 1-14. Corrosion resistance in sea water. 

Mate- DIN PRE Corrosion- 
rial resistance 
no. in seawater 

1 1.402 1 X20Cr 13 - 
1.43 13 X3CrNiMol3-4 13 * 1 
1.430 I X5CrNi 18- 10 17* I 
1.4405 G-X4CrNiMo 16-4 19 * 2 
1.4401 X5CrNiMo17-12-2 23* 3 
1.4435 X2CrNiMo18-14-3 25** 3 
1.4539 XlNiCrMoCu25-20-5 33 ** 4 

* PRE = %Cr + 3.3 x %Mo for stainless steels 
Mo<3% 

** PRE = %Cr + 3.3x%Mo + 3 0 x % N  for stain- 
less steels Mo 2 3% 

1 Not corrosion-resistant in seawater. 
2 Better than 1, but also not corrosion-resistant. 
3 Corrosion-resistant up to T = 25 "C. 
4 Corrosion-resistant. 

Austenitic stainless steels (304 and 3 16) 
can be used successfully in natural waters 
and drinking water. Table 1-15 lists allow- 
able chloride concentrations for austenitic 
stainless steels (Scheidegger and Muller, 
1980; Korrosionskommission der SGK, 
1995). 

In sea water applications good perfor- 
mance was observed only for austenitic 
stainless steels with a minimum 3% molyb- 
denum and for duplex stainless steels. Be- 
cause of their high chromium and molybde- 
num content they are resistant against pit- 
ting corrosion. 

With increasing PRE value corrosion 
resistance in sea water is improved. Fig. 
1-36 shows measured data for pitting poten- 
tial in synthetic sea water. The pitting poten- 
tial of most duplex steels is approximately 
1100 mVsc, compared with 400 mV,,, for 
austenitic stainless steel X2CrNiMo18- 10. 
Only the duplex steel X6CrNiMoCu 21 8 
with the lowest PRE of all duplex grades 
performs just slightly better than the aus- 
tenitic grade 316 (Schlapfer and Weber, 
1986). 

Much sharper differentiation is obtained 
between different alloys if the comparison 

Table 1-15. Corrosion resistance of austenitic stainless steels (Korrosionskommission der SGK, 1995). 

Material DIN PRE Corrosion-resistance at pH 7 
no. 

Maximum C1- Maximum C1- Temperature 
pitting crevice ["CI 

1.4301 
1.454 1 
1.4306 
1.4308 
1.4404 
1.4408 
1.4435 
1.4539 

X5CrNi18-10 
X6CrNiTil8-10 
X2CrNil9-11 

G-X5CrNi 19- 10 
X2CrNiMo17-13-2 

G-XSCrNiMo 19- 1 1-2 
X2CrNiMo 18- 14-3 

X 1 NiCrMoCu25-20-5 

17 * 
17 * 
19 * 
20 * 
23 * 
26 * 
25 ** 
33 ** 

200 mg/l 
200 mg/l 
200 mg/l 
200 mg/l 

1000 mg/l 
1000 mg/l 

5.000 mg/l 
10.000 mg/l 

20 mg/l 
20 mg/l 
20 mg/l 
20 mg/l 

200 mg/l 
200 mg/l 

1 .OOO mg/l 
5.000 mg/l 

25 
25 
25 
25 
35 
35 
35 
60 

* PRE = % Cr + 3.3 x %Mo for stainless steels Mo<3%. 
** PRE = %Cr + 3.3 x %Mo + 30 x %N for stainless steels Mo23%. 
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Figure 1-36. Pitting potentials 
of different stainless steels in 
synthetic sea water at 20 "C 
(Schlapfer and Weber, 1986). 

1 = G-X5CrNi 13-4 
2 = X2CrNi18-8 
3 = X2CrNiMo 18- 10 
4 = X2NiCrMoCu25-20-4-2 
5 = X5CrNiMo25-25 
6 = X3NiCrMoCu24-19-5-2 
7 = XlNiCrMo30-28-4 
8 = X2CrNiMo20- 15-6 
9 = G-X6CrNiMoCu21-8 

Figure 1-37. Activation pH of 
stainless steels in synthetic sea 
water at 20 "C (Schlapfer and 
Weber, 1986). 

1 = G-XSCrNi13-4 
2 = X2CrNi18-8 
3 = X2CrNiMol8-10 
4 = X2NiCrMoCu25-20-4-2 
5 = X5CrNiMo25-25 
6 = X3NiCrMoCu24-19-5-2 
7 = XlNiCrMo30-28-4 
8 = X2CrNiMo20- 15-6 

pH of a c t i v a t i o n  9 = G-X6CrNiMoCu21-8 
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is based on the measured activation pH, 
Fig. 1-37. The activation pH is the pH val- 
ue at which activation peak current first ex- 
ceeds a value of 10 pA cm-* during electro- 
chemical polarization measurement. This 
value is often used as an indicator for 
corrosion resistance under acidic condi- 
tions. For duplex stainless steels the acti- 
vation pH is between 1.65 and 2.40, plac- 
ing them between austenitic CrNiMo 
steels and the highly alloyed superaustenite 
(PRE > 40). 

Molybdenum-containing type 3 16 has a 
quite good corrosion performance in natu- 
ral sea water and is widely used for propel- 
lers, pump impellers, etc. The application of 
type 316 is, however, possible only under 
certain conditions, i.e. temperature maxi- 

mum 25 "C, no deposit formation or biolog- 
ical slime, and a minimum flow velocity of 
1 m s-'. Crevices should be avoided. (Bock 
et al., 1984; Dundas and Bond, 1985; John- 
sen, 1987; Kubel, 1988). 

In offshore applications, in particular, du- 
plex steels, superduplex steels (PRE > 40) 
and superaustenite with >6% Mo are wide- 
ly used because of their good resistance 
against localized corrosive attack, as shown 
in Table 1-16. The maximum temperature 
with residual chlorine (chlorinating to pre- 
vent fouling) in the range of 1-2 ppm is lim- 
ited to 30°C. Above this temperature only 
materials with a higher molybdenum con- 
tent, e.g. 654 SMO, titanium or Cu-Ni al- 
loys, are possible materials for seawater- 
handling system (Johnsen, 1987). 

Table 1-16. Results of crevice corrosion tests in natural sea water (Audouard et al., 1996). 

Location Genova Cherbourg Brest Kristineberg Trondheim 
Italy France France Sweden Norway 

Type of steel Type of steel 
(DIN) (AISIIUNS) 

I .4404 AISI 3 16L 515 515 014 014 414 
X2CrNiMol7- 12-2 
1.4462 UNS3 1803 ++ + + 015 + 
X2CrNiMoN22-5-3 
1.4507 UNS32520 + + 015 015 + 
X2CrNiMoCuN25-6-3 
1.4410 UNS32750 014 + 015 + + 
X2CrNiMoN25-7-4 

1.4547 UNS3 1254 + + 015 015 015 
X 1CrNiMoCuN20- 18-7 
- UNS32654 + 015 015 + 014 
X2CrNiMoN24-22-7 
1.4563 UNS 08028 + + + 015 + 
X1 NiCrMoCuN3 1-27-4 
1.4537 UNS08932 + + 015 015 015 
XlCrNiMoCuN25-25-5 

+I++ Onelseveral depassivated area(s), no weight loss. 
515 Crevice corrosion on 5 samples out of 5. 
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1.7 Corrosion in Alkaline Media 

Alkalis are substances which dissolve in 
water with formation of OH- ions. One of 
the most important technical media in this 
category are aqueous solutions of alkaline 
hydroxides, sodium hydroxide (caustic) and 
ammonium hydroxide (NH,OH) being par- 
ticularly worthy of mention. 

Alkaline conditioning of aqueous media 
is often used technically for unalloyed 
and low-alloy steels; the controlled dose 
of alkaline substances (Na,P04, NaOH, 
NH40H) is a well known means of corro- 
sion protection in heating and steam-pro- 
ducing systems. 

With increasing concentration of alkali 
in solution, up to pH 14 and above, the 
corrosivity of steels increases. Besides in- 
creased general corrosion, it must be taken 
into account that stress-corrosion cracking, 

also known as caustic embrittlement, can 
occur. 

1.7.1 Sodium Hydroxide 

Well established corrosion resistance 
data are available for the most important 
steels. In aqueous solutions of 0.1 to 20% 
NaOH the corrosion rate of unalloyed and 
low-alloy steels at ambient temperature is 
less than 0.005 mm year-'. At higher con- 
centrations - 20 to 50% NaOH - a value of 
0.01 mm year-' will not be exceeded. These 
steels show a passive behavior because of 
the formation of a protective layer. The pro- 
tective layer of magnetite is built up accord- 
ing to Eq. (1-32); magnetite has the lowest 
solubility of all iron oxides in alkaline so- 
lutions. 

3 F e + 4 0 H - + F e 3 0 4 + 4 H + + 4 e -  (1-32) 
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Figure 1-38. Borderline for caustic embrittlement of unalloyed steel in technical caustic solutions (Lexikon der 
Korrosion Band 2, 1970). 
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Unalloyed and low-alloy steels can fail 
by intergranular stress-corrosion cracking 
in the presence of tensile stresses (Audouard 
et al., 1996; Mannesmann AG, 1970). The 
danger range for SCC of unalloyed steels in 
caustic solutions is shown in Fig. 1-38. 

Caustic corrosion of unalloyed and low- 
alloy steel is encountered in some unusual 
situations. For example, in boilers traces of 
sodium hydroxide can become concentrat- 
ed and cause local corrosion and caustic em- 
brittlement. This occurs usually in boiler 
tubes that alternate between wet and dry 
conditions or in which deposits form. Boil- 
er feed water permeates the deposits and 
evaporates. This causes concentration of 
the caustic material, to up to several per- 
cent, which is enough to destroy the protec- 
tive magnetite and/or to initiate caustic em- 
brittlement (Effertz et al., 1982; Hersleb, 
1982). 

The behavior of stainless steels in NaOH 
solutions is also a matter of practical inter- 
est. Fig. 1-39 gives an overview of the ex- 
pected corrosion behavior of different stain- 

less steels (CrNi and CrNiMo steels) in so- 
dium hydroxide solution. Especially at con- 
centrations of 50% and higher and temper- 
atures above the boiling point austenitic 
stainless steels can fail by transgranular 
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Figure 1-39. Stress-corrosion cracking regions of 
various metallic materials in sodium hydroxide (Gra- 
fen and Spahn, 1967). 
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SCC (Grafen and Spahn, 1967). At very 
high concentrations and temperatures Ni- 
based alloys, which have good corrosion re- 
sistance in sodium hydroxide, also suffer 
intergranular SCC. 

More recent investigations with duplex 
stainless steels and practical experience in 
the chemical industry confirm that these 
steels can be used successfully at tempera- 
tures up to the boiling point without the risk 
of SCC (Horn et al. 199 1 ; Wagner and Kork- 
haus, 1994). Fig. 1-40 shows results of cor- 
rosion tests with different duplex grades in 
boiling NaOH. At concentrations below 
30% the duplex steels are fully resistant, the 
corrosion rate being less than 0.01 mm 
year-’. The rate of loss of mass increases 
with increasing NaOH concentration, with 
a maximum at 60% NaOH. Most important 
is the finding that no stress-corrosion crack- 
ing occurred in tests with constant deflect- 
ed samples and in CERT tests performed in 
boiling 20-70% NaOH. In general super- 
duplex steels with high chromium and mo- 
lybdenum content are superior to molybde- 
num-free grades. 

1.8 Corrosion in Acidic Media 

Acids are usually subdivided into reduc- 
ing acids and oxidizing acids; common tech- 
nically used acidic solutions are listed in Ta- 
ble 1-17. 

In so-called reducing acids the metal cor- 
rosion takes place according to Eq. (1-16) 
(oxidation) and the hydrogen ion is reduced 
to hydrogen gas according to Eq. (1-33) (re- 
duction). 

(1-33) 

The term ‘reducing’ is not fully correct, 
however. In the presence of atmospheric 
oxygen or metal ions (Fe3+, Cu2+) as oxi- 

Table 1-17. Types of acidic solution. 

Reducing acids Oxidizing acids 

Sulfuric acid (<65%) Nitric acid 
Phosphoric acid Sulfuric acid (>65%) 
Hydrochloric acid 
Organic acids 
(formic, acetic, propionic acid) 

dizing species ‘reducing’ acids will increas- 
ingly acquire oxidizing properties. Never- 
theless oxidizing species promote the pas- 
sivation of stainless steels and can reduce 
the rate of corrosion. 

Oxidizing acids are aqueous solutions in 
which ions other than hydrogen react as ox- 
idizing species, e.g. nitrate ion (nitric acid), 
chromate ion (chromic acid), or oxygen. 

1.8.1 Sulfuric Acid 

Of all the inorganic acids, sulfuric acid 
(H2S04) is used in the largest volumes and 
is generally considered to be one of the most 
important chemicals. Many metallic mate- 
rials are corroded by sulfuric acid because 
of its low pH. In the middle range of con- 
centration sulfuric acid has the highest con- 
centration of H+ ions, resulting in a strong 
corrosivity (0.5% H,SO, + pH = 2.1, 5% 
H2S04 + pH = 1.2,50% + pH = 0.3). De- 
pending on the concentration and tempera- 
ture H2S04 can be either a reducing or an 
oxidizing acid. Traces of impurities, e.g. at- 
mospheric oxygen, Fe3+ salts, SO,, etc., can 
completely change the character of sulfuric 
acid, turning a reducing solution into an ox- 
idizing agent, as mentioned above. 

Unalloyed and low-alloy steels can only 
be used at very high concentrations (65 to 
100%) at ambient temperature. A soft film 
of iron sulfate on the surface protects the 
steel but physical damage or flow velocities 
> 1 m s-l can destroy the film immediately. 
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High-silicon cast iron has exceptionally 
good resistance to H,SO, over the whole 
concentration range, Fig. 1-41 (Dechema, 
1990). 

Stainless steel X2CrNiMo18-14-3 can be 
used in dilute sulfuric acid (up to ca 20%) 
at ambient temperatures, when the sulfuric 
acid is aerated. High alloyed CrNiMo stain- 
less steel and copper XlNiCrMoCu25-20-5 
have good corrosion resistance over the 
whole concentration range up to 95% and 
temperatures up to 40°C, Fig. 1-42. For 
more severe conditions nickel-based alloys 
or other special alloys are commonly used 
(Heubner, 1993; Dechema, 1990; Avesta, 
1994). 

1.8.2 Phosphoric Acid 

Phosphoric acid (H,PO,) is widely used 
in the manufacture of phosphate chemicals 
(fertilizer industry, production of soft drinks, 

boiling- int curve 4 

corrosion inhibitors, coatings). Pure phos- 
phoric acid is a reducing acid and is not 
very aggressive. For phosphoric acid at tem- 
peratures below 80 "C and concentrations 
below 85% austenitic stainless steels of 
types similar to X5CrNi18-10 and X5CrNi- 
Mo18-14-3 are suitable materials for con- 
struction, Fig. 1-43 (Dechema, 1990; Aves- 
ta, 1994). 

Commercial phosphoric acid contains 
fluorides, chlorides, sulfates, and heavy 
metal ions as impurities, however, which 
significantly increase its corrosivity and 
makes its corrosion characteristics unpre- 
dictable. Chloride contamination signifi- 
cantly increases acid corrosion of austenit- 
ic stainless steels and requires the use of 
nickel-based alloys. Very good corrosion 
behavior is reported for the superferrite 
XlCrNiMoNb28-4-2, Fig. 1-44 (Thyssen 
Edelstahl, 1979). 

Figure 1-41. Isocorrosion dia- 
gram, 0.1 mm year-', for high- 

loo silicon cast iron in sulfuric acid 0 20 4 0  60 80 

concentration of H2SOlr % (Dechema, 1990). 
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Figure 1-44. Corrosion behavior of stainless steels at 90 "C in technical phosphoric acid (54% P,O,, 3% SO,, 
2% HF, 1% Fe3+, 0,1% Cl-) (Thyssen Edelstahl, 1979). 

1.8.3 Formic Acid 

Formic acid, HCOOH, is an organic re- 
ducing liquid that is soluble in water, ether, 
and alcohol. Formic acid is used as a chem- 
ical intermediate and solvent, in the dyeing 
of wool, in electroplating processes, and in 
fumigants. Its reaction with glycerol at 
220°C is a source of ally1 alcohol. Formic 
acid has also been employed in brewing, as 
a food preservative. Formic acid has the 
highest degree of dissociation of all organ- 
ic acids and is, therefore, a strong acid. It is 
the most aggressive organic acid and rapid- 
ly attacks non-alloyed steels. 

The most favored materials for formic ac- 
id service are type X5CrNi 18- 10 stainless 
steel for ambient temperature and X5CrNi- 
Mo18-14-3 for temperatures up to 80°C. 

For applications near the boiling point 
superaustenite or duplex stainless steels 
have very good corrosion resistance, Fig. 
1-45 (Larsson and Lundell, 1983; Avesta, 
1994). 

1.8.4 Nitric Acid 

Nitric acid (HNO,) is an essential raw 
material for the manufacture of fertilizers, 
dyes, pyrotechnics, and explosives, and in 
diverse metallurgical processes. Most unal- 
loyed and low-alloy steels are attacked by 
nitric acid. Being a strong oxidizing acid, 
nitric acid is best withstood by alloys which 
form stable, adherent passive films. In gen- 
eral, high chromium-containing alloys and 
strongly passivating, e.g. like aluminum or 
titanium, are the most resistant materials. 
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HNO, is normally stored and shipped in 
austenitic stainless steel X2CrNiMo 19-1 1 
or X2CrNiMo18-14-3 14-3. Over a large 
concentration range (0 to 90%) the predict- 
ed corrosion rate is less than 0.1 mm year-’, 
Fig. 1-46. Note that a low-carbon or stabi- 
lized grade of stainless steel should be spec- 
ified to avoid ‘knifeline attack’ (intergran- 
ular corrosion) along welded joints. The re- 
sistance to intergranular or local corrosion 
is tested in the Huey test according to DIN 
50 92 1. The amount of accompanying ele- 
ments, e.g. phosphorus (P< 0.02%) and sil- 
icon (Si < 0. l%), must, furthermore, be kept 
very low to avoid intergranular corrosion 
(Armijo, 1968; Hersleb, 1981). This means 
special HNO,-material grade must be or- 
dered, e.g. X2CrNi 18-9LCLSi (Kirchhein- 
er et al., 1989). In boiling HNO, solutions 
high silicon-containing CrNi steels, e.g. 
X ICrNiSi 18- 15 with 4% silicon, have 
proved to be resistant. 

1.9 Process Fluids 

This section covers media which are of- 
ten found in several branches of industry (oil 
and gas, paper, and offshore industry) but 
don’t fit in previous sections. It is obvious 
that only some media will be discussed as 
examples, and in general, because the num- 
ber of different process fluids is difficult to 
survey. 

1.9.1 Injection Water 

Injection water used in oil fields can dif- 
fer very much depending on the location of 
the borehole. Water with a wide range of 
quality is employed: 

- sea water; 
- produced water (re-injected water, separ- 

- formation water (salt brine from subter- 
ated from oil water mixture); and 

ranean reservoirs). 

Formation water, in particular, often has 
a much higher salt content than sea water. 
Up to 30% dissolved salts, i.e. just below 
saturation, is not uncommon. Similar to sea 
water, sodium chloride is again the major 
constituent. The pH of between 4 and 7 is 
relatively low, depending on the amount of 
dissolved carbon dioxide. Formation water 
can also contain hydrogen sulfide, which is 
mostly organic in origin and can be traced 
to anaerobic microbiological decomposi- 
tion processes. These waters again have 
slightly acid pH (up to 4) and are largely 
oxygen-free. 

Different offshore constructions, e.g. 
pumps, valves, and pipelines, are used to 
transport the injection water. Depending on 
the water quality, complex corrosion will 
stress the material: 

- pitting and crevice corrosion; 
- chloride-induced SCC; 
- hydrogen-induced SCC; 
- cavitation and erosion corrosion; and 
- hydroabrasive wear by sand. 

Because of the erosion corrosion only 
special stainless steels can be used for for- 
mation water, Fig. 1-47. 

In a salt brine with a high H,S content and 
low pH standard stainless steel grade 316 
suffers erosion corrosion attack above a 
flow velocity of 25 m s-’. At higher flow 
velocities good results are obtained with 
special austenitic stainless steels and super- 
duplex steels (Pini and Weber, 1979; Weber, 
1984; Weber, 1992). 

- fresh water (comparable with natural wa- 
ter); 
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Austenitc CrNihMo steels .:...- ......... .. ........... 

1.9.2 Flue Gas Desulfurization 

Flue gas desulfurization (FGD) plants 
have been in service since the 1970s, when 
all coal-fired power plants had to install a 
flue gas cleaning system to reduce SO2 out- 
put. The design material depends on the de- 
sulfurization process and the fossil coal 
which is used. One of the main components 
of an FGD plant is the absorber or scrubber. 
Several factors determine the severity of 
corrosion of the media: 

- the composition of the raw flue gas; 
- the nature of the raw gas condensate; 
- the nature of the quench liquid; 
- the nature of the absorber liquid; and 
- the nature of the clean gas condensate. 

In the wet-limestone process the suspen- 
sion is a very corrosive aqueous solution 
with a high content of chloride and suspend- 
ed solids and smaller amounts of sulfate, ni- 

Figure 1-47. Erosion cor- 
rosion behavior of stain- 
less steels in sour brine at 
60°C (Weber, 1992). 

trate, and fluoride. The pH can become acid- 
ic, as listed in Table 1-18. 

Attempts to use rubber lining materials 
on non-alloyed steel resulted in significant 
failures. Today stainless steels and nickel 

Table 1-18. The composition of an FGD suspension. 

Normal Extreme 
values values 

PH 
Temperature 

Chloride [g L-'1 
Sulfate [g L-'1 
Nitrate [g L-I] 
Fluoride [mg L-'1 
Others [mg L-'1 

3.0-6.5 1-12 

50-65 75 

5-80 100 

1-4 6 

0.2- 1.0 1.5 

10-40 60 

<0.5 

Solid content of limestone 
suspension [weight] 10-25 30 

Grain size of solids < 200 < 300 
CaCO, and CaSO, [p] 
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Figure 1-48. Schematic layout of an FGD scrubber for the EVT/KRC process (Heubner, 1993). 

base alloys are the favored construction ma- 
terials (Dahl, 1992; Plant, 1992; Roth, 1992; 
Krupp GmbH, 1997). An example of a typ- 
ical all-metal design is shown in Fig. 1-48 
(Heubner, 1993). 

Duplex stainless steels have been used 
successfully for several years as a material 
for pumps in FGD plants. This application 
imposes very high demands for corrosion- 
and erosion corrosion-resistance. In more 
recent years, different users have reported 
corrosion damage on FGD pumps and com- 
ponents, often characterized by selective 
corrosion of the ferrite phase or by pitting 
corrosion (Miisch and Remmert, 1992; 
Oledewurtel and Sohnchen, 1994; Hagen 
and Schoffler, 1996b; Schneemann and 
Krebs, 1996). This is indicative of localized 

corrosion attack by halides at low pH. Of- 
ten the pH was lower than that specified. 
There are few hints in the literature on the 
combined effect of chloride and fluoride on 
the corrosion resistance of duplex stainless 
steels. 

Our own investigations on different cast 
duplex stainless steels were performed by 
electrochemical measurements, accompa- 
nied by metallographic inspection and 
chemical analysis of the alloys. At first the 
influence of different levels of chloride and 
fluoride, pH, and temperatures, and the 
combined influence of chloride and fluoride 
on corrosion resistance were evaluated. Sec- 
ondly, suitable alloys were identified which 
would have sufficient corrosion resistance 
even under extreme conditions. 
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With regard to the combined influence of 
halide content and pH at 50 "C, the follow- 
ing observations were made for the duplex 
stainless steel DIN 1.45 17 (G-X3 CrNiMo- 
CuN26-6-3-3): 

Chloride content 80 g L-' 

If the chloride content is 80 g L-' the re- 
sistance is maintained if the additional flu- 
oride content is e 10 mg L-' and pH > 4. At 
higher fluoride content and lower pH the 
material is no longer resistant. 

Chloride content 50 g L-' 

maximum fluoride content of 10 mg L-'. 
The limit of resistance is at pH > 4 and a 

Chloride content 20 g L-' 

For low chloride content and no fluoride, 
resistance was sufficient. When the fluoride 

content was 1 g L-' the critical pH is c2.5. 
The maximum fluoride content for a suffi- 
ciently resistant material is limited to 

Materials for FGD pumps with suspen- 
sion temperatures up to 70 "C are subjected 
to extreme corrosive conditions. To discov- 
er whether duplex steels can withstand these 
conditions, corrosion tests were performed 
on two types of alloy - standard alloy 1.45 17 
(sample No. 5,5.1,21,28), with slight vari- 
ations in Cr, Mo, Cu, and N content, and the 
material 1.447 1 (G-X3CrNiMoCuWN26-6- 
3-1-1, sample 12 and 23), a 1% W alloyed 
cast duplex stainless steel. The good cor- 
rosion resistance of this duplex stainless 
steel is illustrated in Fig. 1-49. In a fluoride- 
free medium, the critical breakthrough po- 
tential is 940 mV,,,, With increasing fluo- 
ride content, it decreases to ca 200 mV, but 
with a value of 720 mVs,, for a fluoride 
content of 500 mg L-' the resistance is quite 
high. 

0.1 g L-'. 

sample no. 

F = O  

im 

fluoride 
[mg/lI 

Figure 1-49. Pitting potentials of duplex steels 1.4517 and 1.4471 in synthetic FGD suspension (Cl- 50 g L-', 
temperature 70 "C, pH 2.5, fluoride varies) (Hagen and Schoffler, 1996b). 
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On the basis of these results it could be 
demonstrated that a medium containing 
even small amounts of fluoride (10 to 50 mg 
L-') and a normal chloride content increas- 
es the susceptibility to localized corrosion. 
In general, increasing chloride and fluoride 
content, increasing temperature, and de- 
creasing pH are factors influencing corro- 
sion susceptibility. 

1.9.3 The Pulp and Paper Industry 

Austenitic and duplex stainless steels are 
widely used in the pulp and paper industry. 
This industry was one of the first to adopt 
the widespread use of stainless steel to pre- 
vent corrosion and product contamination. 
The dominating pulping process for extract- 
ing fibers from wood is the Kraft process 
(sulfate process), which uses a hot alkaline 
sulfate liquor. Wood chips are exposed to 
the cooking liquors for several hours in a 
process called digestion. Subsequently the 
fibers are separated from the spent liquor in 
different washing stages and the pulping 
chemical is recovered from the spent liquor. 
A further important process is the bleaching 
stage with oxidizing chemicals such as chlo- 
rine (C12), chlorine dioxide (C102), ozone 
(03), and hydrogen peroxide (H202). The 
pulp then goes to the paper mill for paper 
production. 

Different types of wood, equipment de- 
sign, and processes can affect the perfor- 
mance of stainless steels. It is typical of the 
pulp and paper industry that corrosion con- 
ditions vary considerably from one plant to 
another. In general the corrosivity of the 
pulp and paper process has increased since 
1970 as a result of environmental regula- 
tions. Some advice on design materials for 
the Kraft process is given below. 

For the digester carbon steel with a suit- 
able corrosion allowance is still used to 
some extent because of the high pH (12 to 

14) of the Kraft process. But carbon steel is 
not corrosion-resistant. Different types of 
corrosion damage appear, e.g. uniform cor- 
rosion, large gouging, pitting, and cracking 
(Technical Association of the Pulp and 
Paper Industry, 1954). In some digesters 
corrosion was most severe in the splash zone 
where cooking liquor splashes on the hot 
side walls during sharing. Laboratory re- 
sults for simulated white liquors reveal the 
different corrosion resistance of carbon 
steel and stainless steels, see Fig. 1-50 
(Strom, 1988). Depending on the temper- 
ature, the corrosion rate for carbon steel 
might reach several mm year-' or malfunc- 
tion as a result of cracking. The higher cor- 
rosion rate at the lower temperature of 
130 "C is because the protective oxide layer 
is thinner - at 160°C a protective layer 
of magnetite (Fe,O,) is formed. Different 
grades of stainless steel grades have a max- 
imum rate of corrosion of 0.15 mm year-' 
and can be regarded as resistant. The low- 
est corrosion rates were found for duplex 
grades. 

In Europe, especially, the use of austenit- 
ic stainless steel 304L (clad or solid) for 
batch digesters is normal practice; solid 
duplex stainless steel is another option 
(Canavan, 1974). 

In the chemical-recovery process all 
components (piping systems, boilers, stor- 
age systems, and evaporators) are made 
from austenitic stainless steel type 304 or 
304L (Nordstrom and Rung, 1993; Strom, 
1992). Corrosion rates of ~ 0 . 0 0 6  mm 
year-' were recorded in-plant testing of 
stainless steel (Rahoi and Schillmoller, 
1994). Corrosive operating conditions are 
most severe in the bleach plant - low pH, 
high chloride content, temperature, and high 
oxidizing redox potential. For example, the 
strong corrosive influence of residual chlo- 
rine was demonstrated in an investigation 
by LalibertC and Garner (1981). As the re- 
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Figure 1-50. Rates of corrosion in simulated white liquor, without wood and organic substances (Strom, 1988). 

sidual chlorine concentration increases so 
also do corrosion rates; the maximum is 
14 mg cm-* year-’, equivalent to 0.02 mm 
year-’, as shown in Fig. 1-51. 

In the 1960s the paper industry used 3 17L 
or 904L. In the last two decades this has been 
upgraded to 6% Mo super austenitic stain- 
less steels (AL6XN, 254 SMO, 1925hM0, 
654 SMO). This upgrade was necessary be- 
cause of increases in process temperature 
and chloride content. Environmental regu- 
lations and economic pressures have result- 
ed in the reuse of process water. 

Corrosion problems in the paper machine 
are generally encountered in the wet end and 
in equipment handling white water. Most 
wetted parts of a paper machine are con- 
structed from 304L or 3 16L stainless steel. 
304L components can be damaged by thio- 

sulfate pitting even in the absence of chlo- 
rides (Garner and Newmann, 1985b; Garner 
and Newmann, 1991). The largest corro- 
sion-related problem is that of the suction 
rolls which are used to remove the water 
from the paper (Moskal, 1990). The suction 
roll is drilled to an open area of 20% and a 
vacuum is applied inside the roll. The criti- 
cal part of a suction roll is the drilled shell 
which is subjected to corrosion and crack- 
ing because of corrosion fatigue. The fami- 
ly of duplex stainless steels with better cor- 
rosion-fatigue resistance compared with 
austenite has been successfully used for suc- 
tion rolls since beginning of the 1980s. But 
it is important that the material is produced 
with a low level of stress (Danielsson, 
1989). 
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0.14 0.15 0.16 0.17 0 . 1 8  0 .19  0 .2  

residual chlorine, g/1 

Figure 1-51. Effect of residual chlorine on the rate of corrosion of test samples (316L) in a C-stage washer 
(LalibertC and Garner, 1981). 

1.9.4 Oil and Gas Production 

Although oil (mainly hydrocarbons) is 
not corrosive, special aspects of corrosion 
must be considered in oil and gas produc- 
tion. Water is often present with the oil and 
this can contain corrosive species such as 
oxygen, carbon dioxide, hydrogen sulfide, 
and chlorides. Pressure and temperature 
conditions can also be severe. 

The fluids encountered are traditionally 
classified as 'sweet' or 'sour' environments. 
Sweet environments are those containing no 
hydrogen sulfide, but large amounts of car- 
bon dioxide can be present. Sour environ- 
ments are those containing significant 
amounts of hydrogen sulfide (total pressure 
265 PSIA, or 4 bar, and H,S partial pres- 
sure 20.05 PSIA, or 0.003 bar). 

Different potential corrosion risks are 
known: 

- general corrosion; 
- localized corrosion; 
- stress-corrosion cracking (SCC); 
- hydrogen embrittlement (HIC); and 
- sulfide-stress-corrosion cracking (SCC). 

Although carbon steels were originally 
used in the oil and gas industry, depending 
on the operating conditions application of 
carbon steels requires the use of vast 
amounts of corrosion inhibitors and so car- 
bon steels are increasingly being replaced 
by stainless steels, mainly 13% Cr steels and 
duplex stainless steels. 

As an example the corrosion behavior of 
a carbon steel and a 15% Cr steel is shown 
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in Fig. 1-52. Carbon steels corrode at a rate 
of several millimeters a year if the temper- 
ature is below 150°C. At higher tempera- 
tures the rate of corrosion decreases because 
of the formation of a protective layer of iron 
oxide and iron carbonate (Hashizume et al., 
1995). 15%-Cr steel is almost immune to 
corrosive attack. 

In sour environments hydrogen sulfide is 
one of the main factors to consider because 
of the risk of SCC. Sulfides (S2-, HS-, H,S) 
adsorbed on the metal surface catalyze the 
absorption of atomic hydrogen. This chang- 
es the toughness and ductility of the mate- 
rial and causes considerable embrittlement. 
It is generally known that the susceptibility 
of steels to SCC increases above a strength 
of 800 MPa (Fig. 1-16). This has led to the 
practice of specifying a maximum material 

. 

. 

strength of 800 Mpa, according to a hard- 
ness of 22 HRC, for use in sour service, 
e.g. in National Association of Corrosion 
Engineers (NACE) standard MR0175-97 
(NACE International, 1997). Some stainless 
steels suitable for direct exposure to sour 
service are listed in Table 1-19. 

Modified Cr steels and duplex stainless 
steels are used in sour service at elevated 
temperatures. Cr steels showed no pitting 
even at high chloride concentrations. This 
is because of the absence, or extremely low 
level, of oxygen in the fluids. 

The application of duplex stainless steels 
in sour service is still a subject of discussion 
(Heselmans et al., 1997; Schofield and Fel- 
ton, 1997; Smith and Fowler, 1997). Al- 
though duplex steels are highly resistant to 
localized chloride-induced pitting, in severe 

10 

0.001 I 
0 50 100 150 200 250 300 

temperature, O C  

Figure 1-52. Corrosion rate of a carbon steel and a 15% Cr-steel in low CO, environments (1500 ppm CO,) 
(Hashizume et al., 1995). 
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Table 1-19. Stainless steels suitable for direct exposure to a sour environment (NACE International, 1997). 

Ferritic Martensitic Precipitation Austenitic Duplex 
hardening 

AISI 405 AISI 410 A453 Gr660 

AISI 430 AISI 501 A638 Gr660 

A268 A217 Gr CA15 UNS S 17400 

TP 405, TP 430 A268, Gr.TP410 UNS S45000 

TP XM 27, TPXM 33 A743 Gr CA15M UNS S66286 

A487 CI CA 15M 

A487 Ci CA 6NM 

UNS S42400 

AISI 302,304, 304L 

AISI 305,308,309 

AISI 310,316,316L 

AISI 317,321,347 

A182 

A193, Gr B8R, B8RA, 
B8, B8M,B8MA 

A194 Gr 8R, 8RA, 
8A, 8MA 

A320 Gr B8, B8M 

A351 Gr CF3, CF8, 
CF3M, CF8M, CN7NM 

A7431744 Gr CN7NM 

B4631473 

UNS S3 1260 

UNS S31803 

UNS S32404 

UNS S32550 

UNS S32760 

UNS S39274 

Z6CNDU28.08M 

UNS 593380 
UNS 593404 

Table 1-20. Corrosion-rate data in a sour gas environment at elevated temperature (NACE International, 1997). 

Environment 13% Cr steel mod. 13% Cr steel 22% Cr-4% Ni steel 25% Cr-7% Ni steel 

90 "C, 0.5 bar H,S, 0.01 mm year-' 0.004 mm year-' 0.002 mm year-' 0.001 mm year-' 
7.3 bar CO,, 10% NaCl pitting 

121 "C, 0.375 bar H,S, 
93 bar CO,, 7.4%NaC1 

- - Deep pitting Shallow pitting 

180 "C, 0.1 bar H,S, - 0.1 -0.2 mm year-' 0.005 mm year-' - 

180 "C, 0.1 bar H2S, >0.4 mm year-' 0.04-0.09 mm year-' 0.004 mm year-' - 

10 bar CO,, 20% NaCl 

10 bar CO,, 5% NaCl 

180°C, 0.1 bar H,S, 0.89 mm year-' 0.1 mm year-' 0.05 mm year-' 0.01 mm year-' 
10 bar CO,, 25% NaCl 

175 "C, 7 bar CO,, 
2.5% NaCl, pH = 3.7 

25% NaCI, pH = 3.7 

- - - 0.04 

- - 175 "C, 7 bar CO,, 0.38 - 

sour conditions SCC can occur. Type 22 5 - no corrosion at moderate temperatures 
duplex steel undergoes the transitions listed (<10O-12O0C) if the H2S level is 
below (Table 1-20; Schofield and Felton, <0.2 bar and the chloride level ~ 1 0 %  
1997). NaCl; 
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- pitting corrosion at higher temperatures, 
and higher H,S and chloride levels; and 

- tendency to general corrosion above 
175 "C. 

In the NACE standard MRO175 the max- 
imum H,S partial pressure for 22 5 duplex 
is limited to 0.3 psig (20 mbar). 
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2.1 Introduction 

This chapter is devoted to the corrosion 
performance of non-ferrous alloys, i.e. 
those not based in the element iron (Fe). 
Most of the structural and corrosion alloys 
that are used worldwide are just plain steel 
(>95% iron) and stainless steels which are 
iron-based alloys (>50% Fe) containing 
different amounts of chromium (Cr), nickel 
(Ni), molybdenum (Mo), and other elements. 

The non-ferrous alloys that will be con- 
sidered in this chapter are those based on the 
elements nickel, cobalt (Co), copper (Cu), 
zirconium (Zr), and titanium (Ti). Other 
non-ferrous alloys, such as those based on 
the elements aluminum (Al) and magnesium 
(Mg) are considered in separated chapters. 

The corrosion performance of the non- 
ferrous alloys will be divided into general 
(or uniform) corrosion and localized corro- 
sion (pitting corrosion, crevice corrosion, 
and stress-corrosion cracking). General cor- 
rosion is the uniform thinning of an alloy as 
a result of its interaction with the environ- 
ment. During corrosion, metallic elements 
from the alloy relinquish some of their elec- 
trons and pass to the environment as dis- 
solved species; metal dissolution is, there- 
fore, an anodic process. For an anodic pro- 
cess to occur, a counter cathodic process is 
necessary and general corrosion behavior 
can, therefore, be categorized according to 
the electrochemical potential established 
during the corrosion process. General cor- 
rosion can occur under reducing or oxidiz- 
ing conditions. Under reducing conditions, 
the cathodic reaction is mainly the reduction 
of the hydrogen ion or proton (H'); under 
oxidizing conditions the electrochemical 
potential is higher than that for evolution of 
hydrogen gas and, therefore, the cathodic re- 
action is other than the reduction of protons. 
For example, one oxidizing reaction could 
be the reduction of dissolved oxygen (0,) 

from the atmosphere. Other oxidizing 
agents are dissolved chlorine gas (C12), hy- 
drogen peroxide (H202), chromates (CrOi-), 
nitrates (NO,), and metallic cations such as 
ferric (Fe3') and cupric (Cu2') ions. Local- 
ized corrosion such as pitting and crevice 
corrosion generally occurs under oxidizing 
conditions. Stress-corrosion cracking (SCC) 
or environmentally induced cracking can 
occur at any electrochemical potential. 
Three conditions are necessary for the oc- 
currence of SCC: a susceptible material mi- 
crostructure, a specific aggressive environ- 
ment, and the presence of tensile stresses. 

Although most engineering alloys are 
known by their popular names which were 
derived from their trade names, all alloys 
have very specific names or numbers. One 
of the most important designations is the 
unified numbering system, or UNS, number. 
Other designations such as ASTM, SAE, 
ASME, AWS, etc., are also widely used to 
designate wrought products, castings, and 
weld-filler metals. Cross references be- 
tween the different specifications of the 
American, British (BSI), Japanese (JIS), 
and German (DIN) systems are published 
(Bringas, 1993). 

2.1.1 Test Methods 

General or uniform corrosion is general- 
ly measured in the laboratory in accordance 
with guidelines given in the standards 
ASTM G 31 (immersion test) and ASTM G 
59 (polarization resistance test) (ASTM, 
1998). For alloy selection many industries 
prefer to conduct corrosion testing directly 
in plant equipment, for which they follow 
guidelines given in the standard ASTM G 4. 
The susceptibility to localized corrosion 
(crevice corrosion, pitting corrosion or 
intergranular attack) can also be evaluated 
by use of immersion tests or electrochemi- 
cal tests. Immersion tests are sometimes 
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preferred for the fast screening of candidate 
alloys for industrial applications. In gener- 
al, immersion tests are used to evaluate the 
critical pitting temperature (CPT) and the 
critical crevice temperature (CCT) which 
are the lowest temperatures at which the al- 
loy would suffer the respective localized at- 
tack when exposed to the presence of chlo- 
ride ions under oxidizing conditions. The 
higher the critical temperature the more 
resistant the alloy to localized attack. One 
of the most widely used oxidizing immer- 
sion tests is described in ASTM G 28 which 
has two testing methods. Method A, or 
the Streicher test, entails boiling (120 "C) 
in a solution of 50% H$O, + 42 g L-' 
Fe,(SO,),; method B entails boiling (105 "C) 
in a solution containing 23% H2S04 + 1.2% 
HCl + 1 % FeCl, + 1 % CuCl,. Although the 
solution used for method A does not contain 
chloride ions, it is highly oxidizing and can 
cause intergranular attack on many alloys 
(intergranular attack is a type of localized 
corrosion). The solution used for method B 
is less oxidizing than that used for method A 
but does contain 23 600 ppm chloride ions. 
The metal industry also uses two variations 
of the G 28 tests, which are commonly 
called the green-death test (aqueous solu- 
tion of 11.5% H,SO, + 1.2% HC1 + 1% 
FeCl, + 1% CuC1,) and the yellow-death 
test (aqueous solution of 4% NaCl + 0.1 % 
Fe,(SO,), + 0.01 M HCl). Another test that 
is widely used to evaluate CPT and CCT is 
the ASTM G 48 method which consists in 
the immersion of non-creviced and creviced 
metal coupons in 6% ferric chloride solution 
at different temperatures (ASTM, 1998). 

Electrochemical tests such as the cyclic 
potentiodynamic polarization test (ASTM 
G 61) or the constant potential test in which 
the temperature is increased at a constant 
rate until pitting corrosion occurs (ASTM G 
150) are also good tools for evaluating the 
susceptibility of alloys to localized cono- 

sion. The susceptibility to stress-corrosion 
cracking can be evaluated by use of the 
ASTM G 36 standard (constant deforma- 
tion specimens) or, for example, using con- 
stant extension rate tests (CERT) under PO- 

tentiostatic control. 

2.2 Nickel-Based Alloys 

Most world nickel production (>60%) is 
used in the making of stainless steels. Only 
approximately 13% of the world production 
of nickel is used in the manufacturing of 
nickel-based alloys. The most common 
nickel-based alloys are generally known by 
their commercial names such as Hastelloy, 
Inconel, Monel, and Incoloy alloys even 
though they all have a unique UNS number. 
For example, when people refer to Inconel 
alloy they are usually talking about the 
600 series of alloys, for example alloy 600 
(UNS N06600) or alloy 625 (UNS N06625). 

Some of the nickel-based alloys were de- 
signed to withstand high temperature and 
dry or gaseous corrosion whereas others are 
mainly designed to resist low-temperature 
(aqueous) corrosion. Nickel-based alloys 
used for low temperature aqueous or con- 
densed systems are generally known as cor- 
rosion-resistant alloys (CRA). Only the cor- 
rosion performance of commercially avail- 
able CRA will be addressed in this chapter. 

Corrosion-resistant nickel-based alloys 
can be grouped according to their chemical 
composition: commercially pure nickel, 
Ni-Cu alloys, Ni-Mo alloys, Ni-Cr-Mo 
alloys and Ni-Cr-Fe alloys. Table 2-1 
gives the composition of the most popular 
wrought nickel-based alloys. Although the 
nickel-based alloys in Table 2-1 contain a 
large proportion of other alloying elements, 
these alloys still retain the face-centered cu- 
bic lattice structure (fcc or gamma) of the 
nickel base element. As a consequence of 
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Table 2-1. Approximate chemical composition of nickel-based alloys (% w/w). 

Alloy name UNSnumber Ni Cr Mo Fe Others 

Ni Alloys 

Ni 200 

Ni-Cu Alloys 

Monel400 

Ni-Mo Alloys 

Hastelloy B-2 
Hastelloy B-3 

Ni-Cr-Mo Alloys 

Hastelloy C-276 
Hastelloy C-4 
Hastelloy C-22 
Hastelloy C-2000 
Nicrofer 5923 hMo (alloy 59) 
Inconel 686 

Ni-Cr-Fe Alloys 

Inconel 600 
Incoloy 825 
Hastelloy G-30 

NO2200 

NO4400 

N 10665 
N10675 

N10276 
NO6455 
NO6022 
NO6200 
NO6059 
NO6686 

NO6600 
NO8825 
NO6030 

99.6 

67 

72 
68.5 

59 
68 
59 
59 
59 
46 

76 
43 
44 

1.2 

28 
1.5 28.5 1.5 

16 16 5 
16 16 
22 13 3 
23 16 
23 16 1 
21 16 5 

15.5 8 
21 3 30 
30 5 15 

0.2 Mn, 0.2 Fe 

31.5 Cu 

4 w  

3 w  
1.6 Cu 

4 w  

2.2 Cu, 1 Ti 
2 Cu, 2.5 W, 4 Co 

their fcc structure, nickel-based alloys have 
excellent ductility, malleability, and form- 
ability. 

2.2.1 Commercial Nickel 

Commercially pure nickel contains at 
least 99% Ni (Table 2-1). Nickel is more 
noble than iron but less noble than cop- 
per (Pourbaix, 1974). Thermodynamically 
(Pourbaix diagram), nickel is shown to dis- 
solve as Ni2+ at pH c 9, to form nickel (11) 
oxide (NiO) at pH 9-12, and to dissolve 
as HNiO; at pH> 12. Nickel (11) oxide is 
shown to be stable approximately between 
-0.5 and +0.3 V on the normal hydrogen 
scale (NHE). In practice it is found that nick- 
el has good corrosion resistance in environ- 
ments such as cold and hot aqueous caustic 
solutions. Nickel is also highly tolerant of 

cold reducing acids because of the slow dis- 
charge of hydrogen from its surface. Be- 
cause nickel does not develop a very protec- 
tive passive film, the presence of oxidants 
in acids (such as dissolved air) and in neu- 
tral aqueous solutions increase the rate of 
corrosion of the metal (Pourbaix, 1974; 
Friend, 1980; Chawla and Gupta, 1993). 
The rate of corrosion of nickel in reducing 
acids increases rapidly as the temperature 
and the acid concentration increase. 

2.2.1.1 General Corrosion 
of Commercial Nickel 

The widest industrial application of com- 
mercially pure nickel is in the handling of 
cold and hot caustic solutions. Table 2-2 
lists the comparative general rates of corro- 
sion of nickel and nickel alloys in caustic 
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Table 2-2. Rates of corrosion (pm year-') in boiling caustic solutions (immersion tests, average of 4 x24 h pe- 
riods). 

Ni 200 Alloy 600 Alloy 825 C-276 B-2 304 SS 

10% NaOH 2.5 2.5 5.1 8.9 - 10.2 
50% NaOH 19.1 76.2 158 100 22.1 2,130 

Table 2-3. Rates of corrosion (pm year-') in reducing and oxidizing acidic solutions (immersion tests, average 
of 4 x 24 h periods). 

Alloy 825 Ni 200 Alloy 400 Alloy 600 Alloy 825 C-276 B-2 316LSS 

5% HCI, 23 "C 130 33 156 94 2.5 15 452 
10% H,SO,, boiling 3,327 427 6,020 514 180 57 15,291 
10% HN03, boiling 450,000 318,000 27 12 189 527,000 25.4 

solutions; it shows that the rate of corrosion 
of alloyed nickel in caustic solutions is 
greater than that of commercially pure nick- 
el. 

Nickel can also be used in reducing acids 
such as hydrochloric acid (HC1) at room 
temperature (Table 2-3). The rate of corro- 
sion of Ni 200 in boiling reducing acids such 
as sulfuric acid (H,SO,) is high and there- 
fore other alloys such as B-2 or B-3 alloys 
are recommended for this application (Ta- 
ble 2-3). Table 2-3 shows, moreover, that in 
the presence of oxidizing acids such as boil- 
ing nitric acid (HNO,) the rate of corrosion 
of Ni 200 is high, whereas alloys contain- 
ing chromium would be passivated and 
therefore have low rates of corrosion. 

2.2.1.2 Localized Corrosion 
of Commercial Nickel 

Commercially pure nickel is not suscep- 
tible to stress-corrosion cracking except 
under heavily cold-worked conditions in 
concentrated caustic solutions at high tem- 
perature (>250 "C). Commercial nickel is 
not susceptible to hydrogen embrittlement 

because the solubility and diffusivity of hy- 
drogen in nickel are low and this material 
has low mechanical strength. The yield 
stress (YS) of annealed Ni 200 at room tem- 
perature is 190 MPa, the ultimate tensile 
stress (UTS) is 465 MPa, the elongation to 
rupture is 50% and the Rockwell B hardness 
is 60. Nickel can suffer pitting corrosion in 
solutions containing chlorides and sulfates. 
Corrosion pits are always crystallographic 
and not well defined, probably because of 
the poor protectiveness of its oxide film 
(Szklarska-Smialowska, 1986). 

2.2.2 Nickel-Copper Alloys 

2.2.2.1 General Corrosion 
of Nickel-Copper Alloys 

Nickel-copper alloys are generally 
known as Monel alloys; the most popular 
Monel alloy is alloy 400. Because copper is 
a more noble metal than nickel, addition of 
copper to nickel increase the nobility of the 
alloy compared with pure nickel (Friend, 
1980). As a consequence, nickel-copper al- 
loys such as alloy 400 have a lower rate of 
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corrosion than nickel in the active region 
(reducing conditions) and a lower rate of 
corrosion than copper under oxidizing con- 
ditions (Moniz and MacDiarmid, 1997). Ta- 
ble 2-3 shows that the rate of corrosion of 
alloy400 in HC1 and H,SO, solutions is 
lower than the rate of corrosion of Ni 200. 
Conversely, addition of copper to nickel in- 
creases the rate of corrosion under oxidiz- 
ing conditions because copper increases the 
critical current for passivation and the cur- 
rent density in the passive region of poten- 
tials of nickel (Hummel and Smith, 1988). 
In general, alloy 400 can be used to handle 
reducing acids such as HC1 and H2SO4 (be- 
low 80%) from room temperature up to 
70°C. The presence of air and oxidizing 
salts considerably increases the rate of cor- 
rosion of alloy 400 in these acids. The ef- 
fect of temperature on the rate of corrosion 
of alloy400 is not as pronounced as for 
Ni 200 (Friend, 1980). Alloy 400 is reason- 
ably resistant to corrosion in air-free hydro- 
fluoric acid (HF) (Chawla and Gupta, 1993). 

Fig. 2- 1 shows the rate of corrosion of al- 
loy 400, measured by means of immersion 
tests, as a function of the concentration of 
sulfuric acid at four different temperatures. 
At each acid concentration, as the tempera- 
ture increases the rate of corrosion increas- 
es. At each temperature, as the acid concen- 
tration increases between 5 %  and 60-80%, 
the rate of corrosion decreases, probably be- 
cause as the acid concentration increases the 
solubility of oxygen in the electrolyte solu- 
tion decreases. Depending on the tempera- 
ture, at sulfuric acid concentrations above 
60-80% the rate of corrosion increases rap- 
idly, probably because sulfuric acid be- 
comes oxidizing. 

Fig. 2-2 shows the effect of the electro- 
lyte composition on the rate of corrosion of 
alloy 400. The rate in hydrochloric acid is 
approximately four times that in sulfuric 
acid of similar concentration. Whereas in 

'7 
" 1  2 IM 

Allw400 
Immermon Testa 

+ 38.C 

4-- 52% 

10.0- 

4 2  
A I f 0 1  '=. -*- 19% 

0 2 0 4 0 8 0 8 0 1 0 0  
Sulfuric Acid (YO) 

Figure 2-1. Rate of corrosion of alloy 400 as a func- 
tion of the concentration of sulfuric acid. 
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Figure 2-2. Rate of corrosion of alloy 400 in sulfur- 
ic and hydrochloric acids. 

the sulfuric acid solution the rate of corro- 
sion decreases as the acid concentration in- 
creases between 5 and 70%, in hydrochlor- 
ic acid the rate of corrosion increases con- 
tinuously as the concentration of acid in- 
creases. 

One of the most important industrial ap- 
plications of alloy 400 is in the handling of 
hydrofluoric acid (HF). Fig. 2-3 shows the 
rate of corrosion of alloy 400 as a function 
of the concentration of hydrofluoric acid 
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Figure 2-3. Rate of corrosion of alloy 400 in hydro- 
fluoric acid. 
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(The data in Fig. 2-3 was taken from a pub- 
lication by The International Nickel Com- 
pany, 1968). Fig. 2-3 shows that the rate of 
corrosion of alloy 400 is highest in the va- 
porphase and lowest in the liquid phase (im- 
mersed conditions). Moreover, the rate of 
corrosion of alloy 400 in the liquid phase 
does not depend on the acid concentration, 
behavior opposite to that of sulfuric and hy- 
drochloric acids (Figs 2-1 and 2-2). The 
presence of air (oxygen) and oxidizing salts 
accelerate the rate of corrosion of alloy 400 
in hydrofluoric acid. 

2.2.2.2 Localized Corrosion 
of Nickel-Copper Alloys 

It has been reported that alloy 400 is sus- 
ceptible to pitting corrosion in sea water, 
especially under quiescent conditions (Bo- 
gar and Peterson, 1985; Ali and Ambrose, 
1991). Occasionally the corrosion pits 
stopped deepening and started growing lat- 
era 11 y . 

As for Ni 200, alloy 400 is not very sus- 
ceptible to stress-corrosion cracking (SCC) 

probably because it has low mechanical 
strength. The yield stress of annealed al- 
loy 400 at room temperature is 260 MPa, the 
ultimate tensile stress is 550 MPa, the elon- 
gation to rupture is approximately 50% and 
the Rockwell B hardness is 72. Alloy 400 
was found to be susceptible to SCC in acid- 
ic solutions containing mercury salts, in liq- 
uid mercury, in hydrofluoric acid, and in flu- 
orosilicic acid (International Nickel Com- 
pany, 1968). In hydrofluoric acid the crack- 
ing is transgranular and the highest suscep- 
tibility occurs in the vapor phase, especial- 
ly in the presence of air (Pawel, 1994). Re- 
duction of aeration reduces the susceptibil- 
ity to cracking in hydrofluoric acid. It has 
also been reported that highly-stressed al- 
loy 400 suffers SCC in ammonia vapor at 
300 "C (Theus et al., 1982). Heat treatment 
that eliminates residual stresses and cold 
worked microstructures greatly reduces the 
susceptibility of alloy 400 to all types of en- 
vironmentally-induced cracking. 

2.2.3 Nickel-Molybdenum Alloys 

Nickel-molybdenum alloys are general- 
ly known as the Hastelloy B-type alloys. 
These alloys contain approximately 28% 
molybdenum (Mo) dissolved in an austenit- 
ic Ni matrix (Table 2-1). It has been shown 
that when Mo is added to Ni, the rate of cor- 
rosion of the resulting alloy in boiling 10% 
HCl decreased as the amount of Mo in- 
creased (Flint, 1960). The series of alloys B 
(now obsolete), B-2 and B-3 was developed 
to withstand reducing HCl at all concentra- 
tions and temperatures (Chawla and Gupta, 
1993). The performance of B-type alloys in 
hydrochloric acid is comparable with that of 
tantalum and zirconium only (Schweitzer, 
1995). Although B-3 alloy has corrosion re- 
sistance similar to that of B-2 alloy, it has 
greater thermal stability; thus annealing of 
B-3 alloy is not necessary after welding 
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(Klarstrom, 1993). Besides HCl solutions, 
B-2 and B-3 alloys are also used in the han- 
dling of other corrosive reducing environ- 
ments such as sulfuric, acetic, formic, hy- 
drofluoric, and phosphoric acids. The ma- 
jor shortcoming of B-type alloys is their 
poor resistance to oxidizing environments. 

low at all concentrations, in sulfuric acid the 
rate of corrosion is low up to a concentra- 
tion of 60-70%. 

The rates of corrosion of the Ni-Mo al- 
loys in Table 2-4 would be higher if the 
acidic electrolyte solutions were strongly 
aerated or contained oxidizing metallic cat- 
ions such as ferric and cupric ions. Because 

2.2.3.1 General Corrosion 
of Ni-Mo Alloys 

Effect of Electrolyte Composition 

Ni-Mo alloys do not develop a protective 
oxide film on their surface when exposed to 
oxidizing acidic solutions, the rate of corro- 
sion increases continuously as the electro- 
chemical potential is increased. Fig. 2-4 

Table 2-4 shows the rate of corrosion of 
B-2 and B-3 alloys, and other alloys, in sev- 
era1 boiling acidic solutions. Rates of cor- 
rosion of B-2 and B-3 alloys in acetic, for- 
mic, phosphoric, and hydrochloric acids are 

shows the rate of corrosion of B-3 alloy in 
deaerated and aerated 1 M HC1 solution as a 
function of temperature. In the aerated so- 
lution, the rate of corrosion is more than one 
order of magnitude higher than that in the 

Table 2-4. Comparative rate of corrosion in mpy and (mm year-') for Ni-Mo and other alloys in boiling acid 
solutions. 

Concentration B-3 B-2 C-276 Alloy 400 316L SS 

Acetic acid 

10% 0.2 (0.005) 
70% 0.2 (0.005) 
99% Glacial 0.7 (0.01 8) 

Formic acid 

40% 0.5 (0.013) 
88% 0.2 (0.005) 

Phosphoric acid 

10% 2.4 (0.061) 
50-55% 3 (0.076) 
85% 2.9 (0.074) 

Hydrochloric acid 

5% 3 (0.076) 
10% 5.2 (0.13) 
20% 11.3 (0.29) 

Sulfuric acid 

20% 0.6 (0.015) 
50% 1.1 (0.028) 
80% 187.5 (4.8) 

0.5 (0.013) 
0.3 (0.008) 
0.3 (0.008) 

0.7 (0.018) 
0.5 (0.013) 

2 (0.051) 
4 (0.10) 
3 (0.076) 

5 (0.13) 
7 (0.18) 
15 (0.38) 

0.7 (0.018) 
l(0.025) 
193 (4.9) 

0.4 (0.01) 

0.2 (0.005) 
- 

2.5 (0.064) 
1.3 (0.033) 

0.4 (0.01) 
6 (0.15) 
22 (0.56) 

143 (3.6) 
244 (6.2) 
202 (5.1) 

19.4 (0.49) 
143.5 (3.6) 
3100 (79) 

- 
- 

0.6 (0.015) 

2.1 (0.053) 
1 (0.025) 

1.3 (0.033) 
5.7 (0.14) 
218 (5.54) 

149 (3.8) 
457 (11.6) 
1,600 (41) 

105 (2.7) 
182 (4.6) 

0.7 (0.018) 

7.4 (0.19) 
- 

41.4 (1.05) 
19 (0.48) 

- 
14 (0.36) 

640 (16.3) 

6,000 (152) 
17,000 (432) 

72,000 (1,829) 

11,000 (279) 
21,000 (533) 
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Figure 2-4. General rate of corrosion of B-3 alloy in 
aerated and deaerated hydrochloric acid. 

Figure 2-5. The rate of corrosion of B-3 alloy mea- 
sured using 4 x 24 h immersion tests. 

deaerated solution. For the same reason, 
Ni-Mo alloys cannot be used to handle ox- 
idizing acids such as nitric acid (Table 2-3) 
and chromic acid. 

Fig. 2-5 shows the rate of corrosion of 
B-3 alloy as a function of the concentration 
of HCl at different temperatures. The rates 
of corrosion in Fig. 2-5 were measured by 
means of immersion tests in naturally aer- 
ated solutions, that is, the electrolyte was 
not purged with any type of gas. An impor- 
tant observation from Fig. 2-5 is that the rate 
of corrosion of B-3 alloy in HCl does not 
seem to be especially affected either by the 
acid concentration or the temperature. That 
is, the rate of corrosion in all the conditions 
tested was always below an accepted rate of 
corrosion of 10-12 mpy or0.30 mm year-’. 

Fig. 2-5 shows that, below the boiling 
point, as the temperature increases, the rate 
of corrosion at each acid concentration also 
increases. At each acid concentration two 
factors influence the rate of corrosion of 
B-3 alloy (Fig. 2-5), namely the dissolved 
oxygen content in the acidic solution and the 
temperature. The higher the dissolved oxy- 
gen content and the higher the temperature, 
the higher the rate of corrosion. It is known 

that as the electrolyte temperature increas- 
es, the dissolved oxygen content decreases, 
therefore increasing the temperature in- 
creases the rate of corrosion because of a 
positive activation energy but at the same 
time this effect is counterbalanced by the de- 
crease in the oxygen content of the electro- 
lyte. At the boiling point, when the solution 
is almost deprived of dissolved oxygen, the 
rate of corrosion seems to depend strongly 
on the acid concentration (the boiling tem- 
perature also depends on the acid concen- 
tration). At temperatures below the boiling 
point, the rate of corrosion does not increase 
linearly with acid concentration and seems 
to reach a maximum value at intermediate 
acid concentrations. This could again be the 
effect of dissolved oxygen, because as the 
electrolyte solution becomes more concen- 
trated, the solubility of oxygen in the solu- 
tion decreases (see behavior of alloy 400 in 
Fig. 2-1). 

Fig. 2-6 shows the rate of corrosion of 
B-3 alloy as a function of the concentration 
of boiling sulfuric acid. The rates of corro- 
sion of other engineering alloys are shown 
for comparative purposes. The figure shows 
that under the strongly reducing conditions 
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Figure 2-6. Rate of corrosion of B-3 and other alloys 
in boiling sulfuric acid solutions (4 x 24 h immersion 
tests). 

of boiling sulfuric acid at concentrations 
below 60%, B-3 alloy has a low rate of cor- 
rosion, especially compared with other al- 
loys. At concentrations above 60%, sulfur- 
ic acid starts to become oxidizing and so the 
rate of corrosion of B-3 alloy increases 
more rapidly as the concentration of acid in- 
creases. 

Fig. 2-7 shows the rate of corrosion of 
B-3 and other alloys in boiling hydro- 
chloric acid solutions. As for sulfuric acid 
(Fig. 2-6), B-3 alloy has the lowest rate of 
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Figure 2-7. Rate of corrosion of B-3 and other alloys 
in boiling hydrochloric acid solutions (immersion 
tests). 

corrosion in boiling hydrochloric acid solu- 
tions. 

Table 2-5 shows the rate of corrosion (im- 
mersion tests) of €3-3 alloy in HF and hydro- 
bromic acid (HBr). In boiling solutions the 
rate of corrosion of B-3 alloy in HBr is low- 
er than in HCl at the same concentration (Ta- 
ble 2-4). As for HCl (Fig. 2-5), at tempera- 
tures below the boiling point, the rate of cor- 
rosion of B-3 alloy in HF or HBr does not 
seem to depend very much on the concen- 
tration of the acid. 

Table 2-5. Rate of corrosion in mpy and (mm year-') of B-3 alloy in HF and HBr (Immersion Tests, 4x24 h 
for HBr and 1 x 24 h for HF). 

Temp ("C) Concentration of acid (%) 

1 2.5 3 5 10 20 

HF 

52 7.3 (0.19) - 9.1 (0.23) 8.8 (0.22) 9.1 (0.23) 11.7 (0.30) 
79 10 (0.25) - 11.9 (0.30) 12.4 (0.31) 16.3 (0.41) 20.7 (0.53) 

HBr 

66 - 10.4 (0.26) - 10.6 (0.27) 11.4 (0.26) 10.7 (0.27) 
Boiling - 0.7 (0.018) - 1.3 (0.033) 4 (0.10) 3.8 (0.097) 
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Polarization Resistance 

B-3 Alloy in 
Deaerated Solutions 

Effect of Temperature 

Fig. 2-8 shows the rate of corrosion of 
B-3 alloy, measured by means of electro- 
chemical tests, as a function of temperature 
for deaerated 1 M HCl and 1 M HBr solu- 
tions. Fig. 2-8 shows that the effect of tem- 
perature is greater in HC1 solutions than in 
HBr, i.e. the apparent activation energy for 
the rate of corrosion of B-3 alloy in HBr so- 
lutions is lower than that in HCl. 
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Figure 2-8. Rate of corrosion of B-3 alloy as a func- 
tion of temperature in HCI and HBr solutions. 

Figure2-9. Rate of corrosion of B-3 and C-2000 
alloys as a function of temperature (electrochemical 
tests). 

Fig. 2-9 shows the effect of the tempera- 
ture on the rate of corrosion of B-3 and 
C-2000 alloys in deaerated 1 M HC1 solu- 
tion. At temperatures below 65 "C the rates 
of corrosion of C-2000 and B-3 alloys are 
similar. As the temperature increases above 
65 "C, the increase in the rate of corrosion 
of C-2000 alloy is faster than that for B-3 al- 
loy, i.e. the apparent activation energy for 
the rate of corrosion of B-3 alloy in HC1 is 
lower than that for C-2000 alloy. 

2.2.3.2 Localized Corrosion 
of Ni-Mo Alloys 

Because Ni-Mo alloys do not develop a 
passivating oxide film on the surface, they 
do not suffer localized attack in the classical 
sense, such as the halide-induced pitting and 
crevice corrosion of stainless steels. In some 
service applications these alloys would not 
corrode uniformly but might develop some 
shallow cavities on their surface. These 
cavities could be the result of confined en- 
hanced corrosion as a consequence of micro 
galvanic couples with oxidizing agents or 
other impurities. 

Ni-Mo alloys are resistant to chloride-in- 
duced cracking in boiling magnesium chlo- 
ride solutions (Kolts, 1982; Hodge, 1983). 
When B-2 alloy and, to a lesser extent 
B-3 alloy, are exposed to temperatures in the 
range 550 to 850 "C, they loose ductility be- 
cause of a solid-phase transformation which 
forms ordered intermetallic phases such as 
Ni,Mo. The precipitation of these ordered 
phases changes the deformation mecha- 
nisms of the alloys making them suscepti- 
ble to environmentally induced cracking 
such as hydrogen embrittlement. The pre- 
cipitation of intermetallic phases can occur 
in the heat-affected zone during welding of 
B-2 alloy. It has been reported that B-2 al- 
loy failed by intergranular stress-corrosion 
cracking of the heat-affected zone when ex- 
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posed to organic solvents containing traces 
of sulfuric acid at 120 "C (Takizawa and Se- 
kine, 1985). It has also been reported that 
B-2 alloy was prone to transgranular stress- 
corrosion cracking in the presence of hydro- 
iodic acid (HI) above 177°C (Sridhar and 
Cragnolino, 1992). 

Studies of stress-corrosion cracking of B, 
B-2, and B-3 alloys in acidic solutions were 
conducted under laboratory and plant con- 
ditions (Nakahara and Shoji, 1996). The 
effects of electrochemical potential, cold 
work produced by drilling, and two differ- 
ent aging processes (that would simulate 
welding and the subsequent cooling cycle) 
were investigated. At anodic potentials 
(200 mV above the free corrosion potential) 
Nakahara and Shoji found transgranular fis- 
suring in all three alloys both for mill-an- 
nealed and aged materials. At cathodic PO- 

tentials (100 mV and400 mV below the free 
corrosion potential) they found intergranu- 
lar cracking only for the aged (sensitized) 
alloys. Because the amount of intergranular 
brittle cracking increased at the lower ap- 
plied cathodic potential, this environmen- 
tally induced cracking was attributed to hy- 
drogen embrittlement (Nakahara and Shoji, 
1996). 

2.2.4 Nickel-Chromium-Molybdenum 
Alloys 

Many Ni-Cr-Mo alloys are available 
commercially. All were derived from the 
original C alloy (N10002) which was intro- 
duced to the market in the cast form in 1932. 
Some of the wrought Ni-Cr-Mo alloys 
that are currently available are C-276, C-4, 
C-22, 686, 59, and C-2000 (see Table 2-1 
for compositions). These alloys have good 
resistance to corrosion in reducing environ- 
ments (effect of Mo) and in oxidizing envi- 
ronments (effect of Cr). The proportion of 
elements such as Mo and Cr is different in 

each of the alloys. Besides Ni, Cr, and Mo, 
some alloys such as C-276, C-22 and 686 
have tungsten (W), and another (C-2000) 
has a small amount of copper (Cu). The role 
of chromium in Ni-Cr-Mo alloys is the 
same as in stainless steels, i.e. it promotes 
the formation of a passive film under oxi- 
dizing conditions such as aerated acids. 
Copper, molybdenum and tungsten reduce 
the rate of corrosion of the alloys under 
active corrosion conditions. Molybdenum 
and tungsten also increase the mechanical 
strength of these alloys. C-276 alloy (16Cr- 
16Mo-4W) is the wrought Ni-Cr-Mo alloy 
that currently resembles most closely the 
original C alloy composition - and it is by 
far the most popular wrought Ni-Cr-Mo al- 
loy. Hastelloy C-276 alloy was developed in 
the late 1960s by reducing the carbon and 
silicon content of the original C alloy. Be- 
cause this reduction increased the thermal 
stability of the new C-276 alloy, in many ap- 
plications C-276 alloy was used in the as- 
welded condition whereas under the same 
conditions alloy C would have suffered 
intergranular attack in the heat-affected 
zone. Reduction of the silicon content also 
led to a decrease in the general rate of cor- 
rosion of the new alloy. Hastelloy C-22 al- 
loy, first commercialized in 1984, was an 
improvement over C-276 alloy both in cor- 
rosion resistance in oxidizing environments 
and in localized corrosion, e.g. halide-in- 
duced pitting and crevice corrosion. Hastel- 
loy C-2000 alloy was developed in the ear- 
ly 1990s to offer greater resistance to corro- 
sion under reducing conditions than, for ex- 
ample, C-22 alloy without sacrificing its re- 
sistance to oxidizing conditions (Crook, 
1996; Crook et al., 1997). 

As expected, laboratory testing shows 
that alloys with the largest quantities of 
chromium (C-22, C-2000 and 59) perform 
better under oxidizing conditions, and those 
with the largest amount of molybdenum per- 
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form better under reducing conditions. 
Some experts claim, however, that results 
from laboratory testing cannot be used to 
predict with certainty which alloy will be 
better in a chemical process stream with 
mixed contaminants, and that corrosion test- 
ing is required in a pilot plant or an actual 
operating facility (Dillon, 1997). 

2.2.4.1 General Corrosion 
of Ni-Cr-Mo Alloys 

Influence of the Alloying Elements 

Because of their versatility and good cor- 
rosion resistance under many different con- 
ditions, Ni-Cr-Mo alloys are the most 
widely used nickel-based alloys. Fig. 2-10 
shows the general rate of corrosion of 
Ni-Cr-Mo alloys in boiling sulfuric acid 
solutions at concentrations up to 50% (high- 
ly reducing conditions). As the acid concen- 
tration increases, the rate of corrosion in- 
creases. The effect of the alloying elements 
on the general or active rate of corrosion 
of Ni-Cr-Mo alloys can also be predicted 
from Fig. 2-10. C-4 alloy has a rate of cor- 
rosion similar to that of C-22 alloy because 
the Mo content in C-4 alloy is 16% and 
that of Mo + W in C-22 alloy is 16%. On the 
other hand, the rate of corrosion of C-276 
alloy is lower than that of C-22 and C-4 
alloys because the concentration of Mo + W 
is 20%. The lowest rate of corrosion corre- 
sponds to C-2000 alloy probably because of 
the beneficial effect of 1.6% Cu which 
seems to be more effective in reducing the 
rate of corrosion than 4% W in C-276 alloy. 
The effect of alloying elements such as W 
and Cu seem to be more pronounced at low- 
er acid concentrations. 

Fig. 2-1 1 shows the rate of corrosion of 
Ni-Cr-Mo alloys in boiling HC1 solutions 
at concentrations below 5% (highly reduc- 
ing conditions). The corrosion behavior of 
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Figure 2-10. General rate of corrosion of Ni-Cr-Mo 
alloys in sulfuric acid under reducing conditions. 
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Figure 2-11. General corrosion of Ni-Cr-Mo alloys 
in boiling hydrochloric acid. 

Ni-Cr-Mo alloys in reducing hydrochloric 
acid is similar to their behavior in reducing 
sulfuric acid, i.e. the presence of alloying 
elements such as Mo, W, and, especially, Cu 
seems be important in reducing the rate of 
corrosion of these nickel-based alloys in re- 
ducing acids. Fig. 2-1 1 shows that in boil- 
ing HC1 at concentrations below 5%,  C- 
2000 alloy has the lowest rate of corrosion. 
Even though Figs 2-10 and 2-1 1 show that 
C-2000 has the lowest rate of corrosion for 
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a Ni-Cr-Mo alloy in reducing sulfuric and 
hydrochloric acids, Figs 2-6 and 2-7 show 
that under similar conditions the rate of cor- 
rosion of an Ni-Mo alloy such as B-3 would 
still be lower than that of any Ni-based al- 
loy. 

Influence of Electrolyte Composition 

Table 2-6 shows the rate of corrosion of 
several Ni-Cr-Mo alloys in sulfuric and 
hydrochloric acid solutions. Similarly to 
Ni-Cu and Ni-Mo alloys, at the same tem- 
perature the rate of corrosion of Ni-Cr-Mo 
alloys is higher in hydrochloric acid than in 
sulfuric acid of similar composition. In gen- 
eral, Table 2-6 shows that rates of corrosion 
in HCl and H,SO, solutions increase in 
the order alloy 686 < alloy 59 < C-22 alloy 
both under reducing conditions and for 80% 
H2SO4 solution. Again the rate of corrosion 
under reducing conditions decreases as the 
amount (percentage) of Mo or Mo + W in- 
creases in the alloys. In 686 alloy Mo + W = 

20, in alloy 59 Mo + W = 16 and in C-22 
alloy Mo + W = 16 (Table 2-1). The corro- 
sion data in Table 2-6 suggest that Mo is 
more effective than W at reducing the rate 
of corrosion of Ni-Cr-Mo alloys in reduc- 
ing acids. 

Fig. 2-12 shows the rate of corrosion of 
C-2000 alloy in hydrochloric and hydroflu- 
oric acids, measured by means of immersion 
tests (24 h for HF and 4x24 h for HC1). 
Fig. 2- 12 shows that whereas the rate of cor- 
rosion of C-2000 alloy in hydrochloric acid 
solutions is a strong function both of the 
temperature and of the concentration of ac- 
id, in hydrofluoric acid the rate of corrosion 
of C-2000 alloy does not change substan- 
tially with the temperature and/or acid con- 
centration. 

Fig. 2-13 shows the rate of corrosion of 
C-2000 and B-3 alloys in pure sulfuric and 
hydrochloric acids and in the same acids 
contaminated with ferric ions. Fig. 2-13 
shows that the rate of corrosion of B-3 
alloy in 10% sulfuric acid increases by 

Table 2-6. Rate of corrosion in mpy and (mm year-') of Ni-Cr-Mo alloys in HCl and H2S04 solutions, mea- 
sured by means of 4x 24 h immersion tests. 

C-22 Alloy Alloy 686 
~ 

Alloy 59 

5% HCI, 66 "C 
5% HCl, 79 "C 
5% HCI, 93 "C 

10% HCI, 66 "C 
10% HCI, 79 "C 
10% HCl, 93 "C 
10% HCI, boiling 

10% H2S04, 79 "C 
10% H2S04, 93 "C 
10% H2S04, boiling 

50% H2S04, 79 "C 
50% H2S04, 93 "C 
50% H2S04, boiling 

80% H2S04, 79 "C 
80% H2S04, 93 "C 

17.3 (0.44) 
56.6 (1.44) 
119 (3.02) 

38.4 (0.98) 
78.3 (1.99) 
173 (4.39) 
460 (11.7) 

0.6 (0.015) 
1.6 (0.04) 
11.3 (0.29) 

15.9 (0.40) 
30.5 (0.77) 
393 (9.98) 

56.5 (1.44) 
85 (2.16) 

0.5 (0.013) 
21.6 (0.55) 
51.6 (1.31) 

19.6 (0.50) 
- 
- 

- 

0.5 (0.013) 
l(0.025) 

2.7 (0.069) 

1.3 (0.033) 
15.2 (0.39) 
180 (4.57) 

3.9 (0.099) 
29.8 (0.76) 

- 

0.3 (0.008) 
94.8 (2.41) 

23.5 (0.60) 
- 

- 
346 (8.79) 

0.2 (0.005) 
0.4 (0.01) 
5.4 (0.14) 

l(0.025) 
26.1 (0.66) 
205 (5.21) 

3 1.3 (0.80) 
65.4 (1.66) 
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Figure 2-13. Rates of corrosion of B-3 and C-2000 
alloys in HCI and H,SO, contaminated with ferric 
ions. 

more than two orders of magnitude when 
500 ppm ferric ions are added to the elec- 
trolyte solution. On the other hand, the 
rate of corrosion of C-2000 alloy in 10% 
HC1 solution decreases from approximate- 
ly 300 mpy to less than 10 mpy when the ac- 
id is contaminated with 50 ppm ferric ions. 
For C-2000 alloy, when ferric ions are add- 
ed to the acidic solution the corrosion po- 

tential moves from the active to the passive 
region of the potentials thus reducing the 
rate of corrosion. B-3 alloy does not, how- 
ever, passivate and so the rate of corrosion 
increases as the mixed potential increases. 
C-2000 and other Ni-Cr-Mo alloys that 
contain high proportion of chromium are 
recommended for use when acidic oxidiz- 
ing electrolytes are encountered. Fig. 2- 14 
shows the potentiodynamic polarization 
curves of B-3 and C-2000 alloys in 1 N 

H,SO, solution at 66°C. Although the al- 
loys behave similarly in the cathodic range 
of potentials, behavior is totally different 
in the anodic range. When C-2000 alloy is 
polarized anodically, passivation occurs in 
a region of potentials of approximately 
800 mV. For B-3 alloy, on the other hand, 
the current increases continuously as the 
anodic potential increases. 

Figs 2-10 and 2-1 1 and Table 2-6 show 
that the rates of corrosion of Ni-Cr-Mo al- 
loys are higher in HC1 solutions than in 
H,S04 of similar composition. Fig. 2- 13 al- 
so shows that in the pure acids the rates of 
corrosion of both B-3 and C-2000 alloys are 
higher for hydrochloric acid than for sulfur- 
ic acid. Fig. 2-15 shows the rates of corro- 
sion of B-3 and C-2000 alloys in sulfuric ac- 
id solutions and in sulfuric acid solutions 
contaminated with chloride ions (added as 
NaC1). The presence of chloride ions in- 
creases the rate of corrosion of nickel-based 
alloys and the increase seems to be more 
pronounced in a Ni-Cr-Mo alloy such as 
C-2000 than in a Ni-Mo alloy such as B-3. 
Similar detrimental effects of chloride ions 
have been reported in the literature for nick- 
el (Zamin and Ives, 1973; Bengali and Nobe, 
1979; Real et al., 1990; KO et al., 1991), and 
for Fe-Ni and Fe-Cr alloys (Lizlovs and 
Bond, 1971; Raicheff et al., 1982). It is gen- 
erally accepted that chloride increases the 
rate of corrosion of metals because of its 
complexing capacity. 
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Figure 2-14. Potentiodynamic polarization curves of 
B-3 and C-2000 alloys. 
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Figure 2-15. Effect of chloride ions on the rate of cor- 
rosion of B-3 and C-2000 alloys. 

2.2.4.2 Localized Corrosion 
of Ni-Cr-Mo Alloys 

A major limitation of stainless steels is 
their susceptibility to chloride-induced lo- 
calized attack such as crevice corrosion, pit- 
ting corrosion, and stress-corrosion crack- 
ing. Ni-Cr-Mo alloys are the most resist- 
ant Ni-based alloys to the classic chloride- 
induced localized corrosion that troubles the 

stainless steels. Ni-Cr-Mo alloys do not all 
have the same resistance to localized attack. 
It is known that the addition of elements 
such as chromium, molybdenum, tungsten, 
and nitrogen are beneficial to the resistance 
of alloys to pitting and crevice corrosion. It 
is, moreover, also known that the correct 
balance or proportion of the beneficial al- 
loying elements is necessary - too much of 
one element does not compensate for the 
lack of another. 

Pitting and Crevice Corrosion 
of Ni-Cr-Mo Alloys 

Pitting corrosion is an insidious type of 
localized corrosion in which cavities appear 
on a smooth passivated surface. Crevice 
corrosion is another type of localized attack 
in which the attack is on metal surface that 
is not exposed to the bulk solution but is im- 
mediately below the border, under a cre- 
viced or occluded region (such as under a 
gasket). From the environmental point of 
view, both types of attack depend on the con- 
centration of halides (especially chloride), 
the electrochemical potential, and the tem- 
perature. Table 2-7 shows the rate of corro- 
sion of several alloys according to the stan- 
dard ASTM G 28 tests and for the green- 
death and yellow-death solutions (see Sec- 
tion 2.1.1). 

Table2-7 shows that in the ASTM 
G 28 A solution (highly oxidizing) the rate 
of corrosion seems to be inversely propor- 
tional to the chromium content of the alloy 
(Table 2-1). For alloys that contain the same 
amount of chromium, e.g. C-276 and C-4, 
the rate of corrosion of C-276 is greater than 
that of C-4, suggesting that the presence of 
tungsten is not beneficial in highly oxidiz- 
ing environments. On the other hand, in the 
G 28 B solution which is not as oxidizing 
but contains chlorides that can promote pit- 
ting corrosion, the rate of corrosion of C-4 
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Table 2-7. Rate of corrosion in mpy and (mm year-') in boiling solutions. 

ASTM G 28 A ASTM G 28 B Green death Yellow death 

c-2000 
c-22 
C-276 
c-4 
686 
59 
625 
600 
20Cb-3 
G-30 
825 
Ti Gr 2 
Zr-702 
316L SS 

26 (0.66) 
40 ( 1  .O) 
250 (6.4) 
143 (3.6) 

24 (0.61) 
23 (0.58) 

10 (0.25) 
7 (0.18) 
8 (0.20) 

290 (7.4) 
0.1 (0.003) 
28 (0.71) 

- 

- 

4 (0.10) 
8 (0.20) 
55 (1.4) 

2,155 ( 5 5 )  
12 (0.30) 
4 (0.10) 

2,406 (61) 

2,720 (69) 
2,053 (52) 

25.8 (0.66) 
139 (3.5) 

3,170 (81) 

- 

- 

- 

2.8 (0.07) 
40 (1 .O) 
890 (23) 

5 (0.13) 
1,650 (42) 
3,674 (93) 
2,755 (70) 
930 (24) 

1,977 (50) 
3 (0.08) 
151 (3.8) 

3,687 (94) 

- 

- 

0.7 (0.018) 
1 (0.025) 

0.2 (0.005) 
- 
- 

19.6 (0.50) 
23 (0.58) 

30.3 (0.77) 

34.2 (0.87) 
0.1 (0.003) 
0.1 (0.003) 

- 

- 

alloy is greater than the rate of corrosion of 
C-276 alloy suggesting that the presence of 
tungsten is beneficial against pitting corro- 
sion. The high rates of corrosion of the stain- 
less steels, and of alloys G-30 and C-4, for 
example, indicate that these alloys undergo 
pitting corrosion under the tested conditions. 

Table 2-8 shows the critical pitting and 
crevice temperatures of several alloys in 
ASTM G 48, green-death, and yellow- 
death solutions. Even though, the critical 
temperatures reported in the literature vary 

slightly, depending on the laboratory con- 
ducting the tests, Table 2-8 shows that there 
is a group of Ni-Cr-Mo alloys with the 
highest critical temperatures for pitting and 
crevice corrosion. The alloys most resistant 
to localized attack (C-2000, C-22,686, and 
59) have a chromium content higher than 
20% and 13 to 16% molybdenum. Addition- 
ally, 686 and C-22 alloys also contain 4 and 
3% tungsten, respectively. 

After identifying the elements that gave 
stainless steels resistance to pitting corro- 

Table 2-8. Critical pitting (CPT) and crevice (CCT) temperatures in "C. 

ASTM G 48, ASTM G 48, Green death, Yellow death, Yellow death, 
CPT CCT CPT CPT CCT 

c-2000 
c-22 
686 
59 
C-276 
c-4 
625 
20Cb-3 
(3-30 
825 
316L S S  

30 
20 

- 

70 
>85 
>85 
45 

30 

5 
< O  

110 
120 

> 120 
110 
90 
75 

- 

- 

- 

25 

150 
140 
90 
25 
70 
25 
20 

95 
102 

70 
50 
50 

<-5 
40 

<-5 
< -5 
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sion, researchers developed a pitting resis- 
tance equivalent (PRE) to rate the resistance 
of stainless steels to localized corrosion 
(Sedricks, 1986; Levey and van Bennekom, 
1995; Agarwal and Kohler, 1997). As PRE 
for the alloy increased, the resistance to lo- 
calized corrosion increased. One of the for- 
mulas most commonly used for PRE is: 

PRE = %Cr + 3.3 x %Mo + 20 x %N 

Fig. 2- 16 shows the critical pitting tem- 
perature in the green- and yellow-death so- 
lutions as a function of PRE for several al- 
loys. Although the beneficial effect of chro- 
mium and molybdenum in nickel-based al- 
loys is well known (Asphahani, 1980; Post- 
lethwaite et al., 1988), Fig. 2-16 shows that 
for these alloys, the relationship between the 
critical pitting temperature and the PRE 
number is not linear, especially for the 
green-death solution. For example, al- 
though C-276 alloy has a higher PRE num- 
ber than C-22 alloy, the latter is more resist- 
ant to localized corrosion. 

20 40 60 80 
PFiE = Cr + 3.3 Mo + 20N 

Figure 2-16. Critical pitting temperature as a func- 
tion of the pitting resistance equivalent (PRE). 

As a consequence of its excellent resis- 
tance to localized corrosion (Gruss et al., 
1998; Rebak and Koon, 1998), C-22 alloy 
was selected by the Department of Energy 
(USA) for the inner wall of the high-level 
nuclear waste containers to be buried per- 
manently at the Yucca Mountain site 
(McCright and Clarke, 1998). 

Stress- Corrosion Cracking 
of Ni-Cr-Mo Alloys 

Like other nickel-based alloys, 
Ni-Cr-Mo alloys are resistant to chloride- 
induced stress-corrosion cracking (SCC). 
Although SCC was occasionally reported, 
cracking only occurred under very aggres- 
sive conditions, e.g. temperatures higher 
than 200°C and pH lower than 4 (Kolts, 
1987). U-bend specimens of C-2000, C-22, 
and C-276 alloys were not susceptible to 
cracking in boiling (154°C) 45% MgCl, 
solution after 1008 h testing (ASTM G 30). 
C-276 and C-4 alloy were free from crack- 
ing in 25% NaCl solution at 232°C; how- 
ever, these alloys were susceptible to crack- 
ing in MgC1, solution of same chloride con- 
tent at the same temperature (Kolts, 1982). 
C-22 alloy was immune to SCC in 20.4% 
MgCl, solution up to 232"C, even in the 
50% cold-reduced condition and in the 50% 
cold-reduced plus aged at 500 "C for 100 h 
condition. Laboratory testing using U-bend 
specimens had shown that Ni-Cr-Mo al- 
loys such as C-276 alloy were susceptible 
to SCC in 48% HF at 93 "C both in the liq- 
uid and the vapor phase. 

Nickel-based alloys are known to be sus- 
ceptible to caustic cracking. Under condi- 
tions of slow strain rate, C-276 alloy was 
susceptible to transgranular cracking in 
50% NaOH at 147 "C (Asphahani, 1979), 
although cracking was not observed for C- 
shape coupons of C-22 alloy (ASTM G 39), 
mill annealed and aged for 24 h at 677 "C, 
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after immersion in 50% NaOH solution at 
147 "C for 720 h. 

When Ni-Cr-Mo alloys are aged for 
a long time at temperatures higher than 
600 "C long-range ordering reactions and 
precipitation of an intermetallic p phase can 
occur. The occurrence of these solid-state 
reactions during aging would reduce the 
ductility of Ni-Cr-Mo alloys. For example, 
for annealed C-276 alloy, the yield stress 
(YS) at room temperature is 360 MPa, the 
ultimate tensile stress (UTS) is 807 MPa, 
the elongation to rupture is 63%; however, 
for a C-276 alloy aged for 16000 h at 
760"C, the YS increases to 476 MPa, the 
UTS increases to 894 MPa and the elonga- 
tion to rupture decreases to 10%. It has 
been reported that aged C-276 alloy is sus- 
ceptible to hydrogen-induced cracking in 
environments containing hydrogen sulfide 
(H2S) (Kane et al., 1977; Sridhar et al., 
1980). 

2.2.5 Nickel-Chromium-Iron Alloys 

This is one of the largest groups of nick- 
el-based alloys because it covers Inconel 
600, Incoloy 825 and Hastelloy G-30-type 
alloys (Table 2-1). Ni-Cr-Fe alloys, and 
also Ni-Cr-Fe-Mo-Cu alloys, find simi- 
lar applications to the Ni-Cr-Mo alloys. In 
general, Ni-Cr-Fe alloys are more resist- 
ant to corrosion than stainless steels but less 
resistant than Ni-Cr-Mo alloys. For exam- 
ple alloy 600 can be used to handle hot wa- 
ter containing chlorides because its nickel 
base makes it resistant to the chloride crack- 
ing that affects the stainless steels. Al- 
loy 600, however, has a low chromium con- 
tent and contains no molybdenum and is, 
therefore, not resistant to pitting and crevice 
corrosion in oxidizing atmospheres and in 
reducing acids. 

Although alloy 600 was widely used for 
the tubes in the steam generators in nuclear 

power plants, it has subsequently been 
found to suffer stress-corrosion cracking in 
high temperature (>300 "C) pure water both 
in service and in the laboratory. Alloy 600, 
like other nickel-based alloys, also suffers 
stress-corrosion cracking in hot caustic so- 
lutions (150-200 "C). Alloy 690, which 
contains twice as much chromium as al- 
loy 600, has been found to be more resist- 
ant than alloy 600 to high-temperature 
cracking in pure water and in caustic solu- 
tions. Incoloy 825 alloy is more resistant to 
stress-corrosion cracking than stainless 
steels because of its higher nickel content. 
Hastelloy G-30 alloy has good resistance to 
corrosion in reducing acids by virtue of its 
molybdenum and copper content and in ox- 
idizing conditions because of its high chro- 
mium content (30%). The presence of mo- 
lybdenum in G-30 alloy gives it a good re- 
sistance to localized attack in chloride-con- 
taining environments even though other al- 
loys, such as C-22, are more resistant than 
G-30 alloy to chloride-induced localized at- 
tack. 

2.2.5.1 General Corrosion 
of Ni-Cr-Fe Alloys 

Because of its high nickel content (75%), 
alloy 600 is regarded as similar to nickel for 
applications such as hot caustic solutions 
and dry chlorine. Table 2-2 shows that the 
rate of corrosion of alloy 600 in boiling 10% 
sodium hydroxide is the same as that of 
Ni 200. Although it is known that the pas- 
sivating effect of chromium is less effective 
in nickel-based alloys than in iron-based al- 
loys (stainless steels) (Friend, 1980), under 
some oxidizing conditions, alloy 600 has 
greater resistance to corrosion than Ni 200 
because of the modest chromium content of 
alloy 600 (15.5%). Table 2-3 shows that the 
rate of corrosion of alloy 600 in boiling 10% 
nitric acid is at least four orders of magni- 
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tude lower than the rate of corrosion of 
Ni 200. Nonetheless, other Ni-Cr-Fe al- 
loys such as alloy 825 (Table 2-3) and G-30 
alloy are more resistant to oxidizing corro- 
sion than alloy 600, because of their higher 
chromium content. 

Fig. 2-17 shows the rates of corrosion of 
alloy 600 and G-30 alloy as functions of the 
concentration of hydrochloric acid and of 
the temperature. For both alloys, as the tem- 
perature and acid concentration increase the 
rate of corrosion increases. At each acid 
concentration and temperature the rate of 
corrosion of G-30 alloy is lower than that of 
corrosion of alloy 600. Alloy 600 contains 
only nickel, chromium, and iron whereas G- 
30 alloy also contains 5% Mo, 2.5% W and 
2% Cu, elements that reduce the rate of cor- 
rosion of alloys in acids under reducing con- 
ditions. Fig. 2-17 shows that, for industrial 
applications, alloy 600 and G-30 alloy can 
be used in up to 10% hydrochloric acid at 
ambient temperatures only, and G-30 alloy 
could probably be used to handle all con- 
centrations of HCl at room temperature and 
1% HCl up to the boiling point. 

181 1 
0 

Hydrochloric Acid (k) 
Figure 2-17. Rates of corrosion of alloy 600 and G- 
30 alloy in hydrochloric acid solutions. 

Fig. 2-18 shows the rates of corrosion of 
alloys 600, 825 and G-30 as a function of 
the concentration of sulfuric acid. For boil- 
ing solutions the highest rate of corrosion 
was observed for alloy 600, and the lowest 
for alloy 825. The rate of corrosion in boil- 
ing sulfuric acid seems to reduce as the iron 
content of these alloys increases. At a low- 
er temperature of 79 "C the rate of corrosion 
of G-30 alloy is lower than the rate of cor- 
rosion of alloy 825 for acid concentrations 
lower than 50% and higher for acid concen- 
trations higher than 70%. At concentrations 
higher than 70%, sulfuric acid becomes ox- 
idizing, for which the higher content of iron 
in alloy 825 could be beneficial and the 
presence of 2.5% W in G-30 alloy could be- 
come detrimental. 

Fig. 2-18 shows that alloys 825 and G-30 
could be used to handle sulfuric acid up to 
a concentration of 70% at temperatures low- 
er than 80 "C. On the other hand, alloy 600 
can only be used to handle sulfuric acid at 
ambient temperatures. 

Table 2-9 shows the rates of corrosion of 
alloys 600, 825 and G-30 in acetic, formic, 
phosphoric, and nitric acids. The table 
shows that the rate of corrosion in boiling 
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Figure 2-18. Rates of corrosion of alloys 600, 825 
and G-30 in sulfuric acid. 
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Table 2-9. Rate of corrosion in mpy and (mm year-') of alloys 600, 825 and (3-30 in reducing and oxidizing 
boiling acidic solutions (4 x 24 h immersion tests). 

Alloy 600 Alloy 825 (3-30 Alloy 

99% Acetic acid. 
88% Formic acid. 

55% H3P04. 
85% H3P04.  

10% HNO,. 
6 5 8  HNO,. 

8.3 (0.21) 2.2 (0.056) 1 (0.025) 
14.5 (0.37) 2.8 (0.071) 2.1 (0.053) 

51.3 (1.3) 6 (0.15) 2.9 (0.074) 
1,809 (45.9) 45.2 (1.15) 33 (0.84) 

1.05 (0.027) 0.47 (0.012) 0.1 (0.003) 
2,964 (75.3) 5.55 (0.14) 6.7 (0.17) 

concentrated acetic and formic acids is high- 
est for alloy 600 and the lowest for G-30 al- 
loy. For commercial applications, however, 
all three alloys can be used to handle these 
organic acids. Table 2-9 shows that the rate 
of corrosion under reducing conditions 
(acetic, formic and 55% phosphoric acids) 
is lowest for G-30 alloy, for which 
W + Cu + Mo = 9.5 and highest for al- 
loy 600, which contains none of these ele- 
ments. For oxidizing conditions such as 
boiling 10% nitric acid, the rate of corrosion 
is inversely proportional to the content of 
chromium in the alloy. Inversion of behav- 
ior for alloy 825 and G-30 alloy is observed 
for 65% nitric acid, similarly to the corro- 
sion behavior observed in concentrated sul- 
furic acid (Fig. 2-18). 

2.2.5.2 Localized Corrosion 
of Ni-Cr-Fe Alloys 

Table 2-10 shows the rates of corrosion 
of alloys 600 and 825 and G-30 alloy in the 

green-death solution and in the Streicher 
test (ASTM G 28 A) (see Section 2.1.1). In 
both solutions the lowest rate of corrosion 
was observed for G-30 alloy and the high- 
est for alloy 600. Alloy 600 is not very re- 
sistant to localized attack, such as crevice 
and pitting corrosion, because it contains 
only 15.5% Cr and does not contain other 
beneficial elements such as molybdenum or 
tungsten. The critical pitting temperature 
(CPT) of G-30 alloy in the yellow-death so- 
lution (see Section 2.1.1) is 70°C whereas 
the CPT for alloy 825 in the same solution 
is 25 "C. During the screening of candidate 
materials for nuclear waste containers, by 
use of potentiodynamic polarization tests 
in acidic 10% NaCl solution at 90°C, it 
was shown that G-30 alloy had much lower 
susceptibility to pitting corrosion than al- 
loy 825 (Roy et al., 1998). G-30 alloy is 
more resistant to pitting corrosion than al- 
loy 825, because of to its higher chromium 
and molybdenum content, plus the addition- 
al 2.5% tungsten (Table 2-1). 

Table 2-10. Rates of corrosion in mpy and (mm year-') of alloys 600, 825 and G-30 in oxidizing solutions. 

Alloy 600 Alloy 825 G-30 Alloy 

Green death. 23 "C 1,094 (27.8) 16.08 (0.41) 0.1 (0.003) 
Green death. 70 "C 1,827 (46.4) 626 (15.9) 250 (6.4) 
Green death. boiling 3,674 (93.3) 1,928 (49) 927 (23.5) 
ASTM G 28 A 42.5 (1.08) 8.7 (0.22) 6.89 (0.18) 
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Because of its high nickel content (76%), 
alloy 600 is resistant to stress-corrosion 
cracking in chloride-containing solutions; 
alloy 600 is, however, susceptible to local- 
ized attack in hydrofluoric acid-containing 
environments (Pawel, 1994). Because of its 
importance in the nuclear industry, the stress 
cracking of alloys 600 and 690 in pure wa- 
ter and in caustic solutions has been widely 
researched in the last 30 years (Szklarska- 
Smialowska and Rebak, 1996). In general, 
alloy 690 is more resistant to cracking than 
alloy 600, probably because of its higher 
chromium content (29%). The susceptibil- 
ity to cracking of alloys 600 and 690 de- 
pends on environmental factors such as tem- 
perature, level of tensile stresses, presence 
of hydrogen gas, solution pH and electro- 
chemical potential, and metallurgical fac- 
tors, such as the amount of cold work and 
heat-treatment. Cracking in alloy 600 can 
be intergranular or transgranular. 

Slow strain-rate tests and U-bend tests 
have shown that alloy 825 is susceptible to 
transgranular stress-corrosion cracking in 
45% MgCl, solutions at temperatures above 
146 "C. Alloy 825 is, however, more resist- 
ant to cracking than 316L stainless steel. 
Data on the stress-corrosion cracking be- 
havior of G-30 alloy is scarce. Although it 
has been shown that U-bend specimens of 
G-30 alloy did not crack after exposure for 
500 h in 45% MgCl, solution at 154"C, it 
has been found that this alloy can suffer 
cracking under the aggressive conditions 
encountered in supercritical water oxidation 
(SCWO) treatment. 

2.2.6 Cast Nickel-Based Alloys 

Versions of many wrought nickel-based 
alloys are available in cast form. The spec- 
ifications for the castings are given in the 
ASTM A 494 standard. Table 2-1 1 gives 

Table 2-11. Approximate chemical composition of cast nickel-based alloys. 
~~ 

ASTM A 494 designation Approximate chemical composition Corresponding 
wrought alloys 

Ni alloys 

cz- 100 

Ni-Cu alloys 

M-35-1 

Ni-Mo alloys 

N- 12MV 

95Ni"- ICb-2Si b- 1.25Cub-3Feb Ni 200 

Balance Ni-0.35Cb- 1.25Sib-300-3.5Feb-0.5Nbb Alloy 400 

Balance Ni-0.12Cb- lSib-28Mo-5Fe- 1Cr B-2 

Ni-Cr -Mo alloys 

CW- 12MW Balance Ni-0. 12Cb- lSib- 17Mo-6Fe- 16.5Cr-4.5W C-276 
CW-2M Balance Ni-0.02Cb-0.8Sib-16Mo-2Feb- 16Cr-lWb c - 4  
CX2MW Balance Ni-0.02C b-0.8Sib- 13.5Mo-4Fe-22Cr-3W c-22 

Ni-Cr-Fe alloys 

CY-40 Balance Ni-0.4Cb-3Sib- 11Fe b-15.5Cr Alloy 600 

" Minimum: Maximum. 
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the composition of the most popular cast 
nickel-based alloys and the approximate 
equivalent to the wrought versions. The 
main difference between the chemical com- 
positions of the cast alloys (Table 2-1 1)  and 
their wrought cousins (Table 2-1) is in the 
amount of undesirable impurities such as 
carbon and silicon. Carbon is naturally 
present in the melt and cannot be removed 
without special treatment such as ar- 
gon-oxygen decarburization (AOD). Sili- 
con is necessary in the melt because it con- 
tributes to fluidity during pouring and fill- 
ing of the molds. 

The cast versions of the nickel-based al- 
loys do not have the same corrosion resis- 
tance as the corresponding wrought prod- 
ucts, mainly because of the higher carbon 
and silicon contents and the anisotropic mi- 
crostructure of the cast products. Carbon 
promotes the formation of carbides and sil- 
icon is associated with the precipitation of 
intermetallics, such as p phase. Both secon- 
dary-phase compounds are formed during 
the slow cooling of the cast parts in the 
molds. After casting, high-temperature so- 
lution-annealing then water-quenching is 
necessary to remove the secondary phases. 
The necessary heat treatment will depend on 
the previous history of the castings (silicon- 
content, cooling-rate of the mold, etc.). For 
example, for a CX-2MW cast containing 

0.52% Si, a 20 min anneal at 1232 "C then 
water quenching was required to redissolve 
most of the original precipitates. Good per- 
formance of a cast nickel-based alloy gen- 
erally depends on the microstructural qual- 
ity (amount of interdendritic segregation, 
secondary carbides, intermetallic phases) of 
the castings; failures are commonly attrib- 
uted to inappropriate casting techniques 
and/or heat treatment. The rates of corrosion 
of cast alloys therefore vary significantly 
from one cast to another even though the 
overall composition of the cast part is the 
same. 

Table 2-12 lists comparative rates of cor- 
rosion of several cast alloys and the rates of 
corrosion of the corresponding wrought al- 
loys. In general, for all environments the 
rates of corrosion of the wrought alloys are 
below those of the cast versions. The small- 
est difference in behavior was for the CW- 
2M/C-4 pair. For the other two alloys in 
Table 2-12, the rate of corrosion of the 
wrought material was considerably lower 
than that of the cast version, especially in 
oxidizing solutions containing chlorides 
(ASTM G 28 B and boiling 10% FeCl,). 
The corrosion behavior of cast and wrought 
material was reversed in the boiling 65% ni- 
tric acid (oxidizing conditions), probably 
because of the beneficial effect of silicon in 
the cast alloys. 

Table 2-12. Rates of corrosion, in mm year-', of cast and wrought alloys. The cast alloys were annealed for 
20 min at 1232 "C then water-quenched. 

Environment CW- 12MW C-276 CW-2M c-4 CX2MW C-22 

ASTM G 28 A 26.8 6. I 5 4.2 1.8 0.6 
ASTM G 28 B 46.5 1.4 54.6 58.3 0.7 0.18 

10% H2S0,, boiling 0.4 0.58 0.5 0.79 0.7 0.28 
30% H2S0,, boiling 2 1.4 1.7 1.8 2.8 1.6 

10% HCI, boiling 21.8 7.3 5.9 5.8 17.6 10.2 

65% HNO,, boiling 20.5 22.6 11.9 1.35 3 5.5 
10% FeCl,, boiling 43.2 0.1 96.6 6.8 4 0.02 
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2.3 Cobalt-Based Alloys 

Most cobalt-based alloys in industrial use 
are derivatives of the experimental cobalt- 
based alloys produced by Elwood Haynes 
almost a century ago (Crook, 1985; Uhlig 
and Revie, 1985). The most important ap- 
plications of cobalt-based alloys are under 
conditions of wear or erosion in the pres- 
ence of a corrosive environment. Cobalt- 
based alloys have high yield-strengths, high 
work-hardening rates, and limited fatigue 
damage under cyclic stresses. One of the 
most important alloying elements in cobalt- 
based alloys is chromium which provides 
passivating resistance to corrosion. In co- 
balt-based hardfacing alloys chromium al- 
so acts as the primary carbide former. Mo- 
lybdenum and tungsten provide strength, 
general corrosion resistance in reducing ac- 
ids, and resistance to localized corrosion, as 
well as being good carbide formers. Nickel 
helps stabilize the fcc structure for service 
cases where improved ductility is needed. 
The main resistance to wear of the cobalt- 
based alloys is conferred by the cobalt it- 
self. Cobalt has a low stacking-fault energy 
which favors planar slip over cross slip of 
the dislocations. As a result of this deforma- 
tion mechanism the alloy work-hardens rap- 
idly (McKee and Wu, 1997). The stable 
crystalline structure of cobalt at room tem- 
perature is, moreover, hcp; the high-temper- 
ature fcc structure is, however, usually re- 
tained in the commercial wrought alloys. 
The excellent resistance of cobalt-based al- 
loys to galling is attributed to their ability 
to absorb stress by allotropic transformation 
(from fcc to hcp) and twinning. Galling re- 
sistance is also attributed to the planar slip 
mechanism which circumscribes the dam- 
age to the outer surface thus avoiding frac- 
ture paths deep into the material. The com- 
bination of these mechanisms results in the 
excellent resistance of cobalt-based alloys 

to cavitation, erosion-corrosion, and sliding 
wear (Crook, 1985). The relative resistance 
of cobalt-based alloys to wear compared 
with other alloys can be evaluated, for ex- 
ample, by use of the ASTM G 32 (cavita- 
tion-erosion) and ASTM G 65 (abrasion) 
methods. For example, after a 24 h test the 
erosion depth of C-276 alloy was 16 times 
higher and the erosion depth of 3 16L SS was 
26 times higher than those of Ultimet and 
6B alloys (Crook, 1997). 

The harder and less ductile cobalt-based 
alloys are often used as hardfacing materi- 
als under conditions when resistance to 
abrasive wear is needed. Some hardfacing 
alloys contain approximately 1-3% carbon, 
which is needed for carbide formation. Car- 
bide-forming cobalt-based alloys have been 
in existence for almost one hundred years 
and are generally known by the commercial 
name of Stellite alloys. Other cobalt based 
hardfacing alloys contain from 2 to 3% 
silicon (Si), which participates in the for- 
mation of intermetallic Laves phases in 
the form of Mo(Co,Si), (Betteridge, 1982; 
McKee and Wu, 1997). The cobalt based 
intermetallic alloys are generally known as 
Tribaloy alloys. Besides hardfacing weld 
overlays, both the Stellite and Tribaloy al- 
loys can be also used as castings and as pow- 
der metallurgy parts. 

The most popular commercial wrought 
cobalt-based alloys are listed in Table 2- 13. 

2.3.1 General Corrosion 
of Cobalt-Based Alloys 

The electrochemical behavior of cobalt is 
similar to that of nickel (Pourbaix, 1974). In 
general, the corrosion resistance of cobalt is 
slightly inferior to that of nickel (Sridhar, 
1985; Uhlig and Revie, 1985). Because co- 
balt is more expensive than nickel, its use is 
only justified for special applications where 
nickel-based alloys would not perform as 
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Table 2-13. Approximate chemical composition of wrought cobalt-based alloys. 

UNS number c o  Cr Mo Ni Others 
~~ ~~ 

Elgiloy R30003 40 20 7 15.5 16 Fe, 0.15 C" 
Havar R30004 42.5 20 2.5 13 19 Fe, 3 W, 0.2 C 
MP35N R30035 35 20 10 35 1 Fe", 0.15 Sia, 0.025 C" 
Haynes 6B R30006 58 30 1.5 a 2.5 3 Fea, 4 W, 0.7 Si, 1 C 
Ultimet R31233 54 26 5 9 3 Fe, 2 W, 0.08 N, 0.06 C 

Maximum 

Table 2-14. Rates of corrosion in mm year-' of cobalt-based and other alloys in several boiling acidic solutions. 

Havar MP35N 6B Ultimet c-2000 316L SS 

10% HCI 236 17 254 148 7 428 

55% H,PO4 0.25 0.1 0.9 0.19 0.05 0.36 
85% H,P04 105 9.3 15.5 31 7.9 16.2 
99% acetic acid 0.05 0.01 0.003 c0.003 0.002 0.19 
lo%, HNO, 0.07 0.08 0.02 <0.003 c0.02 0.03 

10% H2S04 3 1.5 8 2 0.09 47 

well. For example, cobalt-based alloys are 
more resistant to erosion, cavitation, and 
galling than the nickel-based alloys. Ta- 
ble 2-14 lists the general or uniform rate of 
corrosion of several cobalt-based alloys 
under oxidizing and reducing conditions. 
For comparison, the rates of corrosion of a 
stainless steel and a Ni-Cr-Mo alloy are al- 
so included. Table 2-14 shows that, in gen- 
eral, the rates of corrosion of some cobalt- 
based alloys in strong reducing environ- 
ments are higher than that of a Ni-Cr-Mo 
alloy (C-2000 alloy) but lower than that of 
3 16L stainless steel. In practice, the corro- 
sion of all the alloys in Table 2-14 can be 
considered similar under milder reducing 
conditions such as boiling acetic acid and 
under oxidizing conditions such as boiling 
nitric acid. 

The influence of alloying elements in co- 
balt-based alloys seems to be the same as 
for nickel-based alloys. Table 2- 14 shows 
that in boiling hydrochloric and sulfuric ac- 

ids (reducing conditions) the rate of corro- 
sion of cobalt-based alloys decreases as the 
amounts of tungsten and, especially, molyb- 
denum in the alloys are increased. In both 
environments the rate of corrosion is lowest 
for MP35N, which contains 10% Mo, and 
highest for 6B, which contains no added mo- 
lybdenum. There is, on the other hand no 
significant difference between the rates of 
corrosion in nitric acid (oxidizing), because 
all the cobalt-based alloys in Table 2-14 
contain more than 20% chromium. 

Fig. 2-19 shows the rate of corrosion of 
Ultimet alloy as functions of the concentra- 
tion of sulfuric acid and of temperature 
measured by use of 4 x 24 h periods (a total 
of 96 h) immersion tests. At a given acid 
concentration the temperature has a strong 
influence on the rate of corrosion of Ulti- 
met alloy. At each temperature it seems that 
there is a concentration threshold above 
which the rate of corrosion increases rapid- 
ly. The higher the temperature the lower the 
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Figure 2-19. General rate of corrosion of Ultimet al- 
loy in sulfuric acid solutions. 

concentration threshold. At 52 and 66"C, 
and above the concentration threshold of 
sulfuric acid, the dependence of the rate of 
corrosion on the concentration of the acid is 
almost linear; at the two highest tempera- 
tures, however, this dependence seems to be 
logarithmic. The maximum acceptable rate 
of corrosion for an industrial application 
would depend on the alloy of choice; how- 
ever, if it is considered that a maximum rate 
of corrosion of 20 mpy (0.5 mm year-') is 
acceptable, Ultimet alloy can be used in all 
concentrations of sulfuric acid up to a tem- 
perature of 80 "C (Fig. 2-19). At higher tem- 
peratures, the maximum allowed concentra- 
tion of sulfuric acid is 10%. 

Fig. 2-20 shows the rate of corrosion of 
Ultimet alloy as a function of the concentra- 
tion of hydrochloric acid at several temper- 
atures. Again, as for sulfuric acid, the tem- 
perature has a strong influence on the rate 
of corrosion, especially for concentrations 
of hydrochloric acid below 15%. At acid 
concentrations above 15% the rate of corro- 
sion at each temperature decreases as the ac- 
id concentration increases. This phenome- 
non has previously been reported for Ni-Mo 
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Figure 2-20. General rate of corrosion of Ultimet al- 
loy in hydrochloric acid solutions. 

alloys and is probably a consequence of a 
lower dissolved-oxygen content at the high- 
er acid concentrations. Fig. 2-20 suggests 
that Ultimet alloy should be used in hydro- 
chloric acid at ambient temperatures only. 

Fig. 2-21 shows the rate of corrosion of 
Ultimet alloy as a function of the concentra- 
tion of hydrofluoric acid at several temper- 
atures. Although there are fewer data than 
for hydrochloric acid, it seems that Ultimet 
alloy should also be used in hydrofluoric ac- 
id at ambient temperatures only. When the 
rates of corrosion of Ultimet alloy in sul- 
furic, hydrochloric, and hydrofluoric acids 
are compared, for example at 10% acid con- 
centration and 66 "C (Figs. 2- 19, 2-20 and 
2-21), it is apparent that the most aggressive 
acid is hydrofluoric acid and the least ag- 
gressive is sulfuric acid. Fig. 2-22 shows the 
rate of corrosion of Ultimet alloy in four dif- 
ferent boiling acids as a function of the re- 
spective acid concentration. Phosphoric and 
nitric acids do not seem very aggressive to 
Ultimet alloy, which can be used at the boil- 
ing temperature for acid concentrations up 
to 70%. Hydrochloric and sulfuric acids, on 
the other hand, are very aggressive and can 
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Figure 2-21. General rate of corrosion of Ultimet al- 
loy in hydrofluoric acid solutions. 
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Figure 2-22. General rate of corrosion of Ultimet al- 
loy in boiling acid solutions. 

be used at the boiling temperatures only for 
acid concentrations below 1 %. 

Because of its high resistance to general 
corrosion in acidic sulfate solutions, high re- 
sistance to wear, and high repassivation rate, 
Ultimet alloy was the highest ranked mate- 
rial for fabrication of conductor rolls in elec- 
trogalvanizing plants (Rebak, 1998). 

2.3.2 Localized Corrosion 
of Cobalt-Based Alloys 

2.3.2.1 Pitting and Crevice Corrosion 

As for the nickel-based alloys, the local- 
ized corrosion resistance of the cobalt-based 
alloys is determined by their chromium, mo- 
lybdenum, and tungsten content. Table 2-15 
shows the rates of corrosion of cobalt-based 
and other alloys determined by weight loss 
in standard ASTM solutions (see Section 
2.1.1). Table 2-15 shows that the rate of cor- 
rosion in both ASTM boiling solutions is 
lowest for Ultimet alloy. Alloy 6B suffers 
pitting corrosion in the ASTM G 28 B solu- 
tion and has a higher rate of corrosion than 
Ultimet alloy in the ASTM G 28 A solution 
probably because of its higher tungsten con- 
tent. Ultimet alloy is resistant to pitting cor- 
rosion in the ASTM G 28 B solution be- 
cause of its balanced content of chromium, 
molybdenum, tungsten, and nitrogen. The 
excellent resistance of Ultimet alloy to lo- 
calized attack is comparable with that of 
Ni-Cr-Mo alloys such as C-22 and C-2000. 

Table 2- 16 shows the critical crevice and 
pitting temperatures for cobalt-based and 
other alloys. Data in Table 2-16 show that 
Ultimet alloy has an excellent resistance 
to localized attack, comparable with that of 
C-22 alloy. 

Table 2-16 also shows the importance of 
alloying elements on the resistance of co- 
balt-based alloys to localized attack. It is 
generally recognized that chromium, mo- 
lybdenum, tungsten, and nitrogen are bene- 
ficial elements in the protection against lo- 
calized attack, although their mechanism 
of protection is not well understood. Al- 
loy 6B, which contains 30% chromium and 
4% tungsten, has a much lower resistance to 
localized attack than Ultimet alloy, which 
contains less chromium (26%) and tungsten 
(2%); it also contains 5% molybdenum and 
0.08% nitrogen, however. A precise balance 
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Table 2-15. Rates of corrosion in mpy and (mm 
year-') in standard boiling solutions. 

ASTM G 28 A ASTM G 28 B 

Ultimet 8 (0.20) 2 (0.051) 
6B 14 (0.36) 2,888 (73) 
c-2000 26 (0.66) 4 (0.10) 
c-22 40 (1.02) 8 (0.20) 
C-276 250 (6.4) 55 (1.40) 
20Cb-3 10 (0.25) 2,720 (69) 
316L SS 28 (0.71) 3,170 (80) 

Table 2-16. Critical crevice (CCT) and critical pit- 
ting (CPT) temperatures determined using immersion 
tests. 

CCT in CPT in green- 
6% FeCl,a death solutionb 

Ultimet 65 "C 120 "C 
6B 25 "C 45 "C 
c-2000 - 110 OC 
c-22 70 "C 120 "C 
C-276 65 "C 110 "C 
316L SS <o "C 25 "C 

a 72-h test; 24-h test. 

of these alloying elements seems very im- 
portant. 

2.3.2.2 Stress-Corrosion Cracking 
of Cobalt-Based Alloys 

Because cobalt-based alloys have great- 
er mechanical strength than nickel-based al- 
loys, the former are more susceptible to 
stress-corrosion cracking than the latter. 
Nickel-based alloys have, moreover, a 
stable fcc microstructure with high stacking 
fault energy that facilitates cross slip during 
plastic deformation, and cobalt-based alloys 
have a metastable fcc structure with low 
stacking-fault energy which promotes pla- 
nar slip, making them susceptible to trans- 
granular stress-corrosion cracking (Crook, 

1997). Few environments have, neverthe- 
less, been associated with the environmen- 
tally induced cracking of cobalt-based al- 
loys. The environments identified are acid- 
ic chloride solutions and strong alkalis 
(Kolts, 1985). For example, MP35N and al- 
loy 6B were found to suffer stress-corrosion 
cracking in 50% NaOH solution at 147 "C 
(Asphahani, 1979). It has also been report- 
ed that these cobalt-based alloys were more 
susceptible to cracking in caustic solutions 
in the cold-worked condition (Asphahani, 
1979). On the other hand, Kane (1978) re- 
ported that cold-reduced (59%) and aged 
(593°C for 4 h) C-rings of MP35N alloy 
were susceptible to cracking in 5% sulfuric 
acid plus sodium arsenite at room tempera- 
ture under cathodic control. The higher the 
applied cathodic current, the shorter the 
time to failure. Ultimet alloy has been test- 
ed, by use of U-bend specimens, in 5% NaCl 
+ 0.5% acetic acid + hydrogen sulfide solu- 
tion at room temperature. Although the 10% 
cold-reduced material was more susceptible 
to cracking than the annealed material, the 
material aged for 1000 h at 260 "C was less 
susceptible to cracking than the annealed 
material. Ultimet alloy was also found sus- 
ceptible to cracking in 30% MgCl, solution 
at 118 "C, by use of C-shape four-point bend 
specimens at applied stresses of 50-100% 
of the yield stress (Crook, 1997). For the 
same stress level, Ultimet alloy was found 
to be more resistant to cracking than 
316L SS and than 20Cb-3 alloy. 

2.4 Copper-Based Alloys 

Copper was the first metal used by man 
(6000 to 10000years ago). Now, copper 
and copper alloys are widely used in appli- 
cations such as building construction (42% 
of US consumption), electrical and electron- 
ic products (24%), transportation equip- 
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Table 2-17. Approximate chemical composition (%) of wrought copper-based alloys. 

Coppers 
High-copper alloys 
Copper-zinc or brasses 
Copper-zinc-tin or tin brasses 
Copper-tin or bronzes 
Copper-aluminum or aluminum bronzes 
Copper-nickel or Cupronickel 
Copper-zinc-nickel or nickel silvers 

UNS number 

ClOlOO - C15999 
C16200- (219199 
C21000 - C28000 
C40400 - C48600 
C50100-C54200 
C60800 - C642 10 
C70100 - C72950 
C73500 - C79800 

c u  

99.9 
> 96 

60-85 
60-88 
95-99 
75-95 
70-89 
55-65 

Others (%) 

<2 Be, <2 Fe 
15-40 Zn 

10-39 Zn, 0.8-2 Sn, 0.2 P 
1-5 Sn, 0.2 P 

3- 10 Al, Ni, Fe, Si 
10-30 Ni, 0.5-1.5 Fe 
25-27 Zn, 10-18 Ni 

ment (12%) and in industrial machinery and 
equipment (12%). Because pure copper 
lacks mechanical strength, it is rarely used 
in the non-alloyed form. When copper is al- 
loyed with zinc it is called a brass and when 
alloyed with tin it is called a bronze. Cop- 
per is also commonly alloyed with nickel 
and aluminum. Copper alloys are one of the 
largest family of materials (more than 250 
wrought grades and more than 130 cast 
grades). Table 2- 17 lists the composition 
and UNS number of the most common cop- 
per alloys. Copper has a fcc structure and 
dissolves most of its alloying elements in a 
single phase solid solution. 

2.4.1 Coppers and High-Copper Alloys 

High-copper alloys contain at least 96% 
copper and small quantities of other alloy- 
ing elements that gives strength to the al- 
loys. For example the addition of l %  cad- 
mium increases the tensile strength of cop- 
per by 50%. In general, high-copper alloys 
are more resistant than pure copper to uni- 
form corrosion (Chawla and Gupta, 1993). 

Copper has been widely used in atmos- 
pheric applications, e.g. roofing, because af- 
ter many years of exposure to the environ- 
ment copper develops an aesthetically at- 
tractive green patina. Present regulations in 
some European countries ban the use of cop- 

per in such applications when the corrosion 
products could be washed into the environ- 
ment. Copper is also used to carry water be- 
cause it is very resistant to biofouling, es- 
pecially marine biofouling. Copper pipes 
can be susceptible to erosion-corrosion, 
which commonly forms horseshoe-shaped 
grooves with the open ends pointing in the 
downstream direction. The uniform corro- 
sion resistance of copper in water decreas- 
es when the water contains high levels of 
carbon dioxide or oxygen. 

Copper is a metal that has a more noble 
electrochemical potential than nickel and 
cobalt (Pourbaix, 1974). Because, accord- 
ing to the electromotive series, copper 
would not reduce hydrogen from acids, in 
certain applications it can be used to handle 
dilute reducing acids. Copper and copper al- 
loys can be used in the handling of phos- 
phoric acid from 5 to 90% at temperatures 
up to 85 "C even though high rates of corro- 
sion might be expected, especially if the ac- 
id is impure (Polan, 1987). Hydrochloric ac- 
id, especially aerated, is aggressive to cop- 
per and copper alloys. In acetic and formic 
acids the rate of corrosion of copper can be 
in the range of 50 mpy (1.3 mm year-') 
(Schweitzer, 1995). Copper cannot tolerate 
oxidizing acids such as nitric and chromic 
acids, and any type of environment contain- 
ing oxidizing metallic cations such as cupric 
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or ferric ions (Cohen, 1986). Fig. 2-23 
shows the rate of corrosion of copper and 
copper alloys in boiling sulfuric acid as a 
function of acid concentration. The figure 
shows that copper and copper alloys corrode 
at similar rates in sulfuric acid and that the 
rate of corrosion is generally above 20 mpy 
(0.5 mm year-'). At the same acid concen- 
tration the rate of corrosion would be much 
lower for a nickel-based alloy such as B- 
3 alloy. 

Because of the excellent resistance of 
copper to uniform corrosion by soil and 
ground water, especially in oxygen-free en- 
vironments, copper is a candidate material 
for fabrication of nuclear-waste containers 
in Canada (Shoesmith et al., 1996). 

Pitting corrosion is not a major problem 
with copper, although it can be susceptible 
to shallow pitting corrosion in fresh water 
(Edwards et al., 1994; TaxCn, 1996) and 
sea water, especially under stagnant condi- 
tions. Copper, especially in the cold-worked 
condition, is susceptible to stress-corrosion 
cracking in the presence of ammonia and ni- 
trite solutions (Yu and Parkins, 1987). 

u 

2 

.......... 

Figure 2-23. Rate of corrosion of copper and copper 
alloys in boiling sulfuric acid measured by means 
of 24-48 immersion tests. Data from N. W. Polan 
(1987). Data for one nickel-based alloy is also shown. 

2.4.2 Brasses 

Zinc is the most common alloying ele- 
ment of copper; when it is added in the range 
3 to 37%, the resulting alloy is called brass. 
Brasses have the alpha or fcc structure; this 
gives them excellent formability character- 
istics. Brasses also have excellent electrical 
and thermal conductivity. Cu-Zn alloys 
generally have poorer corrosion resistance 
than pure copper and occasionally suffer 
from a phenomenon called dezincification 
whereby the zinc is preferentially leached 
from the alloy. The corrosion resistance of 
Cu-Zn alloys can be improved by adding 
small amounts of other alloying elements. 
For example admiralty brass is the result of 
addition of 1% tin (Sn) to a Cu-Zn alloy 
containing 29% Zn. 

Brasses can be susceptible to pitting cor- 
rosion in brackish water (Xia and Szklars- 
ka-Smialowska, 1990) and in sea water, es- 
pecially under deposits, because of the de- 
velopment of differential aeration cells 
(Uhlig and Revie, 1985). Brasses were the 
first alloys in which the systematic occur- 
rence of stress-corrosion cracking (season 
cracking) was ever documented. Although 
brasses are susceptible to stress-corrosion 
cracking in similar environments to copper, 
they seem more susceptible to cracking, 
probably because of their greater strength. 
Environmental cracking in brasses can 
be promoted by ammoniacal compounds 
(Mattsson, 1961), nitrites (Alvarez et al., 
1984; Yu and Parkins, 1987), polyphos- 
phates (Rebak and Galvele, 1989), and mer- 
cury. Depending on the environment and 
electrochemical potential, the cracking 
mode in brasses can be intergranular or 
transgranular. 

2.4.3 Bronzes 

Bronzes are copper alloys in which the 
major alloying element is neither zinc nor 
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nickel (Peters and Kundig, 1994). The most 
common bronzes are copper-tin alloys. As 
far as is known tin was the first element to 
be added to copper to form an alloy. Bronz- 
es have better general corrosion resistance 
than brasses and are also less susceptible 
to stress-corrosion cracking (Chawla and 
Gupta, 1993). Bronzes are widely used in 
sea water applications especially for pump 
and valve components. When 2 to 9% alu- 
minum is added to copper the resulting al- 
loys, called aluminum bronzes, have good 
mechanical strength. Aluminum gives extra 
protection against corrosion by the forma- 
tion of an oxide film; in some environments, 
however, Cu-A1 alloys can suffer from pref- 
erential dissolution of aluminum (dealumin- 
ization). Bronzes are also susceptible to 
stress-corrosion cracking in similar envi- 
ronments to copper and brasses. 

2.4.4 Copper Nickels 

Copper nickels or cupronickels are alloys 
that result from addition of 3 to 30% Ni to 
copper. Nickel silvers are copper-zinc al- 
loys (brasses) that contain some nickel. 
Copper nickels and nickel silvers have an 
alpha or fcc structure and good mechanical 
strength and forming characteristics. Cu- 
pronickels are the most corrosion-resistant 
copper-based alloys. For example, the long- 

term steady state rate of corrosion of cop- 
per nickels in sea water is approximately 
0.05 mpy (0.001 mm year-') whereas the 
rate of corrosion of other copper-based al- 
loys is approximately 0.5 to l mpy (0.01 to 
0.025 mm year-') (Tuthill, 1987). In gener- 
al, copper nickels have a similar corrosion 
behavior to nickel-copper alloys (Monel 
alloys), and in some cases are also used to 
handle hydrofluoric acid (Polan, 1987). Al- 
though copper nickels are more resistant to 
corrosion than brasses and bronzes, their 
performance is still poor in oxidizing solu- 
tions (Chawla and Gupta, 1993). 

2.5 Other Non-Ferrous Metals 

Besides nickel, cobalt, and copper-based 
alloys, there are other industrial non-ferrous 
corrosion-resistant metals such as the reac- 
tive metals zirconium, titanium, niobium, 
and tantalum. Table 2-18 shows the chemi- 
cal composition and UNS designations of 
the reactive metals alloys. 

2.5.1 Zirconium 

Zirconium has an hcp structure at room 
temperature and a bcc structure at high tem- 
perature. The electrochemical stability of 
zirconium metal is well below the stability 

Table 2-18. Approximate chemical composition of reactive metals alloys. 

UNS number 

Pure zirconium or Zr-702 
Zircaloy-4 or Zr-704 
Zr-705 

Titanium grade 2 (Ti Gr 2) 
Ti Gr 7 
Ti Gr 12 

Tantalum 
Niobium 

R60702 
R60704 
R60705 

R50400 
R52400 
R53400 

R05001- R05999 
R0400 1 - R04999 

Chemical composition (% w/w) 

>99 (Zr + Hf) 
97.5 (Zr + Hf), 1.5 Sn, 0.3 (Fe + Cr) 

95.5 (Zr + Hf), 2.5 Nb 

r98.8 Ti, 0.25 0 , 0 . 3  Fe 
Ti, 0.25 0, 0.3 Fe, 0.2 Pd 

Ti, 0.25 0, 0.3 Fe, 0.3 Mo, 0.8 Ni 
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of water (Pourbaix, 1974), that is, zirconi- 
um is a reactive metal. Zirconium has good 
corrosion resistance in many corrosive en- 
vironments as a result of a thin and adher- 
ent oxide film that forms on the surface. This 
oxide film develops spontaneously in water 
and in air and is self healing if destroyed. 
As a result, zirconium has excellent corro- 
sion resistance in oxidizing nitric acid at all 
concentrations and at temperatures well 
above the boiling point with rates of cor- 
rosion below 1 mpy (0.025 mm year-') 
(Knittel and Webster, 198 1). There are a few 
media in which the use of zirconium is not 
recommended, including hydrofluoric acid 
(HF), ferric chloride (FeCl,), cupric chlo- 
ride (CuCl,), and wet chlorine gas (Yau and 
Webster, 1987). Fig. 2-24 shows the rates of 
corrosion of three zirconium alloys in boil- 
ing sulfuric acid. It is apparent that the rate 
of corrosion of the three alloys is approxi- 
mately the same and that the rate of corro- 
sion of higher alloyed zirconium (e.g. Zr- 
705) is slightly higher than that of commer- 
cially pure zirconium (Zr-702). Fig. 2-24 al- 
so shows that when the concentration of sul- 
furic acid is higher than 60% the rate of cor- 
rosion of zirconium rapidly increases. Yau 
and Webster (1987) published anodic pola- 
rization curves for zirconium in several con- 
centrations of sulfuric acid near the boiling 
point. These curves show that when the con- 
centration of sulfuric acid is above 20% the 
passive region in the anodic polarization 
curve starts to decrease until it disappears 
completely at acid concentrations above 
65%. That is, the rate of corrosion of zirco- 
nium in concentrated sulfuric acid is high 
because zirconium cannot retain the passi- 
vating oxide film. 

Fig. 2-25 shows the rates of corrosion of 
Zr-702, C-276, and B-3 alloys in boiling 
sulfuric acid. Although the rate of corrosion 
of Zr-702 and B-3 alloys in sulfuric acid at 
concentrations below 60% is low, as the ac- 
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Figure 2-24. Rates of corrosion of zirconium alloys 
in boiling sulfuric acid. 
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Figure 2-25. Rates of corrosion of Zr-702, C-276, 
and B-3 alloys in boiling sulfuric acid. 

id concentration increases above 60% the 
rate of corrosion of these two alloys increas- 
es. At the higher acid concentrations the in- 
crease in the rate of corrosion is faster for 
Zr-702 alloy than for B-3 alloy. Fig. 2-25 al- 
so shows that the rate of corrosion of C-276 
alloy is considerably higher than the rate of 
corrosion of either Zr-702 or B-3 alloys. 

Fig. 2-26 shows the rates of corrosion of 
Zr-702, Zr-704, Zr-705, and C-2000 alloys 
in boiling solutions of phosphoric acid. As 
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Figure 2-26. Rates of corrosion of zirconium alloys 
and C-2000 alloy in boiling phosphoric acid solutions. 

Figure 2-27. Rates of corrosion of Zr-702, Zr-705, 
and B-3 alloys in boiling hydrochloric acid solutions. 

for sulfuric acid (Fig. 2-24), the rate of cor- 
rosion of alloyed zirconium seems higher 
than that of commercially pure zirconium 
(Zr-702). Fig. 2-26 also shows that the rate 
of corrosion of zirconium alloys increases 
almost logarithmically as the acid concen- 
tration increases. Polarization curves of 
zirconium in phosphoric acid show that as 
the acid concentration increases from 30 to 
70% not only does the passive region be- 
come smaller but the passive current also in- 
creases regularly (Yau and Webster, 1987). 
This anodic behavior of zirconium might 
explain the steady increase in the rate of 
corrosion with the acid concentration in Fig. 
2-26. For the phosphoric acid concentration 
range given in Fig. 2-26, the rate of corro- 
sion of a Ni-Cr-Mo alloy (C-2000) is low- 
er than the rate of corrosion of zirconium al- 

Fig. 2-27 shows the rates of corrosion of 
Zr-702, Zr-705, and B-3 alloys in boiling 
solutions of hydrochloric acid. In contrast 
with the behavior of zirconium alloys in 
sulfuric and phosphoric acids (Figs 2-24 
and 2-26), in hydrochloric acid the rate of 
corrosion of Zr-705 is lower than that of 
Zr-702 alloy. Anodic polarization curves of 

loys. 

zirconium in hydrochloric acid show that as 
the acid concentration increases the passive 
current increases and the breakdown poten- 
tial decreases (Yau and Webster, 1987). 
Fig. 2-26 also shows that the rate of corro- 
sion of zirconium alloys is lower than the 
rate of corrosion of an Ni-Mo alloy such as 
B-3 alloy; the rates of corrosion are, how- 
ever, acceptable for all these alloys. It has 
been stated that zirconium resists hydro- 
chloric acid in the liquid phase but not the 
hot vapors (Dillon, 1994). 

Zirconium is susceptible to pitting corro- 
sion in the presence of halide ions, especial- 
ly chlorides. In pure hydrochloric acid, zir- 
conium does not undergo pitting corrosion 
but if the electrolyte also contains ferric or 
cupric ions, the corrosion potential increas- 
es and pitting corrosion occurs. It has, for 
example, been shown that the presence of 
500 ppm Fe3+ in 20% HCl at 100 "C induc- 
es pitting corrosion in zirconium (Yau and 
Maguire, 1990). 

Zirconium is susceptible to stress-corro- 
sion cracking in concentrated hot nitric 
acid (Beavers et al., 1981; Kajimura andNa- 
gano, 1992), iodine (Cox, 1990; Schuster 
and Lemaignan, 1992; Haddad and Dorado, 
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1994), ferric chloride (FeCl,), and hydro- 
chloric acid-methanol mixtures (Yau and 
Webster, 1987). 

As a consequence of its excellent resis- 
tance to corrosion in high-temperature wa- 
ter and steam, zirconium (as Zircaloy-4) is 
being used extensively as cladding for ura- 
nium fuel in water-cooled nuclear-power re- 
actors. 

2.5.2 Titanium 

Titanium is a reactive metal with good 
corrosion resistance in many industrial ap- 
plications because of the formation of a 
stable, protective and strongly adherent 
oxide film. If the protective oxide film is 
broken in service, only small amounts of 
oxygen or water are necessary to renew it. 
Thermodynamic calculations predict large 
ranges of potential and pH in which these 
titanium oxides (mainly TiO,) are stable 
(Pourbaix, 1974). Titanium alloys are out- 
standingly resistant to a wide variety of cor- 
rosive media, including sea water, wet chlo- 
rine, chlorinated organic compounds, most 
inorganic chloride solutions, hypochlorite 
solutions, sulfur dioxide, and chromic and 
nitric acids. Their resistance to sulfuric and 
hydrochloric acids is, however, limited. 
Some media in which titanium should not 
be used are dry chlorine and hydrofluoric 
acid. Table 2-18 lists the composition of the 
most common titanium alloys used for cor- 
rosion applications. Titanium grade 2 is a 
form of commercially pure titanium; titani- 
um grade 7 contains a small amount of pal- 
ladium (Pd) and titanium grade 12 contains 
small amounts of Ni and Mo. These corro- 
sion-resistant alloys consist of a single a 
phase (hcp crystal structure). Other titani- 
um alloys, such as the Ti-6% A1-4% V 
alloy (UNS R56400), have a general corro- 
sion performance inferior to that of non- 
alloyed titanium and are not therefore used 

in corrosive applications. These Al- and 
V-containing alloys are widely used in the 
aerospace industry because their strength 
and fatigue resistance are better that those 
of commercially pure titanium. For exam- 
ple, the room-temperature tensile strength 
of Ti-6% A1-4% V is 900 MPa compared 
with 345 MPa for Ti Gr 2 (Covington and 
Schweitzer, 1989). One of the most desir- 
able characteristics of titanium for aero- 
space applications is its low specific grav- 
ity - only 4.5 g ~ m - ~ .  Other titanium alloys 
such as Ti-6% A1-7% Nb are used for sur- 
gical implants. 

2.5.2.1 General Corrosion of Titanium 

Effect of Alloy Composition 

Titanium grade 2 or commercially pure 
titanium is the most common titanium alloy 
for corrosion applications. The titanium 
grade 7 alloy, which contains a small 
amount of Pd, has better corrosion-resis- 
tance than Ti Gr 2; it is, however, more ex- 
pensive. The corrosion performance of tita- 
nium grade 12 is generally between those of 
Ti Gr 2 and Ti Gr 7 alloys and it is some- 
times used as a less expensive alternative to 
Ti Gr 7 (Covington and Schweitzer, 1989). 
Table 2-19 shows the comparative corro- 
sion performance of these three titanium al- 
loys in a variety of environments. 

Table 2- 19 shows that in the reducing 
acidic solutions the rate of corrosion of 
Ti Gr 7 is lower than that of non-alloyed 
titanium (Ti Gr 2). Although the corrosion 
resistance of Ti Gr 12 is between those of 
Ti Gr 2 and Ti Gr 7, that of Ti Gr 12 more 
resembles the corrosion behavior of Ti Gr 2 
than that of Ti Gr 7. Fig. 2-28 shows the 
rates of corrosion of these three titanium al- 
loys in dilute sulfuric acid solutions at the 
boiling point. As already observed for oth- 
er reducing acidic solutions, the lowest rate 
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Table 2-19. Rates of corrosion, in mpy, of titanium alloys in boiling solutions. 

Environment Ti Gr 2 Ti Gr 7 Ti Gr 12 

Reducing acidic solutions 

10% Oxalic acid 
50% Formic acid 
30% H,P04 
2% H,S04 
5% HCl 
5% HC1+ 10% NaCl 

Alkaline solutions 

5% NaOH 
50% NaOH 

Oxidizing acidic solutions 

10% FeCI, 
a ASTM G28 A 
a Green death 

5,008 
31 I 

1,393 
1,377 
2,055 
5,082 

0.4 
6.5 

0.72 
279 
25.8 

106 
0.5 
517 
4.8 
7.7 
31.5 

0.4 
6.1 

0.5 
267 
24.9 

4,395 
1.5 

1,250 
343 

1,215 
3,061 

0.4 
7.2 

0.2 
3,557 
28.9 

a For test methods see Section 2.1.1. 
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Figure 2-28. Rates of corrosion of three titanium al- 
loys in boiling sulfuric acid solutions (Covington and 
Schweitzer, 1989). 

of corrosion is that of Ti Gr 7; the highest is 
that of Ti Gr 2. For some acid concentra- 
tions there is little difference between the 
corrosion behavior of Ti Gr 2 and Ti Gr 12 
alloys. The titanium alloy most resistant to 
general corrosion under reducing conditions 
is Ti Gr 7, probably because its small Pd 

content promotes the shifting of the corro- 
sion potential of the alloy to more noble po- 
tentials (Schutz and Thomas, 1987). 

Table 2-19 shows that in alkaline solu- 
tions the rates of corrosion of the three tita- 
nium alloys are practically the same. With 
one exception Table 2-19 also shows that 
the general corrosion of the three alloys 
under strongly acidic and oxidizing condi- 
tions are similar. Likewise, the rates of cor- 
rosion of Ti Gr 2 and Ti Gr 7 were almost 
the same in organic acid solutions contain- 
ing 0.25% and 0.5% hydroiodic acid (HI) at 
230°C (Clapp et al., 1995). It has, further- 
more, been reported (Schutz and Thomas, 
1987; Covington and Schweitzer, 1989) that 
the rates of corrosion of Ti Gr 2 and Ti Gr 7 
in boiling nitric acid are almost the same in 
the 10 to 70% acid concentration range and 
higher than the rate of corrosion of Ti Gr 12 
in the 30 to 60% concentration range. Be- 
low 30% nitric acid and at 70% nitric acid 
the rates of corrosion were similar for all 
three alloys. 
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Effect of the Electrolyte Composition 

Besides alloy composition (Table 2-19), 
the corrosion behavior of titanium in reduc- 
ing acids is very dependent on acid concen- 
tration, temperature, and impurities in the 
acid (Schutz and Thomas, 1987). Anodic 
polarization curves of titanium in sulfuric 
acid solutions showed that the critical cur- 
rent for passivation at fixed temperature in- 
creased with the acid concentration (Levy, 
1967; Peters and Myers, 1967) and with 
temperature at a given acid concentration 
(Levy, 1967). Fig. 2-29 shows the rates of 
corrosion of Ti Gr 2 and other alloys as a 
function of the concentration of pure hydro- 
chloric acid at the boiling temperatures. As 
the acid concentration increases the rate of 
corrosion of Ti Gr 2 increases rapidly. 

Because the corrosion resistance of tita- 
nium is based on the formation of an oxide 
film, the presence of oxidizing species in the 
acidic solution will promote the formation 
of a passive film and therefore reduce the 
rate of corrosion of the alloy. A minimum 
amount of the oxidizing species is needed 
to promote the formation of the oxide film. 
Some oxidizing species, e.g. hydrogen per- 
oxide, do not seem very effective at main- 
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Figure 2-29. Rates of corrosion of Ti Gr 2 and other 
alloys in boiling hydrochloric acid solutions. 

tain passivation. It has, for example, been 
reported that at a given temperature there 
is a critical concentration of hydrogen per- 
oxide above which the rate of corrosion of 
titanium increases rapidly (Hyokyvirta, 
1997). Similarly, it has been reported that 
the rate of corrosion of Ti Gr 2 in alkaline 
solutions containing 0.2-0.3% hydrogen 
peroxide increases rapidly both with the pH 
of the solution and with temperature (Schutz 
and Xiao, 1994). When metal cations or or- 
ganic inhibitors were added to the corrod- 
ing alkaline peroxide solutions, the rate of 
corrosion of Ti Gr 2 decreased, therefore 
expanding the temperature and pH range of 
its practical application (Schutz and Xiao, 
1994). Fig. 2-30 shows the effect of ferric 
ions on the rate of corrosion of Ti Gr 2 in 
boiling 10% H2S04 solution. The figure 
shows that it is necessary to add only 
100 ppm Fe3+ to the sulfuric acid solution 
to reduce the rate of corrosion of Ti Gr 2 by 
almost three orders of magnitude. Other 
oxidizing species (or inhibitors) that also 
reduce the rate of corrosion of titanium 
in acidic solutions include Cu2+, Cr20$-, 
MnOi-and NO5 (Schutz and Thomas, 1987). 

Fig. 2-29 shows that the rate of corrosion 
of Ti Gr 2 in a pure reducing acid increases 
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Figure 2-30. Rate of corrosion of Ti Gr 2 in sulfuric 
acid containing ferric ions. 
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Figure 2-31. Rate of corrosion of Ti Gr 2 and C-2000 
alloy in boiling HNO, solutions. 

as the concentration of the acid increases. In 
pure oxidizing acid, such as nitric acid, how- 
ever, the highest rate of corrosion of Ti Gr 2 
occurs at concentrations between 40 and 
50%, as shown in Fig. 2-31. Similar obser- 
vations have been reported in the literature 
(Schutz and Thomas, 1987; Covington and 
Schweitzer, 1989). Fig. 2-3 1 also shows that 
the rate of corrosion of a nickel-based alloy 
in nitric acid increases as the acid concen- 
tration increases. 

Titanium is also resistant to corrosion in 
presence of the oxidizing chlorine gas, al- 
though a minimum amount of water must be 
present at each temperature to maintain the 
passivation of titanium. It has been report- 
ed that titanium can burn in dry chlorine 
(Dillon, 1994). Titanium is also resistant to 
corrosion in other chlorinated compounds 
such as hypochlorite solutions (bleach) and 
chlorine dioxide. 

2.5.2.2 Localized Corrosion of Titanium 

Titanium is mainly susceptible to two 
types of localized attack -crevice corrosion 
and environment-assisted cracking (stress- 
corrosion cracking and/or hydrogen embrit- 
dement). Titanium is resistant to pitting cor- 

rosion in halide-containing environments in 
most practical applications. Typically, a po- 
tential of 5 to 10 V is necessary for titani- 
um to suffer pitting corrosion in chloride- 
containing environments (Bomberger, 1984; 
Schutz and Grauman, 1987; Schutz and 
Thomas, 1987). Surface conditioning has an 
important influence on the susceptibility of 
titanium to pitting corrosion (Grauman and 
Schutz, 1987). 

Titanium suffers crevice corrosion in so- 
lutions containing sulfates, chlorides, and 
other halides. The higher the temperature 
and the greater the concentration of the ag- 
gressive anion the more susceptible is tita- 
nium to crevice corrosion (McKay and Mit- 
ton, 1985; Schutz, 1991). The occurrence of 
crevice corrosion is attributed to the forma- 
tion of a low pH solution in the creviced re- 
gion (Griess, 1968). Thus because Ti Gr 7 
has better general corrosion resistance than 
Ti Gr 2 in concentrated acidic solutions, 
it is also more resistant to crevice corrosion 
(Schutz, 1991; van der Lingen, 1995). 

Titanium suffers stress-corrosion crack- 
ing (SCC) in low molecular-weight alcohols 
such as methanol. A small amount of water 
tends to inhibit SCC in methanol but traces 
of halides are detrimental (Mori et al., 1966; 
Sedriks and Green, 1969; Liening, 1983; 
Dillon, 1994). The SCC of titanium in acid- 
ified alcohol is mostly intergranular but oc- 
casional transgranular cracking has also 
been reported (Spurrier and Scully, 1972). 
It has been interpreted that both anodic dis- 
solution and hydrogen embrittlement play a 
role in the cracking of titanium in acidic al- 
cohol solutions (Ebtehaj et al., 1985; Hollis 
and Scully, 1993). Titanium is resistant to 
cracking in chloride-containing solutions 
such as sea water. Sometimes the presence 
of a brittle superficial titanium hydride layer 
that results from exposure to low cathodic 
potentials in sea water induces premature 
failure (Lee et al., 1986; Schutz and Grau- 
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man, 1989). Titaniumalloys also suffer SCC 
in environments such as organic chlorinat- 
ed compounds, nitrogen tetroxide, red fum- 
ing nitric acid, and liquid metals (Brown, 
1977; Schutz and Thomas, 1987). 

Titanium is resistant to corrosion in sea 
water and is, therefore, extensively used for 
tubes in heat exchangers that use sea water 
for cooling purposes. Other attractive qual- 
ities of titanium for sea water applications 
are that it is resistant to erosion-corrosion, 
it does not need to be designed for corrosion 
allowance, and it is resistant to biofouling. 
In another potential application several 
countries have chosen titanium as one can- 
didate material for fabrication of long-term 
nuclear waste containers planned for burial 
in stable geological sites (Gdowski and 
McCright, 1991; Fukuda and Akashi, 1992; 
Ikeda et al., 1992). 

2.5.3 Tantalum and Niobium 

Tantalum and niobium are, like zirconi- 
um and titanium, reactive metals, that is, 
they rely on an oxide film for corrosion pro- 
tection. The corrosion behavior of tantalum 
is similar to that of glass, that is, it can with- 
stand most acids, but not hydrofluoric acid 
and caustic solutions. Tantalum is inert to 
nitric acid at all concentrations up to the 
boiling point and is resistant to hydrochlor- 
ic acid at all concentrations up to 190°C 
(Schussler and Pokross, 1987). There is on- 
ly one commercially important tantalum al- 
loy (Ta-2.5% W-0.15% Nb) which has 
corrosion resistance equivalent to that of 
tantalum (Hunkeler, 1997). When tantalum 
is coupled with other metals in any indus- 
trial application tantalum would generally 
become cathodic. When exposed to nascent 
hydrogen tantalum readily absorbs hydro- 
gen and it is very sensitive to hydrogen em- 
brittlement (HE) (Dillon, 1994). The corro- 
sion behavior of niobium is similar to that 

of tantalum, that is, it is useful for mineral 
acids but cannot tolerate hydrofluoric acid 
and is susceptible to hydrogen embrittlement. 
In general, niobium has lower corrosion re- 
sistance than tantalum (Schweitzer, 1995). 

2.6 Summary 

The corrosion behavior of non-ferrous al- 
loys such as those based on nickel, cobalt, 
copper, zirconium, and titanium has been re- 
viewed in detail in this chapter. Besides ex- 
otic materials such as tantalum and plati- 
num, nickel-based alloys are the most resist- 
ant to corrosion by mineral acids, and they 
are especially resistant to localized corro- 
sion in chloride-containing environments, 
which troubles stainless steels. Nickel- 
based alloys can broadly be divided into al- 
loys, e.g. Ni-Mo (B-2, B-3) and Ni-Cu (al- 
loy 400), that do not contain chromium, and 
are not, therefore, passivated under oxidiz- 
ing conditions, and alloys, e.g. Ni-Cr-Mo 
(C-22, C-2000,59,686, etc.) and Ni-Cr-Fe 
(G-30,825, etc.), that form a chromium ox- 
ide passive film under oxidizing conditions. 
Ni-Mo alloys such as B-3 have excellent 
corrosion resistance in hot reducing acids 
such as hydrochloric and sulfuric. Ni-Mo 
alloys cannot withstand oxidizing condi- 
tions such as nitric acid and hydrochloric 
acid contaminated with ferric ions. 
Ni-Cr-Mo alloys such as C-2000 alloy are 
multipurpose alloys that can be used both in 
reducing and oxidizing conditions. 

Cobalt-based alloys are usually less cor- 
rosion-resistant than nickel-based alloys, 
but are more resistant to wear. Co-Cr-Mo al- 
loys such as Ultimet also have excellent re- 
sistance to chloride-induced localized attack. 

Copper-based alloys are less corrosion- 
resistant than nickel-based alloys. Copper 
can be used to handle cold reducing acids 
but cannot tolerate oxidizing conditions. 
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Copper and its alloys are widely used for 
fresh and sea water heat-exchanger applica- 
tions, because they are especially resistant 
to biofouling. 

Zirconium is a reactive metal that relies on 
an oxide film for corrosion protection. It can 
be used in nitric, hydrochloric, phosphoric, 
and sulfuric acids (the last two have a con- 
centration threshold above which zirconium 
is not recommended). Zirconium is prone to 
chloride-induced pitting corrosion in the pres- 
ence of oxidizing species such a ferric ions. 

Titanium, like zirconium, relies on a pro- 
tective passive film for corrosion protec- 
tion. It has excellent resistance to corrosion 
in nitric acid, chromic acid, wet chlorine, 
and hypochlorites. It corrodes quickly in 
hydrofluoric acid and in hot sulfuric and hy- 
drochloric acids. Titanium is used exten- 
sively in sea water applications, primarily 
as heat-exchanger tubing. 

Tantalum is another reactive metal with 
excellent corrosion-resistance in most high- 
temperature mineral acids; it cannot, how- 
ever, tolerate hydrofluoric acid and is sus- 
ceptible to hydrogen embrittlement. The 
corrosion behavior of niobium is similar to 
that of tantalum; its general corrosion resis- 
tance is, however, lower. 

2.7 Trade Names 

Hastelloy, Haynes, Ultimet, C-22, C- 
2000, G-30, and B-3 are trademarks of 
Haynes International Inc.; Incoloy, Inconel, 
and Monel are trademarks of Inco Alloys 
International; Stellite and Tribaloy are 
trademarks of Deloro Stellite Inc.; Elgiloy 
is a trademark of Elgiloy Company; Havar 
is a trademark of Hamilton Precision Met- 
als, Inc.; 20Cb-3 is a trademark of Carpen- 
ter Technology Corporation, Nicrofer is a 
trademark of Krupp VDM, and MP35N is a 
trademark of SPS Technologies. 
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List of Symbols and Abbreviations 

a, b constants 
A E  
Ea anodic polarization potential 
E: 
E C  cathodic polarization potentials 
E: 
Epit pitting potential 
F Faraday constant 

f$ 
AG: 
ha polarization resistance of anode 
Ha03 Hal, Ha27 Ha39 Hco, Hcl, Hc2, Hc3 

ohmic drop of potential in solution 

natural corrosion potential of anode 

natural corrosion potential of cathode 

pitting attack occurrence factor for aluminum 
standard Gibbs energy of formation 

constant values 
hC 
I a  

IC 

I,,,, 
lpit 
K 
L 
M 
n 
R 
S 
s a  

SC 
t 
T 
V 
W 

e 

polarization resistance of cathode 
anodic current 
cathodic current 
corrosion current 
current density at the pitting potential 
equilibrium constant 
distance between anode and cathode 
atomic weight 
number of electrons 
gas constant 
cross-sectional of the electrolyte between anode and cathode 
corrosion area of anode 
corrosion area of cathode 
corrosion exposure time 
absolute temperature 
corrosion rate 
weight loss 

solution resistivity 
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3.1 Introduction 

The most widely used metal after iron is 
aluminum. The applications of aluminum 
have encompassed almost every aspect of 
our modern life for the last several decades. 
Aluminum and its alloys are extensively 
employed in transport (airplane wing mate- 
rials, automobiles, and truck and bus bod- 
ies), in architecture (curtain walls, window 
sash and frames), in household utensils, 
and in materials for wrapping and packag- 
ing many foods and gifts. This usage is be- 
cause of the combination of lightness with 
strength, corrosion resistance, thermal and 
electrical conductivity, heat and light reflec- 
tivity, and lack of toxicity. This chapter de- 
scribes the corrosion behavior of aluminum. 

Corrosion in usual usage is the wet-cor- 
rosion which occurs in aqueous environ- 
ments. Corrosion is defined as the deteriora- 
tion of a substance (usually a metal) or its 
properties because of chemical or electro- 
chemical reaction with its environment. 
Thermodynamically the chemically stable 
form of aluminum in a neutral environment 
is aluminum oxide. This means that oxida- 
tion of aluminum (corrosion) will always 
occur. Despite this the occurrence of corro- 
sion problems for aluminum materials in re- 
alistic applications will be infrequent, be- 
cause the aluminum surface oxide film is 
strong enough to hinder further corrosion. 

The selection of materials for use in in- 
dustry has been determined by three consid- 
erations: high quality, low cost, and avail- 
ability. Whether we like it or not, another 
consideration will be added to this list in the 
near future. This is required for protection 
of the environment of our global commu- 
nity. Aluminum products can be readily re- 
cycled, because of the rather low melting 
temperature of aluminum compared with 
other metals. Recycling aluminum from 
scrap (secondary aluminum) requires much 

lower energy consumption (ca. 5%) than 
when extracting aluminum from bauxite 
(primary aluminum) (Moore, 1981). It is 
said that it should be obligatory to recycle 
aluminum as an industrial material. 

Corrosion problems will arise in the use 
of recycled aluminum. For instance, most 
recycled aluminum is contaminated with 
impurity elements such as iron, silicon and 
copper. The contaminated aluminum usual- 
ly has low corrosion resistance, because 
of its poor oxide film layer. As the use of 
recycled aluminum becomes more wide- 
spread, corrosion problems will increase in 
importance in many industrial fields. These 
considerations lead to the conclusion that 
corrosion engineering of aluminum and its 
alloys will be one of the most important sub- 
jects to be studied in the next century. 

3.2 Surface Oxide Film 
on Aluminum 

Thermodynamics tells us that aluminum 
is a reactive metal. Despite this aluminum 
has excellent corrosion resistance. Because 
aluminum has strong affinity for oxygen, the 
surface aluminum oxide film protects the 
metallic aluminum from corrosion in many 
environments. Before mentioning the cor- 
rosion behavior, it is necessary to know the 
structure and properties of surface oxide 
film formed on aluminum. 

Oxide film layers are composed of vari- 
ous kinds of alumina, the oxide of metallic 
aluminum. The thermodynamic stability of 
the oxide film is expressed by application of 
the reaction, or van’t Hoff, isotherm. 

AG,O = -RT In K (3-1) 

where AG; is the standard Gibbs energy of 
formation, R is the gas constant, T is the ab- 
solute temperature and K is the equilibrium 
constant. 
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The values of standard Gibbs energy of 
formation of some oxides are shown in Ta- 
ble 3-1 (Pourbaix 1966). The more negative 
the values of AG," of the oxide, the more 
stable is the oxide. The positive value of 
AGfO of gold tells us that the stable chemi- 
cal form under standard conditions (298 K 
and 1 atm) is the metallic state of gold. AGfO 
values for aluminum oxides are relatively 
large negative values, which means that alu- 
minum oxides are quite stable. There are 
several chemical forms of aluminum oxides. 
Some of these oxides, e.g. typical aluminum 
oxide film, are also listed in Table 3-1. In 
this table of all the aluminum oxides that 
known as gibbsite (or hydrargillite) has the 
most negative value, and is thus the most 
stable. 

For growth of the aluminum oxide film, 
electrons must migrate through the oxide 
film to enable reaction the oxygen atoms ab- 
sorbed on the surface. Oxygen ions, metal 
ions, or both, moving through the oxide bar- 
rier are controlled by diffusion processes. 
It is seldom that metallic oxides have stoi- 

Table 3.1. The standard Gibbs energy of formation at 
298 K. 

Formula AG; Remarks 
(kJ mol-') 

Au203 

AgzO 
CUO 

F.5304 

A1203 

A1203 . H,O 

A1203 . 3  H20  

+163.0 
-10.8 

-127.1 
-740.3 

-1013.2 

-1574.9 

-1581.3 

- 1607.3 

Anhydrous auric oxide 
Argentous oxide 

Cupric oxide 
Hematite 

Magnetite 
Anhydrous aluminum 
oxide (corundum), 

Monohydrated alumi- 
num oxide (boehmite) 
Trihydrated aluminum 
oxide (gibsite or hy- 
drargilli te) 

a-AlZO, 

chiometric formula structures. Aluminum 
oxide films have characteristics of n-type 
semiconductor oxides (Galvele and Mi- 
cheli, 1970) which have negatively-charged 
free electrons as major charge carriers. They 
may be either cation excess or anion defi- 
cient. 

The oxide film is bonded strongly to its 
aluminum matrix and is structured of two 
layers-the inner oxide layer adjacent to the 
metal is a compact amorphous barrier layer 
and the outer layer is a permeable hydrated 
oxide layer. The 1-nm barrier oxide film ef- 
fectively protects the aluminum from corro- 
sion (Hunter and Fowle, 1956). When the 
surface of the oxide film is freshly abraded 
in air, the 1 nm thick barrier layer is formed 
simultaneously. 

Physical metallurgy shows that the 
soundness of the aluminum oxide film de- 
pend on the metal-oxide interface structure 
and the electric conductance of aluminum 
oxide film. It is convenient to use the Pill- 
ing-Bedworth volume (Pilling and Bed- 
worth, 1923) as a measure of the metal-ox- 
ide interface structure. The volume ratio is 
expressed as the fraction (volume of 1 mol 
Al,O,)/(volume of 2 mol Al). When the 
volume ratio is less than unity, the oxide 
layer is usually unprotective because the 
occurrence of the tensile stresses at the met- 
al-oxide interface. When the volume ratio 
is greater than unity, the oxide layers are 
protective because the compressive stress- 
es shield the metal-oxide interface from the 
exposure to the atmosphere. When the vol- 
ume ratio is much greater than unity, large 
compressive stresses will destroy the met- 
al-oxide interface structure; this might 
eventually generate porous or cracked ox- 
ide layers that do not protect against corro- 
sion. Although there are many exceptions in 
the Pilling-Bedworth theory, the concept of 
the volume remains convincing. It should be 
remarked that excellent protective oxide 
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layers have a volume ratio between 1.2 and 
2.0. Volume ratios for aluminum oxide 
layers are listed in Table 3-2. The value of 
the volume ratio in the table confirms the 
experimental fact that aluminum oxide 
layers afford excellent protection against 
corrosion. Another assessment is simply ex- 
plained by the physical properties of alumi- 
num oxide layer, which is electrically non- 
conductive in character and insulates the 
substrate aluminum from further electro- 
chemical reactions. 

The metallurgical characteristics of the 
aluminum oxide layer also depend on its 
physical metallurgy, such as defects and 
metallurgical structure included in the ox- 
ide layer. For instance, when intermetallic 
compound particles as secondary phases are 
exposed on the surface, a discontinuous ox- 
ide film with various defects is often pro- 
duced at the metal-particle interface. This 
discontinuous oxide film is weakly or non- 
protective chemically and physically. Be- 
cause corrosion is a chemical and electro- 
chemical reaction on the surface, corrosion 
behavior is readily influenced by surface 
morphology. The aluminum surface is usu- 
ally adsorbed or contaminated by water, 
gases and many kinds of micron-sized sub- 
stances. Microscopic heterogeneous struc- 
tures such as vacancies, steps, kinks, and 
dislocations, and macroscopic heterogene- 
ous structures such as scratches, pits and 
other superficial blemishes influence the 
corrosion behavior of aluminum and its al- 
loys to different extents. 

Table 3.2. The volume ratios of aluminum oxides. 

Oxide film layer Structure Volume ratio 

a-Al,03 Corundum 1.28 
y-A1203 Defect-spinel 1.31 

3.3 Corrosion of Aluminum 

3.3.1 Electrochemical Corrosion 
of Aluminum 

The potential-pH diagram (Pourbaix dia- 
gram) for the aluminum-water system at 298 
K is shown in Fig. 3-1 (Pourbaix, 1966). The 
equilibrium diagram must be applied to re- 
alistic cases; in particular it is valid in the 
absence of substances with which aluminum 
can form soluble complexes or insoluble 
salts. The aluminum complexes are those 
formed with the organic anions such as ac- 
etate, citrate, tartrate, oxalate, etc., and flu- 
orine complexes. 

In many engineering applications, the 
most commonly encountered form of alumi- 
num corrosion is localized corrosion, which 
is defined as selective removal of metal in 
small areas on the surface. This type of cor- 
rosion will occur when the oxide film state 
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Figure 3-1. Potential-pH diagram (Pourbaix dia- 
gram) for the system aluminum-water at 298 K. 
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loses dynamic balance between the forma- 
tion and breaking of the barrier layer. Gen- 
erally speaking, corrosion problems of alu- 
minum are confined to localized corrosion 
such as pitting attack. To understand the lo- 
calized corrosion of aluminum it is conven- 
ient to divide corrosion phenomena into two 
types-metallurgical and environmental. 

3.3.2 Metallurgical Aspects 

It is important to know the electrochem- 
ical natures of the metallurgical phases ex- 
posed on aluminum and its alloys. The cor- 
rosion behavior of aluminum is mostly gov- 
erned by electrochemical reactions between 
the aluminum matrix as solid solution and 
particulate compounds as secondary phase. 
Elements added to aluminum can be rough- 
ly divided two metallurgical groups- alloy- 
ing elements such as manganese, zinc, cop- 
per, magnesium, etc., added intentionally to 
the aluminum matrix, and impurity ele- 
ments, e.g. iron and silicon, inevitably in- 
cluded during refining and recycling pro- 
cesses. Whether alloying or impurity ele- 
ments they either become a soluble con- 
stituent of the aluminum solid solution or 
form an intermetallic compound secondary 
phase. 

It is recognized that elements in solid so- 
lution are less detrimental to the corrosion 
of aluminum, but that the existence of sec- 
ondary phases in the mass are harmful, be- 
cause a discontinuous and non-protective 
oxide film is often formed at the matrix-par- 
ticle interface. The harmful extent of the 
secondary phases depends on the kinds and 
amounts of the particles. It is important elec- 
trochemically to know the potential of the 
microstructural particle phases. The poten- 
tial difference between aluminum matrix 
and secondary phase is of primary impor- 
tance in the corrosion behavior of aluminum 
and its alloys. The potentials of solid solu- 

tion matrixes are shown in Fig. 3-2 (ASM 
International, 1987). Zinc in the aluminum 
matrix shifts the potential of the matrix in 
the less noble direction, in contrast with 
some elements, e.g. manganese and copper, 
which shift it in the more noble direction. 
The potentials of secondary-phase particles 
are shown in Table 3-3 (ASM International, 
1987). Secondary particle phases which 
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Figure 3-2. Effects of alloying elements on the cor- 
rosion potentials of aluminum alloys. 

Table 3.3. Corrosion potentials of secondary particle 
phases in 53 g L-' NaCl + 3 g L-' H202 solution at 
298 K. 

Phase Potential (V) Remarks 
relative to SHE 

Si -0.02 Primary Si 
NiAI, -0.28 Intermetallic compound 
FeAI, -0.32 Intermetallic compound 
CuA12 -0.49 Intermetallic compound 
MnAI, -0.61 Intermetallic compound 
Mg2A18 - 1 .oo Intermetallic compound 
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shift the potential in the less-noble direction 
act as anodes on the matrix; those which 
shift the potential in the noble direction act 
as cathodes. 

3.3.3 Environmental Aspects 

Many environmental effects must be con- 
sidered when studying the corrosion of alu- 
minum; these include pH, dissolved oxygen, 
the velocity of a flowing fluid, temperature, 
and the different ions present. With regard 
to pH, aluminum is soluble in many acids 
and bases, yielding A13+ ions in acid and 
A102 (aluminate) ions in base; this is read- 
ily apparent from the potential-pH diagram 
of aluminum (Fig. 3-1). Aluminum is an 
amphoteric metal. The influence of pH on 
the solubility of Al,03 (hydrargillite) is 
shown in Fig. 3-3 (Pourbaix, 1966). The 
solubility of hydrargillite in pH-neutral en- 
vironment (pH 4-9) is between lop5.* and 

, a value regarded as negligibly small 
in many engineering applications. 

This section focuses on the effect of chlo- 
ride ions in the environment, because it is 
well recognized that localized corrosion 
problems such as pitting attack are often ob- 
served when chloride ions are present in pH 
neutral environments. The chloride ions at- 
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Figure 3-3. Influence of pH on the solubility of alu- 
minum oxide, hydrargillite, at 298 K. 
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Figure 3-4. Relationship between the activity of 
chloride ions and the pitting potential for aluminum 
in NaCl solution. 

tack a discontinuous oxide film and hinder 
the growth of protective oxide film. It is im- 
portant to note that the presence of chloride 
ions severely damages the corrosion resis- 
tance of aluminum. Pitting is initiated at 
a critical potential (pitting potential, Epit), 
i.e. a first breaking potential for oxide film, 
because the aluminum oxide film is poten- 
tial-dependent in nature. It is experimental- 
ly found that there is a relationship between 
the activity of chloride ions [Cl-] and Epit; 
this is shown in Fig. 3-4 (Kaesche, 1963; 
Boehni and Uhlig, 1969). The expression is: 

Epit = a + b x log [Cl-] (3-2) 

where a and b are constants determined by 
experiment. The value of b varies from 
-0.073 to -0.12 V/decade (Galvele, 1978) 
for aluminum and its alloys. The greater the 
concentration of chloride ions, the more 
Epit shifts to less noble values. 

3.3.4 Forms of Corrosion 
of Aluminum 

Several different types of aluminum cor- 
rosion are encountered in natural environ- 
ments. In accordance with the appearance 
of the corroded surface, it is convenient to 
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classify the corrosion into five types: pitting 
attack, galvanic corrosion, crevice corro- 
sion, intergranular corrosion, and stress cor- 
rosion. Although these forms are arbitrary, 
all are apparent in realistic corrosion prob- 
lems of aluminum (Fontana, 1986). 

3.3.4.1 Pitting Attack 

Pitting attack is a type of localized corro- 
sion which results in a small-diameter pin- 
hole. The small size of the pitting-attack ar- 
ea makes it difficult to detect and measure 
visually. Perforation by pitting attack often 
affects equipment such as radiators and heat 
exchangers. Pitting attack requires an initi- 
ation period (incubation period) before the 
pits propagate to failure in normal applica- 
tions. Once a stable pitting attack cavity 
forms, a pit propagates at an increasing rate. 
The extent of pitting attack will depend both 
on the metallurgical structure and on the sur- 
rounding environment. 

The characteristic mechanism of pitting 
attack of aluminum is autocatalytic in na- 
ture. As a typical explanation, the corrosion 
of aluminum containing iron in a NaCl so- 
lution is often quoted (Wranglen, 1985). 
Iron is the most common impurity element 
found in aluminum. It is well known that the 
iron always forms an intermetallic second 
phase (e.g. FeAl,) in aluminum because the 
solid solubility of iron in aluminum is very 
small. When FeAl, is present on the surface, 
the covering oxide film is thin or non-exis- 
tent and the oxide film at the boundary of 
the FeA13-aluminum is too poor to protect 
against corrosion. In an environment con- 
taining chloride ions, the boundary of the 
FeA1, matrix is attacked locally. The FeAl, 
acts as a cathode relative to the aluminum 
matrix when aluminum is immersed in an 
aerated NaCl solution. 

At the initiation of pitting attack, the 
cathodic reaction is reduction of dissolved 

oxygen which occurs on the surface of 
FeA1, particles: 

O2 + 2 H 2 0  + 4e- + 40H- (3-3) 

The anodic reaction is oxidation of alumi- 
num, which occurs in a pH-neutral environ- 
ment. 

A1 + 3H20 + Al(OH), + 3H+ + 3e- (3-4) 

The anodic reaction is initially slow, be- 
cause Eq. (3-4) represents a solid-solid re- 
action. In electrochemical terms, the initial 
stage of the anodic reaction needs an incu- 
bation period, i.e. a period before the detec- 
tion of pitting attack during which the alu- 
minum is immersed in aerated NaCl solu- 
tion. The overall reaction at the initiation 
stage is in accordance with Eq. (3-9,  ob- 
tained by adding Eqs (3-3) and (3-4). 

4A1+ 6H2O + 302 + 4Al(OH), (3-5) 

At the propagation stage of the pitting at- 
tack process, continuous dissolution occurs 
around the FeA1, particles and a pitting cav- 
ity is subsequently formed. Because the 
anodic reaction of Eq. (3-4) produces hy- 
drogen ions the solution in the region of the 
pitting cavity gradually becomes acidic. 
When the acidic environment predominates, 
Eq. (3-4) becomes: 

A1 + A13+ + 3e- (3-6) 

The dissolution reaction Eq. (3-6) results 
in the production of the positive charged 
A13+, and chloride ions then migrate to 
maintain electroneutrality. The solution be- 
comes more acidic as a result of hydrolysis 
reaction: 

A13+ + 3 H20 + Al(OH), + 3 H+ (3-7) 

As a result of migration and hydrolysis, both 
chloride and hydrogen ions are present in 
the active pits and stimulate the further dis- 
solution of aluminum. Consequently the 



3.3 Corrosion of Aluminum 121 

rate of dissolution of aluminum increases. 
The process of pitting attack of aluminum 
is depicted schematically in Fig. 3-5 (Seri, 
1994). 

To explain the corrosion behavior at the 
propagation stage, it is convenient to divide 
the corrosion into two processes-corrosion 
in dilute NaCl solution and corrosion in con- 
centrated NaCl solution. Upper picture in 
Fig. 3-5 is the process in dilute NaCl. The 
reduction of dissolved oxygen on the FeAl, 
particles is suppressed, because of the coat- 
ing of corrosion product, which has been 
shown experimentally to be more adhesive 
in dilute NaCl solution. This leads to the for- 
mation of a occluded cell, in which the pit- 
ting cavities and the FeAI, particles are in- 
completely shielded from the bulk solution 
by corrosion products. Evolution of hydro- 
gen gas hinders complete closure by corro- 

sion products. Electroneutrality is main- 
tained by migration of chloride ions. The in- 
creases in pH and chloride ion concentra- 
tion stimulate the dissolution of FeA1, par- 
ticles, which are always observed in active 
pitting cavity. The ferrous ions produced by 
dissolution of FeAl, can be deposited on the 
active aluminum surface of active pits or the 
newly exposed FeAI, particles underneath 
(Seri and Imaizumi, 1990). The electrons re- 
leased are accepted by the hydrogen ions on 
the deposited iron in the pitting cavities. Hy- 
drogen evolution occurs readily on the de- 
posited iron because of the oxide free sur- 
face and the lower hydrogen overvoltage of 
iron. The aluminum matrix inside the pit, 
which is coupled with the deposited iron or 
newly exposed FeAl, particles underneath, 
can dissolve autocatalytically. The cathod- 
ic reaction in the propagating stage is hy- 

Figure 3-5. Schematic representation of the corrosion of aluminum containing iron in dilute and concentrated 
NaCl solution. 
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drogen evolution according to Eq. (3-8) on 
the deposited iron or on the newly exposed 
FeA1, particles underneath. 

2H+ + 2e- -+ H, (3-8) 

The overall reaction at the propagation 
stage can be obtained by adding Eqs. (3-6) 
and (3-8): 

2A1+ 6H+ + 2A13+ + 3H, (3-9) 

The reaction at the propagation stage is 
relatively fast, because Eq. (3-9) is a solid- 
ion reaction. Hence, the essential mecha- 
nism of the autocatalytic process is the gen- 
eration of galvanic couples by which alumi- 
num reacts with the hydrogen ions in the pit- 
ting cavities to form aluminum ions and hy- 
drogen gas. 

3.3.4.2 Galvanic Corrosion 

Galvanic corrosion is an electrochemical 
reaction between two dissimilar metals in 
corrosive environments. Galvanic couple 
theory is fundamental to understanding this 
corrosion behavior, which is discussed lat- 
er in detail. When aluminum is connected 
electrically to another metals and exposed 
to an aggressive environment, aluminum 
is usually corroded. An electric current 
(galvanic current) flows from aluminum 
(anode) to the other (cathode) in the corro- 
sive solution. Many metals and alloys can 
be arranged relative to each other by mea- 
suring their potentials in seawater. The list 
obtained is shown in Table 3-4 (Fontana, 
1986). Tabulation of galvanic series is use- 
ful for material design, because their rela- 
tive positions in a galvanic series are simi- 
lar in many environments (Fontana, 1986). 

3.3.4.3 Crevice Corrosion 

When aluminum is placed in fairly loose 
contact with itself or other materials, such 

Table 3.4. Galvanic series of metals and alloys in sea- 
water. 

(cathodic) Platinum 
Gold 
Graphite 
Titanium 
Silver 
18-8 stainless steel (passive) 
Copper 
Tin 
Lead 
13% Chromium stainless steel 
Cast iron 
Mild steel 
Aluminum, 2024 

(4.5% Cu, 1.5% Mg, 0.6% Mn) 
Commercially pure aluminum (1 100) 
Zinc 

(anodic) Magnesium and its alloys 

as occurs with the use of bolts, gaskets, and 
lap joints, or in the presence of deposits, etc., 
crevice corrosion can occur at the respec- 
tive surfaces. Crevice corrosion occurs in- 
side the crevice, but the mouth of the cre- 
vice is not attacked. The mechanism of cre- 
vice corrosion is explained in terms of the 
formation of a differential aeration cell as- 
sociated with higher oxygen levels at the 
mouth of crevice than inside it. Crevice cor- 
rosion is characteristically independent of 
the type of alloy but is dependent on crevice 
structure. 

3.3.4.4 Intergranular Corrosion 

Intergranular corrosion is preferential 
dissolution either at grain boundaries or 
within immediately adjacent regions. It is 
explained electrochemically by the concept 
that selective dissolution occurs at weak 
sites, e.g. segregation and/or precipitation 
of alloy elements along the boundaries. It is 
said that most heat-treated aluminum alloys 
have some susceptibility to intergranular 
corrosion if poor heat-treatment is applied. 
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For instance, when Al-Cu alloys are heat- 
treated by delayed quenching after solid-so- 
lution treatment, copper will diffuse to the 
grain boundaries. The copper-poor regions 
formed adjacent the grain boundaries play 
an anodic role relative to the other regions 
which have more noble potentials (Galvele 
and Micheli, 1970). Some aluminum alloys 
subjected to inadequate quench treatment 
become susceptible to intergranular corro- 
sion. 

3.3.4.5 Stress Corrosion 

Stress corrosion, one of the most danger- 
ous forms of attack, is caused by the simul- 
taneous presence of tensile stress and a spe- 
cific corrosive environment. The mecha- 
nism of hydrogen embrittlement failure 
is important problem to be solved. It is im- 
portant that the fundamental behavior of 
nascent hydrogen generated by cathodic 
reaction is quantitatively understood. The 
nascent hydrogen diffuses along the grain 
boundaries and causes loss in strength, 
which can lead to initiation of a crack. It is 
said that heat-treated aluminum alloys and 
Al-Mg alloys containing more than ca. 
3.5% Mg, are susceptible to stress corrosion 
(Wernick et al., 1987). 

3.4 Polarization Curves 
of Aluminum and its Alloys 

The electrochemical technique of mea- 
suring the relationship between current and 
electrode potential (polarization curve) is 
widely used to help understand corrosion 
behavior. Polarization curves are easily ob- 
tained by potentiodynamic methods. The 
polarization curve is a graphical represen- 
tation of the dependence of current density 
(horizontal axis) on electrode potential (ver- 
tical axis), and the gradient of the curve is 

indicative of a reaction resistance (polariza- 
tion resistance) for the corrosion process. As 
a typical example, a polarization curve 
measured for industrial pure aluminum 
1050 in deaerated 3.5% NaCl solution is 
shown in Fig. 3-6 (The Japan Institute of 
light Metals Association, 1985). The figure 
shows the curve to have two basic parts-an 
anodic polarization curve in the range from 
(A) to (B) and a cathodic curve in the range 
from (A) to (C). The anodic curve from (A) 
to (B) is indicative of relatively large pola- 
rization resistance; in this region the alumi- 
num oxide layer can maintain its integrity. 
The anodic reaction in this range is given by 
Eq. (3-4). The range between (A) and (B) is 
used in practice because of its slow and uni- 
form reaction. Further increasing the elec- 
trode potential (polarizing to noble poten- 
tial) causes the current density to increase 
abruptly at bending point (B). This poten- 
tial is an important indicator and is denoted 
the pitting potential (Ecit). Above Epit, in the 
range (B)-(B’), pits will initiate and propa- 
gate; below Epit, in the range (A)-(B), they 
will not. On further polarizing toward noble 
potential a flat gradient will be observed. 
The flat gradient in the range (B)-(B’) 
means that the anodic reaction of aluminum 
occurs so readily that its rate is rapid. Above 
Epi, the aluminum is easily attacked and dis- 
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Figure 3-6. Polarization curve of industrial pure alu- 
minum 1050 in deaerated 3.5% NaCl solution. 
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astrously damaged. In this region the anod- 
ic reaction is given by Eq. (3-6). 

To grasp the corrosion behavior of alumi- 
num, it is convenient to express this behav- 
ior by use of the polarization curves mea- 
sured by the potentiodynamic method (Seri, 
1990 a). Anodic and cathodic polarization 
curves are generally expanded as follows: 

E, = Ha0 + H,,Za + Ha2Z: + 
+ Ha3 Z: + . . . (3-10) 

E, = H,, + HClZ, + Hc2Z2 + 
+ Hc3Zc3 + ... (3-1 1) 

where, E, and E, are the anodic and cathod- 
ic polarization potentials (V), respectively, 
Hao, Hal, Ha29 Ha3, ..., and Hco, Hcl, Hc2, 

Hc3, ... are constant values determined by 
experiment, and Z, and Z, are anodic and ca- 
thodic currents (A), respectively. 

When a corrosion cell is formed between 
an anodic site and a cathodic site, the fol- 
lowing relationship will be established: 

AE = E, - E, = Z,,,,,QL/S (3-12) 

where, AE is ohmic drop of potential in so- 
lution (V), Zcom is the corrosion current (A), 
Q is the solution resistivity (R . m), L is the 
distance between the anode and cathode 
(m), S is the cross-sectional of the electro- 
lyte between the anode and cathode (m2). 

Applying the mixed potential theory, the 
following equation is obtained by substitu- 
tionofEqs (3-10)and(3-1l)intoEq. (3-12): 

(Hco-Hao) + (Hcl-HaI-QUzcorr + 
+ (Hc2-Ha2) I&r + (Hc3-Ha3) I:o,, + * * * = 0 

(3-13) 

The value of Zcorr obtained can be convert- 
ed into corrosion rate v by the use of an ex- 
pression based on Faraday’s law: 

i,,, = Z,,,,/S, = nFW/(MS,t) = nFv (3-14) 

where, n is the number of electrons involved 
in the reaction (valence charge), F is the 

Faraday constant (96 500 C mol-I), W is the 
weight loss (g), A4 is the atomic weight 
(g mol-I), S,  is the corrosion area (m2), and 
t is the corrosion exposure time (s). 

For instance, the value of i,,, = 10 yA 
cm-2 corresponds to an average penetration 
rate of 0.1 mm year. The value 10 yA cm-2 
is an approximate criterion for determina- 
tion of whether or not an aluminum alloy is 
corrosion-resistant (Masuko, 1978). 

As shown in Fig. 3-6, both anodic and 
cathodic polarization curves of aluminum 
have simple shapes. There is no active-pas- 
sive range as there is for stainless steel and 
titanium, for which the polarization behav- 
ior is characterized by an approximately lin- 
ear relationship between electrode potential 
and current density. With acceptable error 
Eqs (3-10) and (3-11) can be simplified to: 

E, = Ha, + HalZa = E: + (ha/Sa)Za (3-15) 

E,=H,o+H,lZ,=E~-(h, /S,)Z,  (3-16) 

where E; and E: are the natural corrosion 
potentials of anode and cathode, respective- 
ly (V), S ,  and S,  are the corrosion areas of 
the anode and cathode, respectively (m2), and 
ha and h, are the polarization resistances of 
anode and cathode, respectively (R . m2). 

Eq. (3-13) can be simplified to (Seri, 

(3-17) 
1990b): 

(E;-E:)l(h,/S, + h,/S, + QLIS) = Zcorr 

An electrochemical perspective is 
opened by Eq. (3-17) - the equation repre- 
sents both necessary and sufficient condi- 
tions for understanding the principle of cor- 
rosion process. 

Necessary Conditions 
(Thermodynamic Aspect) 

The value (E;-E:) is always positive 
when corrosion occurs. In other words cor- 
rosion only proceeds when both anode and 
cathode are present. 
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Sufficient Conditions (kinetic aspect) 

When the value of (h,/S,+h,lS,+@L/S) 
is infinite, the value of Z,,,, becomes negli- 
gibly small. In this case corrosion can be dis- 
regarded in a realistic application of alumi- 
num. 

To understand the corrosion behavior of 
aluminum it is necessary to know the val- 
ues of the nine quantities, E:, E:, h,, S,, ha, 
S,, @, L ,  and S,  which affect I,,,,; then de- 
scription of the corrosion behavior of alu- 
minum can be simplified according to Eqs 
(3-15) and (3-16). 

3.5 Pitting Attack on Aluminum 
and its Alloys 

In pitting attack studies, it is fundamen- 
tal to measure the corrosion potential (E,,,,) 
of a corroding aluminum in the natural state. 
Ecorr, which is interpreted as the intersec- 
tion of the anodic and cathodic polarization 
curves, reflects the electrochemical charac- 
teristics of both anodic and cathodic condi- 
tions. The contribution of anodic and ca- 
thodic behavior to the corrosion process is 
categorized into three groups: 

- processes controlled by the anodic reaction; 
- processes controlled by the cathodic re- 

- processes controlled by the mixed reaction. 

The localized corrosion of aluminum is 
characteristically autocatalytic in nature, as 
has already been mentioned in Section 
3.3.4. To know whether or not localized 
corrosion will occur, it is important to know 
the relative value of E,,,, and the threshold 
potential Epit. In other words, to prevent 
aluminum from pitting, it is necessary to 
consider alloy design and environmental 
conditions and to shift E,,,, in a less noble 
directions than Epit (ASM International, 

action; and 

1987). The first step is to minimize the po- 
tential difference between anode and cath- 
ode as far as possible by referring to data 
such as Fig. 3-2 and Table 3-3. The second 
step is to study the polarization behavior. 
Guidelines for preventing the occurrence of 
pitting attack can be obtained from, for ex- 
ample, the anodic polarization curve for 
pure aluminum in NaCl solution (Fig. 3-7). 

Up to Epit, the oxide film maintains its 
protectiveness-corrosion is slow and uni- 
form and no pitting attack occurs. Above 
Epit, the oxide film breaks down at weak 
sites and cannot repair itself. Pitting attack 
occurs under the combination of anodic po- 
larization curve (Al) and the cathodic pola- 
rization curve (C). There are two basic ways 
of avoiding the occurrence of pitting at- 
tacks. One is the well known procedure of 
shifting Epit in the more noble direction 
(anodic polarization curve of A2; vertical 
shift). The other is by increasing the anod- 

T 

Current 

Figure 3-7. Schematic explanation for the occur- 
rence of pitting attack on aluminum, in NaCl solution, 
by use of polarization curves. 
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ic current at Epit, i.e. ipit (anodic polariza- 
tion curve of A3; horizontal shift). This is 
beneficial because the free corrosion poten- 
tial Ecorrr which in curve A1 lies in the range 
of Epit, will be shifted to lower potentials 
significantly below Epit. This situation is il- 
lustrated by curve A3-a higher anodic po- 
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Figure 3-9. Relationship between pitting potential 
and the amount of NaNO, added to 0.1 M NaCl solu- 
tion. 

larization curve (higher ipit) while the ca- 
thodic curve remains in the original posi- 
tion. To increase Epit it is necessary to ob- 
tain electrochemical data showing the rela- 
tionship between Epit and alloying elements 
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Figure 3-10. Relationship between the current at the 
pitting potential and the manganese content of alumi- 
num. 
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in the aluminum (e.g. Fig. 3-8 (Sugimoto et 
al., 1970)) in different environments (e.g. 
Fig. 3-9 (Seri, 1990b)). To increase the 
anodic polarization curve (increase ipit), it 
is necessary to obtain electrochemical data 
showing the relationship between ipir and al- 
loying elements in aluminum (e.g. Fig. 3-10 
(Seri, 1990~))  in different environments 
(e.g. Fig. 3-1 1 (Seri, 1990b)). 

In realistic applications it is necessary as 
a third step to check the corrosion behavior 
experimentally under the various electro- 
chemical conditions expected. Environ- 
mental changes might include adhesion of 
corrosive materials; metallurgical changes 
might include selective dissolution or de- 
position of noble metals. It is essential to in- 
spect the corrosion behavior of aluminum 
and its alloys in a field test. 

Specimen: 99.99 % Al 

In deaerated 0 . 1 ~  NaCl + X M  NaNO, sol. 

Scan rate: 0.5 mV s-' 

0 0.04 0.08 0.12 0.16 0.20 

Amount of NaNO,/M NaNO, added (%) 

Figure 3-11. Relationship between the current den- 
sity at the pitting potential and the amount of NaNO, 
added to 0.1 M NaCl solution. 

3.6 Material Design 
for Pitting Resistance 
of Aluminum Alloy 

In this section we focus on material de- 
sign for aluminum alloys resistant to pitting 
attack. A convenient technique for assess- 
ing the occurrence of pitting attack is the so- 
called 'pitting attack occurrence factor for 
aluminum', f:;' (Seri, 1990b; Seri, 1998). 
Instead of conventional geometric superim- 
position of the anodic and cathodic polariza- 
tion curves,f$: is introduced (derived from 
Eq. (3-17)) to obtain a qualitative assess- 
ment of the occurrence of pitting. 

j$' = ( ~ 2  - Epit)/(ipit hc ~ a / ~ c >  (3- 18) 

where E: is the natural corrosion potential 
of the cathode site (V), Epit is the pitting po- 
tential of the anode site, ipi, is the current 
density at the pitting potential (A m-*), h, 
is the polarization resistance (Q . m2), and 
Sc is the area of cathodic site (m2). 

Pitting attack will occur whenf:,' 2 1 but 
not whenf; c 1. Eq. (3-1 8) gives important 
guideline information for the design of cor- 
rosion resistant aluminum alloys - to pre- 
vent aluminum alloy from pitting attacks, 
the following considerations should be tak- 
en into account: 

The value of (E:-Epit) should be small, 
i.e.: 

- E: should be small, in other words we se- 
lect the alloying elements and environ- 
mental conditions for which E: of the 
cathode has a less noble potential; and/or 

- Epit should be high, in other words we se- 
lect alloying elements and environmental 
conditions in which Epit has a noble po- 
tential; e.g. addition of copper and silicon 
to the aluminum matrix and sodium ni- 
trate to the environment make Epit more 
noble (Figs. 3-8 and 3-9). 
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The value of (i,,,h,S$S, ) should be large, 
1.e.: 

- ipit should be large. For instance, addition 
of manganese to the aluminum matrix 
makes ipit large (e.g. Fig. 3-10). Exces- 
sive addition of copper to the aluminum 
matrix makes ipit zero, and pitting attack 
will occur. Addition of sodium nitrate to 
the environments makes ipit large (e.g. 
Fig. 3-9). 

- h, should be large, in other words we 
choose alloying elements and environ- 
mental conditions in which h, for the 
cathode is large. For instance, the addi- 
tion of silicon has its effect above. 

- S,/S, should be large (S, should be large 
and S, should be small). We should select 
a combination of alloying elements that 
result in a large value of S,/S,. This ex- 
plains why the combination of a large cath- 
ode and a small anode leads empirically 
to pitting attack of aluminum materials. 

It emerges experimentally that the value 
of ipit is the most effective of these six terms, 
because ipit usually makes a contribution to 
the value off$ of the order of lo6, where- 
as the contributions of the other terms is of 
the order of lo3 in ordinary corrosion envi- 
ronments. 

3.7 Corrosion Itemized for 
Aluminum and Aluminum Alloys 

These discussions are on the basis of US 
Designations described by ASM Interna- 
tional (1987), Hatch (1984), Shrier (1976), 
and King (1987). 

3.7.1 lxxx Group: 
Aluminum of 99.00% Minimum Purity 

The corrosion resistance of lxxx wrought 
aluminum alloy is high. The extent of cor- 

rosion resistance depends on the alloy ele- 
ments present and their content. Iron, sili- 
con, and copper are major elements present 
in lxxx series aluminum alloys. The iron 
is barely in solid solution. The copper and 
part of the silicon are soluble in aluminum 
matrix. The secondary particulate phases 
contain either iron or iron-silicon as inter- 
metallic compound particles, for example 
FeAl,, Fe&, a(Fe,Si), P(Fe,Si), etc. These 
phases act as cathodes in the aluminum 
matrix. The oxide surface film on these 
phases is thinner than that on the aluminum 
matrix. It is often observed that pitting at- 
tack is initiated and propagated in the alu- 
minum matrix surrounding the phases. 

3.7.2 2xxx Group: 
Aluminum Alloys with Copper 

Copper is the major alloying element in 
2xxx series alloys. It is well known that the 
presence of copper reduces the corrosion re- 
sistance of aluminum alloys. General corro- 
sion resistance decreases with increasing 
copper content. It is important to note that 
reduction of copper and the reduction of dis- 
solved oxygen and hydrogen ions, which oc- 
cur on the deposited copper surface, in- 
crease the rate of corrosion of 2xxx series 
alloys. 

3.7.3 3xxx Group: 
Aluminum-Manganese Alloys 

The corrosion resistance of 3xxx wrought 
aluminum alloys is very high. The manga- 
nese is present in the aluminum matrix as 
submicroscopic precipitates. The secondary 
particulate phases are intermetallic com- 
pound particles such as Mn&. Good resis- 
tance to corrosion of these series is primar- 
ily explained electrochemically - the corro- 
sion potential of MnAl6 is almost the same 
as that of the aluminum matrix. 
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3.7.4 4xxx Group: 
Aluminum-Silicon Alloys 

4xxx wrought aluminum usually has ele- 
mental silicon present as a secondary par- 
ticulate phase. Silicon acts as a cathode in 
the aluminum matrix. Although the poten- 
tial difference between this and the alumi- 
num matrix is several hundred millivolts, 
4xxx wrought aluminum is corrosion resis- 
tant, because of the cathodic polarization re- 
sistance of the silicon is very high. 

3.7.5 5xxx Group: 
Aluminum-Magnesium Alloys 

The corrosion resistance of Sxxx wrought 
aluminum alloys depends primarily on the 
distribution of the GP zones preceding the 
formation of Al,Mg, and Mg,Si particulate 
phases. Susceptibility to intergranular and 
stress corrosion increases with increasing 
magnesium content and service tempera- 
ture. 

3.7.6 6xxx Group: 
Aluminum-Magnesium-Silicon Alloys 

The heat-treatable 6xxx alloys offer some 
compromise in that strength is sacrificed to 
obtain immunity to intergranular corrosion. 
These alloys are satisfactory in urban expo- 
sure but are attacked more rapidly than Sxxx 
group alloys. 

3.7.7 7xxx Group: 
Aluminum-Zinc Alloys 

The major element used in these alloys is 
zinc. Additional elements are magnesium or 
magnesium plus copper, the use of which 
increases alloy strength. Alloys containing 
copper are among the strongest aluminum 
alloys and have been used as construction 
materials, primarily in aircraft applications. 

Although 7xxx alloys are susceptible to 
stress-corrosion cracking, proper use of al- 
loying elements and heat treatment prevent 
stress-corrosion failures. 

3.8 Summary 

The corrosion behavior of aluminum and 
its alloys has been reviewed in this chapter. 
When careful consideration is given to the 
recycling of materials in the near future, alu- 
minum materials are regarded among the 
most promising. Materials recycling not on- 
ly leads to reduced demand on natural re- 
sources but also leads to substantial energy 
savings. Aluminum and its alloys are mate- 
rials of the future. Corrosion problems will 
become prominent in many industrial appli- 
cations, because recycled aluminum mate- 
rials are usually contaminated by impurity 
elements, and so have poor corrosion resis- 
tance. During the past few decades, many 
researchers have made efforts to clarify the 
corrosion behavior, and its mechanisms, of 
aluminum and its alloys and there are many 
research results are available from mechan- 
istic investigations. To improve the corro- 
sion resistance or to obtain convincing rea- 
sons for corrosion failures, many fundamen- 
tal data are still needed. It is necessary that 
more quantitative research is performed for 
further improvement of the corrosion resis- 
tance of aluminum and its alloys. 
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4.1 Introduction 

4.1.1 Scope 

Magnesium is one of the least dense met- 
als and magnesium alloys have quite special 
properties which result in specific applica- 
tions. In particular, their high strength-to- 
weight ratio makes magnesium alloys ex- 
tremely attractive for applications requiring 
light weight, e.g. transport, aerospace, etc. 
As a consequence, these light alloys have 
a promising future. Magnesium alloys are 
still not as popular as aluminum alloys, 
however, a major issue being their corrosion 
behavior. This paper reviews the corrosion 
mechanisms of magnesium and seeks to 
provide a foundation for understanding the 
corrosion behavior of magnesium alloys. 
This fundamental understanding of the 
corrosion mechanisms is important because 
it provides the basis for the design of new 
alloys with improved corrosion proper- 
ties. Compilations of corrosion data are not 
the aim of this paper. Corrosion data are 
available from several handbooks, e.g. the 
ASM Metals Handbook (Froats et al., 
1987). 

4.1.2 Attractive Properties and Current 
Applications 

Magnesium, density 1.7 g ~ m - ~ ,  is one of 
the least dense metals. It has an hexagonal 
crystal structure with a = 0.320 nm, c = 
0.520 nm, and cla = 1.624. The basal plane 
is close-packed and the axial ratio is only 
slightly greater than the theoretical value for 
incompressible spheres (Emley, 1966). The 
atomic diameter is 0.320 nm, so there is a 
favorable size factor with a diverse range of 
the solute elements Aluminum (Al), Zinc 
(Zn), Cerium (Ce), Yttrium (Y), Silver (Ag), 
Zirconium (Zr), and Thorium (Th) (Pol- 
mear, 1989). 

Magnesium alloys have high stiffness/ 
weight ratios, good castability, and high 
damping capacity (Shreir, 1965). On the ba- 
sis of strength/weight ratio magnesium cast- 
ing alloys are superior to aluminum casting 
alloys (Emley, 1966). Magnesium and mag- 
nesium alloys are non-magnetic, have rela- 
tively high thermal and electrical conduc- 
tivity, and good vibration and shock adsorp- 
tion capacity. Magnesium is not toxic and 
can be shaped and worked by all known 
methods (Reece et al., 1990). Magnesium 
is, furthermore, widely distributed in the 
earth’s crust as mineral deposits and in so- 
lution in the sea. Magnesium is, in fact, the 
eighth element in order of both terrestrial 
and cosmic abundance. 

Magnesium has found a wide range of ap- 
plications. More than half the annual pro- 
duction of magnesium is used as an irre- 
placeable alloying addition in aluminum al- 
loys (Mezoff, 1988) and nodular cast iron. 
The balance is used mainly as castings in the 
aerospace and general transport industries, 
with some wrought products in specialized 
applications. In these engineering applica- 
tions, magnesium is rarely used in its non- 
alloyed form. The magnesium alloys find 
principal use in non-structural application, 
although structural uses are expected to 
grow in importance in the future (Mezoff, 
1988). Recently, die-cast magnesium alloys 
have found applications in computer disk 
drives and magnetic card readers at super- 
market checkouts. 

The alloy AZ9 1D can be used to explain 
the standard method used for designation for 
magnesium alloys. In this standard designa- 
tion the first two letters identify the two 
most important alloying elements in the al- 
loy, using the code A - aluminum, E - rare 
earth, H - thorium, K - zirconium, M - man- 
ganese, Q - silver, S - silicon, and Z - zinc. 
Thus AZ indicates an alloy containing alu- 
minum and zinc. The next two digits indi- 
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cate the nominal concentrations of the prin- 
ciple alloying elements, in % w/w. Thus 
AZ91 is an alloy nominally containing 9% 
A1 and 1% Zn. The ‘D’ indicates that 
AZ91D is the fourth of an alloy series con- 
taining 9% A1 and 1% Zn. Further informa- 
tion on the metallurgy of magnesium alloys 
is provided by Polmear (1989) in his excel- 
lent book Light Alloys. 

Because of their high strength/weight ra- 
tios, magnesium alloys are of particular 
interest in the aerospace and transport in- 
dustries (Shreir, 1965), and these industries 
have provided great stimulus to the devel- 
opment of magnesium alloys over the last 
40 years (Polmear, 1989). For example, 
thorium-containing alloys have found appli- 
cation in missiles and spacecraft. Magne- 
sium alloys are promising alternatives to 
aluminum alloys for the manufacture of cast 
automotive components and there has been 
increased use in automobile production dur- 
ing the last few years of new corrosion-re- 
sistant alloys with higher ductility. For ex- 
ample, die-cast magnesium components 
have been used for applications such as 
clutch housings, gear boxes, pedal brackets, 
instrument panel frames, integral seat 
frames, and wheel-hub cover components. 
One of the largest applications of magne- 
sium alloys was in the Volkswagen engine 
(Hawke, 1975) in which the magnesium al- 
loy components performed very well. This 
could be attributable to a combination of 
good design, which shielded the compo- 
nents from road splash, the engine heat 
keeping everything dry, and a natural film 
of oil and grease accumulating and exclud- 
ing water. 

Magnesium is very reactive and is a pow- 
erful reducing agent. As a consequence, 
magnesium is used in the extraction of the 
reactive metals such as titanium, zirconium, 
and uranium (Mezoff, 1988). Magnesium 
reduces TiCI, to titanium (Hawke, 1975). 

Magnesium and magnesium alloys have 
very cathodic free corrosion potentials and 
consequently magnesium alloys can be used 
as sacrificial anodes (Martin, 1987) to pro- 
vide corrosion protection for many other 
structural materials. Typical anode alloys 
are AZ63 and M1A (Mg-1.5 Mn) which 
provide voltages higher than alternatives 
based on aluminum or zinc. Magnesium is 
also used as battery anodes because of its re- 
activity. Magnesium batteries have several 
advantages over conventional zinc-based 
batteries (Ratnakumar, 1988; Udhayan, 
et al., 1992): 

- high cell voltage; 
- high energy density per unit weight and 

volume, especially at high power den- 
sities; 

- low discharge temperatures; and 
- high storage temperatures. 

As a result, the use of magnesium alloy 
anode batteries is becoming increasingly 
widespread in various types of primary 
(Sivasamy et al., 1989) and reserve (Mullen 
and Howard, 1964; Prasad, et al., 1976- 
1977) battery. 

Low corrosion resistance, low capacity 
for strengthening, and poor ductility have, 
however, restricted the use of magnesium 
alloys in construction applications (Heh- 
mann et al., 1989). 

4.1.3 Corrosion Behavior 

Magnesium usage has been limited be- 
cause of the poor corrosion properties of 
magnesium alloys (Makar et al., 1988). 
Corrosion resistance is especially poor 
when a magnesium alloy contains specific 
metallic impurities or when the magnesium 
alloy is exposed to aggressive electrolyte 
species such as C1- ions. 

The oxide film on magnesium can, how- 
ever, usually give considerable protection to 
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magnesium exposed to atmospheric corro- 
sion in rural, most industrial, and marine en- 
vironments. As a result, the atmospheric 
corrosion resistance of magnesium alloys is 
better than that of mild steel, even for expo- 
sure to marine atmospheres (Gallaccio and 
Cornet, 1960; Am. SOC. Metals, 1961; Ta- 
wil, 1987; Linder et al., 1989; Nisancioglu 
et al., 1990; Reece et al., 1990; Makar and 
Kruger, 1993). The rate of corrosion of mag- 
nesium alloys usually lies between that of 
aluminum and that of mild steel and occa- 
sionally magnesium is more resistant than 
some aluminum alloys. Magnesium is, nev- 
ertheless, also susceptible to corrosion in 
chloride-containing solutions in practical 
applications (Linder et al., 1989; Nisanci- 
oglu et al., 1990). 

Die-cast alloy AZ91 can give a salt- 
spray-corrosion performance that is good 
to excellent when compared with steel 
and aluminum (Hillis, 1983). The resistance 
of the high-purity alloy, for example 
AZ91E, is 10-100 times better than the 
standard purity alloy, and equal to or better 
than mild steel and the die-cast aluminum 
alloy 380 (Reichek et al., 1985; King, 
1990). 

The corrosion of magnesium and magne- 
sium alloys usually initiates from localized 
corrosion, but sometimes the localized cor- 
rosion is shallow and widespread. The cor- 
rosion morphology of magnesium and mag- 
nesium alloys depends on alloy chemistry 
and environmental conditions. For example, 
atmospheric corrosion is uniform in normal 
industrial atmospheres, whereas corrosion 
is usually localized when the alloy is im- 
mersed. Tunold et al. (1977) found that the 
corrosion of commercial purity magnesium 
was usually transgranular, whereas the cor- 
rosion of alloys was more uniform. Simi- 
larly (Makar et al., 1988), reported that the 
corrosion of pure magnesium was non-uni- 
form, resulting in an etched appearance, 

whereas AZ6 1 was attacked relatively uni- 
formly and rapidly solidified alloys were at- 
tacked more uniformly than conventional 
alloys. 

There are two main reasons for the poor 
corrosion resistance of many magnesium 
alloys (Makar and Kruger, 1990) - firstly, 
internal galvanic corrosion caused by sec- 
ond phases or impurities (Chapter XX in 
Emley, 1966) and, secondly, the quasi-pas- 
sive hydroxide film on magnesium is much 
less stable than the passive films which form 
on metals such as aluminum and stainless 
steels. This quasi-passivity results in only 
poor pitting resistance for magnesium and 
magnesium alloys. 

The early magnesium alloys suffered rap- 
id attack under moist conditions, mainly be- 
cause of the presence of impurities, notably 
iron, nickel, and copper. These impurities or 
their compounds act as minute cathodes in 
the presence of a corroding medium and 
create micro-cells with the anodic magne- 
sium matrix (Polmear, 1989). High-purity 
alloys are a relatively recent development. 
In high-purity alloys the concentrations of 
these impurities are controlled to below crit- 
ical concentrations and as a consequence 
high-purity alloys are markedly more resist- 
ant to salt water than are alloys of normal 
purity (Shreir, 1965). 

Magnesium and magnesium alloys can 
suffer from several different forms of cor- 
rosion. 

4.1.3.1 Galvanic Corrosion 

Magnesium alloys are highly susceptible 
to galvanic corrosion. Galvanic corrosion is 
usually observed as heavy localized corro- 
sion of the magnesium adjacent to the cath- 
ode (Froats et al., 1987). Cathodes can be 
external, e.g. other metals in contact with 
the magnesium, or internal, e.g. second or 
impurity phases. These two kinds of galvan- 
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Figure 4-1. (a) External galvanic corrosion; (b) 
Internal galvanic corrosion. 

ic corrosion, external and internal, are illus- 
trated in Fig. 4- 1. 

Metals with low hydrogen overvoltage, 
e.g. Ni, Fe, and Cu, constitute efficient cath- 
odes for magnesium and cause severe gal- 
vanic corrosion. Metals that combine an ac- 
tive corrosion potential with a high hydro- 
gen overpotential, such as Al, Zn, Cd, and 
Sn, are much less damaging (Froats et al., 
1987). High purity does not protect magne- 
sium alloys against galvanic corrosion if the 
alloy is coupled with another metal. The gal- 
vanic corrosion rate is increased by (Loose, 
1946): 

high conductivity of the medium 
large potential between anode and cath- 
ode; 
low polarizability of anode and cathode; 
large area ratio of cathode to anode; and 
small distance from anode to cathode. 

4.1.3.2 Intergranular Corrosion 

Magnesium and magnesium alloys are 
almost immune to intercrystalline attack 
(Makar and Kruger, 1993). Corrosion does 

not penetrate inwards along the grain boun- 
daries (Chapter XX in Emley, 1966), be- 
cause the grain-boundary phases are invar- 
iably cathodic to the grain interior (Shreir, 
1965; Makar and Kruger, 1993). Corrosion 
tends to be concentrated in the area adjoin- 
ing the grain boundary until eventually the 
grain can be undercut and fall out. 

4.1.3.3 Localized Corrosion 

Magnesium is a naturally passive metal 
that undergoes pitting corrosion at its free 
corrosion potential, Ecorr, when exposed to 
chloride ions in a non-oxidizing medium 
(Tunold et al., 1977). As a result, the corro- 
sion of magnesium alloys in neutral or alka- 
line salt solutions typically takes the form 
of pitting. Contamination with heavy met- 
als promotes general pitting attack (Froats 
et al., 1987). In Mg-A1 alloys, pits are of- 
ten formed as a result of selective attack 
along the Mg,,Al,, network which is fol- 
lowed by the undercutting and falling out of 
grains (Albright, 1988). 

Crevice corrosion does not occur with 
magnesium alloys because magnesium cor- 
rosion is relatively insensitive to differenc- 
es in oxygen concentration (Makar and 
Kruger, 1993). 

Filiform or ‘wormtrack’ corrosion is 
caused by an active corrosion cell which 
moves across a metal surface. The head is 
the anode and the tail the cathode. Filiform 
corrosion occurs under protective coatings 
and anodized layers (Hoch, 1974). Although 
uncoated pure magnesium does not under- 
go filiform corrosion (Nisancioglu et al., 
1990), this corrosion can occur on uncoat- 
ed A29 1, indicating that a relatively resist- 
ant oxide film can be formed naturally on 
this alloy (Nisancioglu et al., 1990). The fil- 
aments are covered by an oxide film which 
is fractured by the H, which is evolved (Ni- 
sancioglu et al., 1990). 
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4.1.3.4 Stress-corrosion cracking (SCC) 

Research on stress-corrosion cracking 
(SCC) of magnesium in aqueous solutions 
has established several aspects of its behav- 
ior (Chapter XX in Emley, 1966). SCC in 
magnesium is mainly transgranular. Some- 
times intergranular SCC occurs as a result 
of Mg 17A1 precipitation along grain boun- 
daries in Mg-Al-Zn alloys (Emley, 1966; 
Makar and Kruger, 1993). MgH, formation 
can be involved in hydrogen embrittlement 
(Makar and Kruger, 1993). SCC is rarely ev- 
ident in cast alloys stressed up to the 0.2% 
proof stress, but is more marked in wrought 
alloys where SCC seems to follow the twin- 
ning plane (Loose, 1946; Makar and Krug- 
er, 1993). Alloying additions such as A1 
and Zn promote stress-corrosion cracking 
(Logan and Hessing, 1950; Hessing and 
Logan, 1955; Logan, 1958). Additions of 
tin effect a limited improvement. Zirconi- 
um-containing alloys are in practice free 
from SCC (Chapter XX in Emley, 1966), 
and SCC only occurs at stresses approach- 
ing the yield stress. There is little differ- 
ence between the SCC behavior of uncon- 
trolled- and controlled-purity alloys con- 
taining less than 10 ppm (wh) Fe (Loose, 
1946). 

In alkaline media at pH> 10.2, magne- 
sium alloys seem to be very resistant to SCC. 
In neutral solutions containing chlorides 
and even in distilled water, sensitivity to 
cracking does occur (Loose, 1946). Magne- 
sium alloys are resistant to SCC in fluoride 
or fluoride-containing solutions (Loose, 
1946). 

4.1.3.5 Corrosion Fatigue 

Very little research has been conducted 
on the corrosion fatigue of magnesium al- 
loys. Speidel et al. (1986) found that corro- 
sion fatigue cracks propagate in a mixed 

transgranular- intergranular mode and that 
the rate of growth of the corrosion-fatigue 
crack was accelerated by the same environ- 
ments that accelerate stress-corrosion-crack 
growth. Stephens et al. (1995) found that the 
corrosion fatigue resistance of AZ91-T6 
was significantly lower in 3.5% salt water 
than in air. 

4.1.3.6 Corrosion at Elevated 
Temperatures 

At elevated temperatures in oxygen the 
rate of oxidation of magnesium is a linear 
function of time, indicative of a non-protec- 
tive oxide on the magnesium surface. With 
increasing temperature the rate increases 
markedly. Most alloying elements such as 
aluminum and zinc increase the rate of ox- 
idation. The rate of oxidation of an alloy 
containing small amounts of cerium and lan- 
thanum has been found to be considerably 
below that of pure magnesium (Loose, 
1946). 

4.1.4 Prospects 

Although corrosion resistance is current- 
ly a serious problem for magnesium alloys, 
the prospects of magnesium alloys are 
promising because of their attractive advan- 
tages and potential applications. Usage of 
magnesium alloys is likely to increase sig- 
nificantly (Emley, 1966), particularly if the 
price can be reduced to near to that of alu- 
minum. Although magnesium alloys show 
promise, their corrosion resistance does 
provide concern to many users. 

It is common knowledge that magnesium 
alloys are more resistant to indoor and out- 
door atmospheres than is mild steel, and oc- 
casionally they are even more resistant than 
some aluminum alloys. For example, if the 
concentration of impurity elements is suffi- 
ciently low, the AZ9lD alloy corrodes much 
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Carbon steel - 

Impurity (Fe, Cu or Ni) levels, ppm Impurity (Fe, Cu or Ni) levels, ppm 

Figure 4-2. Rates of corrosion of AZ91 die-cast alloys containing different amounts of impurities: (A) in a salt 
spray test, and (B) exposed to the atmosphere at the Brazos River site on the Texas Gulf Coast for 2 years (Hil- 
Iis and Reichek, 1986). 

more slowly than carbon steel and the alu- 
minum alloy 380, as shown in Fig. 4-2. This 
result indicates a promising future for mag- 
nesium alloys. 

In practice, die-cast magnesium alloys 
are the most important and popular and the 
application of these has grown significant- 
ly in the United States in recent years. Much 
of this growth can be directly related to the 
introduction of new high-purity versions of 
alloys such as AMGOB, AZ91D; these have 
dramatically better corrosion performance 
as a result of the control of the concentra- 
tions of the critical impurities Fe, Cu, and 
Ni to values below their tolerance limits. 
AZ9 1 alloys in particular have found wide- 
spread application in automobiles, comput- 
ers, helicopters, etc. High-purity alloys with 
good corrosion resistance have also been de- 
veloped for use in the nuclear industry. Use 
of other alloys, e.g. AZ8 1, AZ63, and AM60 

is also growing because of their improved 
corrosion performance. ASTM has includ- 
ed the high-purity magnesium alloys (AZ91 
and AM60B) in their standards. There is no 
doubt that magnesium alloys with their at- 
tractive high strength/weight ratio have a 
bright future. 

4.2 Corrosion Mechanisms 

The corrosivity of a magnesium alloy is 
governed by the corrosion reactions of the 
individual constituent phases of the alloy. If 
an alloy contains constituents that are very 
reactive with a particular environment, the 
alloy will often have low corrosion resis- 
tance in that environment. The reactions of 
pure magnesium are of particular interest. 
These reactions provide the basis for under- 
standing the corrosion of magnesium alloys. 
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Magnesium dissolution in aqueous envi- 
ronments generally proceeds by electro- 
chemical reaction with water to produce 
magnesium hydroxide and hydrogen gas, 
so that magnesium corrosion is relatively 
insensitive to the oxygen concentration 
(Uhlig and Winston Revie, 1985; Makar and 
Kruger, 1990, 1993), although the presence 
of oxygen is an important factor in atmos- 
pheric corrosion. Corrosive attack in aque- 
ous environments often involves micro-gal- 
vanic coupling between cathodic and anod- 
ic areas (Lunder et al., 1993). 

The overall corrosion reaction is (Makar 
and Kruger, 1993): 

Mg + 2H2O + Mg(OH), + H2 (4- 1) 

This overall reaction can be expressed as the 
sum of the following partial reactions: 

Mg + Mg2+ + 2e- 
(anodic reaction) 

(4-2) 

2H20 + 2e- + H, + 20H- 

Mg2+ + 20H- + Mg(OH), 

(4-3) 

(4-4) 

(cathodic reaction) 

(product formation) 

The anodic reaction (Eq. (4-2)) probably 
involves intermediate steps producing the 
monovalent magnesium ion (Mg'), which 
has a short lifetime (Hoey and Cohen, 1958; 
Makar and Kruger, 1990). The reduction 
of hydrogen ions and the hydrogen over- 
voltage of the cathodic phase play an impor- 
tant role in the corrosion of magnesium. 
Low overvoltage cathodes facilitate hydro- 
gen evolution, resulting in rapid corro- 
sion. 

The overall corrosion reaction of magne- 
sium alloys has not yet received systematic 
study. It is, however, reasonable to expect 
the corrosion reactions of magnesium alloys 

to be similar to those of pure magnesium. 
For example, Song et al. (1998, 1999b) 
showed that during the anodic dissolution 
of Mg-Al-Zn alloys, Mg was still the main 
component dissolving into solution; some 
A1 also dissolved and almost no dissolved 
Zn was found in the solution. This suggest- 
ed that even for magnesium alloys the four 
overall reactions shown above are still re- 
sponsible for the corrosion processes. Cer- 
tainly, however, it can not be excluded that 
the alloying elements such as A1 and Zn play 
a critical role in the reactions. 

4.2.2 Thermodynamics 

Magnesium has the lowest standard po- 
tential of all the engineering metals, as is il- 
lustrated in Fig. 4-3. At 25 "C magnesium 
(Mg2+/Mg) has a standard electrode poten- 
tial of -2.37 Vnhe (Shreir, 1965; Chapter XX 

COPPER 1 g +.5 p 
+ SILVER 

Figure 4-3. Electromotive-force series (Shreir, 1965; 
Emley, 1966; Froats et al., 1987; Polmear, 1989). 
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in Emley, 1966; Froats et al., 1987; Makar 
and Kruger, 1993) for bare magnesium 
metal in  contact with a solution containing 
divalent magnesium ions. The actual corro- 
sion potential of magnesium is, however, 
usually -1.7 Vnhe in dilute chloride solu- 
tions, as given in Table 4- 1. The difference 
between the theoretical standard potential 
and the actual corrosion potential is attrib- 
uted to the formation of a surface film 
of Mg(OH), or perhaps MgO (Makar and 
Kruger, 1993; Chapter XX in Emley, 1966; 
Robinson and King, 1961; Huber, 1953). 
These films may contain some chlorides 
(Kassner, 1958). ForhighpHvalues, pH>9, 
a thick white film of precipitated Mg(OH), 
is formed on top of the inner film (Hoey and 
Cohen, 1958). 

An hydroxide film forms on magnesium 
and gives some protection over a wide pH 
range. Assuming that the protective film is 
Mg(OH), (which is not proven but is most 
probably correct), the thermodynamics that 

Table 4-1. Practical corrosion potentials for common 
metals and alloys in 3-6% NaCl solutions. 

Metal Corrosion potential (Vnhe) 

Mg 
Mg alloys 
Mild steel, Zn-plated 
Zn 
Mild steel, Cd-plated 
Al (99.99%) 
Al 12% Si 
Mild steel 
Cast iron 
Pb 
Sn 
Stainless steel 316, active 
Brass (60/40) 
c u  
Ni 
Stainless steel, passive 

Au 
Ag 

- 1.73 
-1.67 
-1.14 
-1.05 
-0.86 
-0.85 
-0.83 
-0.78 
-0.73 
-0.55 
-0.50 
-0.43 
-0.33 
-0.22 
-0.14 
-0.13 
-0.05 
+0.18 

govern the formation of this film are de- 
scribed by the Pourbaix diagram of Fig. 4-4. 

Perrault ( 1974) used thermodynamic data 
not available to Pourbaix to develop the po- 
tential-pH diagram given as Fig. 4-5. Per- 
rault believed the Pourbaix diagram needed 
to include thermodynamic data for the mag- 
nesium hydrides and the monovalent mag- 
nesium ion. After taking into account MgH, 
and Mg+, Perrault concluded that a thermo- 
dynamic equilibrium could not exist for a 
magnesium electrode in contact with an 
aqueous solution. 

In fact, on a magnesium surface, differ- 
ent reactions might occur simultaneously, 
depending on the surface state of the mag- 
nesium. This was shown by Song et al. 
(1999a) in a study of the polarization behav- 
ior and the rates of cathodic hydrogen evo- 

MgO, ? 
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Mg2' 
-1.6 1 
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PH 

Figure 4-4. Pourbaix diagram for the Mg-H,O sys- 
tem at 25 "C (Makar and Kruger, 1993). The region of 
water stability lies between the lines marked (a) and 
(b). Circled numbers identify the reactions that separ- 
ate the different regions of the diagram as follows: 

2. Mg2+ + H 2 0  + MgO + 2H+; 
3. Mg + Mg2+ + 2e-.  

I .  Mg + 2H2O + Mg(OH), + H,; 
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Figure 4-5. Perrault's Pourbaix diagram (Perrault, 1974). (a) Equilibria in the Mg-H,O system in the presence 
of H, molecules. (b) Stability domains of Mg compounds in aqueous solutions with a hydrogen over-potential 
of 1 V. Circled numbers identify the reactions that separate the different regions of the diagram as follows: 

6. MgH, + Mg2+ + 2H+ + 4e-; 7. MgH, + 20H- -+ Mg(OH), + 2H+ + 4e-; 10. MgH, + Mg2+ + H, + 2e-; 
11. MgH, + 20H-  + Mg(OH), + H, + 2e-; 14. Mg2+ + 20H-  -+ Mg(OH),; 25. Mg+ + Mg2+ + e-; 27. Mg+ 
+ 20H-  + Mg(OH), + 2e-; Mg' + 2H20 + Mg(OH), + 2H' + e-; 48. MgH, + Mg+ + H, + e-. 

lution of pure magnesium in HCl and H2S04 
solutions. They found that on a film-free 
surface the experimental data were consis- 
tent with the involvement of the intermedi- 
ate species Mg+ in the magnesium dissolu- 
tion process. Magnesium is first oxidized to 
the intermediate species Mg+; the interme- 
diate species then reacts chemically with 
water to produce hydrogen and Mg2+. This 
only occurs, however, on the film-free mag- 
nesium surface. For magnesium with a sur- 
face film, e.g. magnesium in 1 M NaOH, 
there was no evidence for the involvement 
of Mg+in the reaction sequence (Song et al., 
1999a). 

4.2.3 Surface Films 
on Magnesium Alloys 

The corrosion of a metal is often gov- 
erned by the characteristics of its surface 

film (Makar and Kruger, 1993). The nature 
of the surface film on magnesium is, how- 
ever, still not well understood (Froats et al., 
1987). 

The protective film on magnesium in 
most environments is believed to comprise 
mainly Mg(OH),. The film is generally be- 
lieved to be crystalline (Hanawalt et al., 
1942; Makar and Kruger, 1993). However, 
others (Jones et al., 1987) believed the film 
was Mg(OH),-like, but differed slightly 
from bulk Mg(OH),, and they believed it to 
be an electrical insulator. 

It has been proposed that the barrier film 
consists of MgO or Mg(OH),, depending on 
electrode potential and solution pH. Huber 
(1953) and Fruhwirth et al. (1985) believed 
that an initial layer of MgO is quickly re- 
placed by the more stable hydroxide, as 
MgO inherently lacks the qualities of hard- 
ness and insolubility (Hawke, 1975). Mag- 
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nesium oxide can react slowly with water to 
form hydroxide, with the result that films of 
oxide eventually become hydrated (Makar 
and Kruger, 1993). 

Analysis of the films formed when mag- 
nesium alloys containing Al, Mn, or Zn are 
exposed to the atmosphere reveals enrich- 
ment of the secondary constituents (Loose, 
1946). Surface analysis indicated that the 
air-formed oxide on Mg-A1 alloys has a 
layered structure comprising an MgO/Mg- 
Al-oxide substrate, with the Mg-rich oxide 
becoming thinner with increasing A1 con- 
tent (Makar et al., 1988; Makar and Kruger, 
1990). It is likely that this benefit of A1 is 
related to the strong tendency for A1 to form 
a stable passive film (Makar and Kruger, 
1990). 

It was found that films on rapidly solid- 
ified AZ91 were more resistant to break- 

down in chloride environments than films 
on pure magnesium (Kruger et al., 1986; 
Long et al., 1987). Work on rapidly solid- 
ified (RS) Mg-A1 melt-spun ribbons (Ma- 
kar et al., 1988) suggested that the air- 
formed oxide on the ribbon surface also 
had a layered MgO/Mg-Al-oxide alloy 
structure. Furthermore, the AI/Mg and 
AVO ratios in the corrosion products in- 
creased with increasing immersion time in 
chloride solutions (Baliga and Tsakiropou- 
los, 1993). 

An XPS study of the a and p phases and 
of AZ91 combined with examination of 
their corrosion electrochemical behavior, 
led Song et al. (1999b) to propose the sur- 
face film model for AZ91 illustrated in 
Fig. 4-6. The film on the surface of the a 
phase was expected to consist of three 
layers: an inner layer (IL) rich in A1,0,, a 

Figure4-6. Corrosion interfaces in solution at their corrosion potentials for: A. a, B. p, and C. AZ91 
(Song et al., 1999b). 
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middle layer (ML) consisting mainly of 
MgO, and an outer layer (OL) of Mg(OH),. 
This proposed film structure is similar to 
that proposed earlier (Makar et al., 1988; 
Makar and Kruger, 1990; Baliga and Tsa- 
kiropoulos, 1993) except that Song et al. 
proposed the existence of a hydrated surface 
layer on the top of the film. The surface film 
on the P phase is different from that on the 
a phase with magnesium/aluminum hy- 
droxide at the solution/film interface and 
magnesium/aluminum oxide at the alloy/ 
film interface. The concentration of alumi- 
num in both the inner and outer layers is 
much higher than that of the film on the a 
phase. Loose (1946) suggested that the film 
on the P-phase surface was a passive film 
which is stable in a relatively wide range of 
pH. An alloy with a microstructure contain- 
ing both a and P phases would be expect- 
ed to have an a-type film on the surface 
of the a phase and a Ptype film on the 
surface of the P phase, as illustrated in 
Fig. 4-6C. 

4.2.4 Negative-Difference Effect (NDE) 

Magnesium exhibits a very strange elec- 
trochemical phenomenon known as the 
negative-difference effect (NDE). Electro- 
chemistry classifies corrosion reactions as 
either anodic or cathodic processes. Nor- 
mally, the anodic reaction rate increases and 
the cathodic reaction rate decreases with in- 
creasing applied potential or current den- 
sity. Therefore, for most metals like iron, 
steels, and zinc etc, an anodic increase of 
the applied potential causes an increase of 
the anodic dissolution rate and a simultane- 
ous decrease in the cathodic rate of hydro- 
gen evolution. On magnesium, however, the 
hydrogen evolution behavior is quite differ- 
ent from that on iron and steels. On first ex- 
amination such behavior seems contrary to 
the very basics of electrochemical theory. 

Fig. 4-7 is a schematic diagram showing 
the experimental manifestation of the NDE. 
The normal anodic and cathodic partial re- 
actions are shown by the solid lines marked 

Current, IoglIl 
Figure 4-7. The negative-difference 
effect (Song et al., 1997 b). 
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I;, and I,, respectively; these are both as- 
sumed to obey Tafel kinetics. The rates of 
these two reactions are equal to I, at the cor- 
rosion potential, E,,,,. When the potential 
is changed to a more positive value Eappl, 
the rate of the normal anodic partial reac- 
tion would be expected to increase along the 
curve marked I, to the value IMg,e and si- 
multaneously the normal cathodic reaction 
would be expected to decrease along curve 
I, to the value IH,e. This is true of the nor- 
mal electrochemical polarization behavior 
of most metals, e.g. iron and steels. 

For magnesium, however, it is found ex- 
perimentally that as the potential is in- 
creased the rate of corrosion of magnesium 
increases and the rate of the hydrogen evo- 
lution reaction (HER) increases (rather than 
decreases), as shown by the dashed lines 
marked by fMg and I ,  in Fig. 4-7 - i.e. the 
rate of the hydrogen evolution reaction 
(HER) increases (Polmear, 1992) as shown 
by the dashed curve marked IH, if anodic 
polarization is applied. Thus for an applied 
potential Eapplr the actual rate of hydrogen 
evolution corresponds to the value fH,rn 

(which represents an HER current signifi- 
cantly greater than the expected current cor- 
responding to For this condition there 
is a negative-difference effect; the quantity 
a, defined by Eq. (4-5), is negative because 
f H , , ,  is greater than I, .  A second experimen- 
tal observation is that the anodic magnesium 
dissolution current can increase faster than 
is expected from the polarization curve. 
This is shown by the dashed curve marked 
IMg which is to the right of the solid curve 
marked I,. Thus for an applied potential 
Eappl the actual dissolution rate corresponds 
to the value IMg,,, (which represents a cor- 
rosion current significantly greater than the 
expected current corresponding to IMg,J. 
Furthermore, for anodic dissolution of mag- 
nesium alloys under an applied current, 
fappl, the experimentally measured weight 

loss (which corresponds to IMgJ can be 
greater than that calculated from the applied 
current, Iappl by use of Faraday’s Law. 

Fig. 4-8 gives some actual experimental 
data (Song et al., 1997 b) for the above phe- 
nomena. In the figure the gas evolution and 
magnesium dissolution rates actually corre- 
spond to f H  and fMg in Fig. 4-7. The differ- 
ence between these two figures is that gas 
evolution and magnesium dissolution rates 
are plotted against applied potentials in 
Fig. 4-7 but against applied current den- 
sities in Fig. 4-8. Applied potential and cur- 
rent density are equivalent in this case. 

The phenomenon that the measured I ,  
deviates from the normally expected f, is 
designated as the negative-difference effect 
(NDE). The NDE is usually defined for a 
galvanostatic applied current Iappl, in terms 
of the difference A given by: 

where I, is the spontaneous HER rate at the 
corrosion potential, fH,rn is the measured 
HER rate, and the applied current is given by: 

Iappl = fMg, rn - fH, rn (4-6) 

The polarization phenomenon is called 
NDE only when A c 0, otherwise the elec- 
trochemical behavior of the electrode is nor- 
mal (and corresponds to a positive differ- 
ence effect). 

Eq. (4-5) is widely used to describe the 
NDE. However this definition has prob- 
lems. Firstly, this definition does not cover 
the strange HER behavior when the exter- 
nal applied current is cathodic. Secondly, 
if this definition of Eq. (4-5) is applied to 
cathodic currents there is a ridiculous cor- 
ollary that most normal electrodes with a 
‘positive difference effect’ show the NDE, 
because their HER rates in the cathodic re- 
gion are always higher than their spontane- 
ous HER rates (i.e. A < 0). 
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400 Figure 4-8. Galvanostatic corrosion 
A -gas (nrnok) experiment results showing gas evo- 

lution and magnesium dissolution 
rates for magnesium in 1 M NaCl of 
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pH 1 1  at different external applied 
current densities. B is an enlargement 
of A between -2 to 2 mA cm-' (Song 
et al., 1997b). 
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The essential feature of the NDE is that 
the cathodic HER rate increases with in- 
creasing electrode potential. This is oppo- 
site to the normal effect - which is that the 
cathodic process always decreases with in- 
creasing electrode potential. From Figs 4-7 
and 4-8, it can be seen that the magnesium 

NDE in both the anodic and cathodic re- 
gions: 

(4-7) A = ( I ,  - I,) Z/111 

This definition covers all the behavior of 
magnesium - start of the NDE behavior at 
a cathodic external current density, or at a 

electrode starts this strange electrochemical 
behavior (increasing HER rate with increas- 
ing potential) even when the current density 
is cathodic. Even for an external cathodic 
current density, the electrochemical behav- 
ior is the same as that in the anodic region 
where there is an NDE according to the def- 
inition of Eq. (4-5). Unfortunately, the orig- 
inal definition of the NDE does not describe 
this special electrochemical behavior in the 
cathodic region, which is a limitation of the 
definition. 

To overcome this limitation, a new defi- 
nition has been proposed that describes the 

potential negative to the magnesium corro- 
sion potential. This new definition describes 
the main features of NDE. 

For decades, investigators have been try- 
ing to explain the NDE phenomenon by 
means of electrochemical reaction mecha- 
nisms. Four different mechanisms have 
been proposed for pure magnesium and 
magnesium alloys. All four mechanisms 
succeed in explaining some phenomena, but 
fail to deal with other aspects (Chapter XX 
in Emley, 1966; Tunold et al., 1977; Makar 
and Kruger, 1993) as discussed in the fol- 
lowing sections. 
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4.2.4.1 Model I 
- Partially Protective Surface Film 
(Tunold et al., 1977; Perrault, 1978; 
Petrova and Krasnoyarskii, 1987) 

The NDE is attributed to the breakdown 
of a partially protective film on the magne- 
sium surface during anodic dissolution. 
Film coverage is assumed to decrease as the 
external current density or potential is in- 
creased (Robinson and King, 1961; King, 
1963, 1966; Tunold et al., 1977; Petrova 
and Krasnoyarskii, 1987) as illustrated in 
Fig. 4-9. Tunold et al. (1977), in particular, 
suggested that the negative-difference ef- 
fect is a direct result of the breakdown of 
passivity. The damage to the surface film 
can be caused by many factors. For exam- 
ple, when the current is flowing through the 
interface, extra (divalent) magnesium ions 
will be dissolved near the rnetal/electrolyte 
interface, and the hydrolysis of the Mg there 
will reduce the pH and so increase the par- 
asitic corrosion rate (Robinson, 1958). This 
partially protective film model has received 
support from the detection of Mg(OH)* and 
MgO on the magnesium surface by ex-situ 
techniques (Hanawalt et al., 1942; Brun 
et al., 1976; Fruhwirth et al., 1985). This 
model has, however, been criticized because 
there was no direct evidence that this sur- 
face film is partially protective. Micro-holes 
have recently been detected in the magne- 
sium surface film by scanning tunneling mi- 
croscopy (STM) (Song et al., 1997b) sug- 

Mg2* 

ti. 

LawUorl  High E or I 

Figure 4-9. Model of partially protective surface 
film. 

gesting a partially protective film. This 
might provide strong support for the partial- 
ly protective surface film model. Perrault 
(1978) criticized this model on the grounds 
that he thought it could not explain the cor- 
rosion potential of magnesium in neutral or 
acidic solutions. 

4.2.4.2 Model I1 
- Monovalent Magnesium Ion Model 

Mg+ might be involved in the negative- 
difference effect as illustrated in Fig. 4-10, 
because the calculated valence of dissolved 
magnesium has been reported to be in 
the range 1.33 to 1.66 (Petty et al., 1954; 
Rausch et al., 1954, 1955; Przyluski and 
Palka, 1970). It is assumed that the mono- 
valent ion Mg+ is produced electrochemi- 
cally according to: 

Mg + Mg++ e- (4-8) 

The monovalent Mg+ is assumed to exist as 
an intermediate species and react chemical- 
ly to evolve hydrogen by means of 

2Mg+ + 2H+ + 2Mg2+ + H, (4-9) 

This provides a chemical rather than elec- 
trochemical means of hydrogen production. 

This mechanism is consistent with ex- 
perimental results which show that the hy- 
drogen evolution rate (HER) increases with 
increasing applied anodic current or poten- 
tial. This mechanism cannot, however, ex- 
plain how the magnesium dissolution rate 
can drop to nearly zero at a potential still 

Figure 4-10. Monovalent magnesium ion model. 
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about 1000 mV higher than the Mg+/Mg 
equilibrium potential (Song et al., 1997b) if 
a sudden change of the surface state of the 
magnesium is not taken into consideration. 

4.2.4.3 Model I11 - 
Particle Undermining Model 

This model explains the NDE in terms of 
the undermining and falling away of sec- 
ond-phase particles during corrosion, espe- 
cially at higher anodic current density or po- 
tential (Perrault, 1978; Makar et al., 1988; 
Makar and Kruger, 1990). Most second- 
phase particles, for example Mg,,Al,, or the 
iron-rich impurity phase Al,Fe, are cathod- 
ic to the surrounding magnesium matrix, 
which suffers accelerated local corrosion at 
the particle boundary by local galvanic cor- 
rosion. It is common for a particle to be 
undermined by the corrosion of the adjoin- 
ing magnesium matrix and subsequently to 
fall out, resulting in a mass loss higher than 
that resulting from electrochemical dissolu- 
tion only (Makar et al., 1988). More under- 
mining and falling away of fragments of 
magnesium might occur at the higher cur- 
rent densities (James et al., 1963; Strauma- 
nis and Bhatia et al., 1963; Makar et al., 
1988; Makar and Kruger, 1990), as illustrat- 
ed in Fig. 4-11. In support of this mecha- 
nism, Maker and Kruger (1990) published 
an SEM micrograph which showed a parti- 
cle which had been partially undermined. 

LoaEorl HighEorl  

Figure 4-11. The particle undermining model. 

This model was, however, criticized by 
Song et al. (1997b). Usually the impurity 
phase is cathodic to the magnesium matrix, 
and the impurity is also an effective site for 
hydrogen evolution (with low hydrogen 
overvoltage). Thus hydrogen evolution oc- 
curs mainly at these impurity sites during 
anodic dissolution of magnesium at Ecorr, 
because of galvanic corrosion when the im- 
purity is coupled to the magnesium matrix. 
An increase in the applied anodic current or 
potential should, however, suppress the gal- 
vanic corrosion, and the HER rate should 
decrease. This model would, furthermore, 
be expected to predict that the ratio of im- 
purities to magnesium in solution should in- 
crease with increasing applied anodic cur- 
rent, because many more fragments rich in 
impurities would pass into the solution. The 
actual experimental results obtained by 
Song et al. (1997b), as shown in Fig. 4-12, 
showed, however, that there was a higher ra- 
tio of impurities to magnesium in the solu- 
tion at lower or more cathodic applied ex- 
ternal currents than under more positive ex- 
ternal applied currents or potentials. 

4.2.4.4 Model IV - 
Magnesium Hydride (MgH,) Model 

MgH, is formed on the specimen surface 
as illustrated in Fig. 4-13 (Perrault, 1970, 
1978). Ex-situ X-ray diffraction has verified 
that MgH, is indeed formed on the electrode 
under certain conditions (Nazarov et al., 
1989; Gulbrandsen, 1992). The MgH, is 
quite reactive in water (Gulbrandsen et al., 
1993), and decomposes into Mg2+ and H, 
by the reaction: 

MgH, + 2 H,O + Mg2+ + 2 OH- + 2 H, 

As a result a significant amount of H2 can 
be produced in the anodic region. 

This model is based on thermodynamic 
data which predict the stability of MgH,. 

(4- 10) 
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applied current density (mA/cm*) 

Figure 4-12. Concentration of dissolved elements in solution, as percent WIW of the total dissolved metal weight, 
after the galvanostatic experiment, for magnesium in 1 M NaCl solution of pH 11 at different applied current 
densities (Song et al., 1997b). 

Figure 4-13. The magnesium hydride model. 

Strong evidence for the existence of MgH, 
comes from X-ray diffraction of material 
scraped from the surface of a magnesium 
electrode surface (Perrault, 1970, 1978; 
Nazarov et al., 1989; Gulbrandsen, 1992; 
Gulbrandsen et al., 1993). This model, how- 
ever, contradicts basic electrochemistry. Eq. 
(4- 10) is a cathodic reaction, which means 
that the rate of the reaction decreases with 
increasing applied potential (or increasing 
applied anodic current). Hence the HER rate 

should decrease increasing potential or ex- 
ternal anodic current density. This strongly 
contradicts the measurements of evolved 
gas volume from magnesium and magne- 
sium alloys. 

After careful analysis of the experimen- 
tal data and predictions of the above mod- 
els, Song et al. (1997a) combined models I 
and I1 and proposed a new electrochemical 
mechanism for the negative-difference ef- 
fect as illustrated in Fig. 4-14. This model 
proposes that the area free from surface film 
increases with increasing applied potential 
or current density. These film-free areas are 
crucial to NDE behavior. In the film-free ar- 
eas, magnesium corrosion occurs with the 
production of univalent magnesium ion and 
the subsequent generation of hydrogen: 

Mg + Mg+ + e- (4-1 1) 

Mg+ + H,O + Mg+ + OH- + !4 H2 (4- 12) 

When the applied potential or current den- 
sity is highly negative, the surface film 
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Figure 4-14. Electrochemical corrosion and the 
negative-difference effect on the magnesium surface 
(Song et al., 1997a). 

should be intact. There is no film-free area, 
so the anodic dissolution of magnesium is 
very low, almost zero. However, cathodic 
hydrogen evolution can still proceed on the 
surface film at such a negative potential, but 
the evolution rate would decrease with in- 
creasing potential until a pitting potential is 
reached. At the pitting potential, the surface 
film starts to break down, and both hydro- 
gen evolution and magnesium dissolution 
become much easier on the film-free area. 
With increasing potential or current density, 
the film-free area keeps enlarging, so there 
is more hydrogen evolution from the enlarg- 
ing film-free area; meanwhile, the anodic 
dissolution rates of the reactions denoted by 
Eqs (4- 1 1) and (4- 12) increase with increas- 
ing potential. More hydrogen is produced at 
a higher potential by the reaction denoted 
by Eq. (4-12). Hence, the overall rate of ev- 
olution of hydrogen is higher at a more no- 
ble potential; this is one of the most impor- 
tant features of NDE. In the anodic dissolu- 
tion of magnesium, only one electron is in- 
volved in Eq. (4-ll) ,  half of the electrons 
expected to be consumed. This means that 
at the same current density, more magne- 
sium is consumed (dissolved) than expect- 
ed. This extra dissolution of magnesium is 
the other feature of NDE. This model can 

explain all the experimental data and is the 
most likely electrochemical mechanism of 
the NDE phenomenon. 

The negative-difference effect (NDE) is 
common in the corrosion of magnesium. 
NDE phenomena are also observed for 
magnesium alloys. Maker and Kruger 
(1990) concluded that there was no NDE 
for corrosion of the cast magnesium alloy 
AZ61. In contrast, Song et al. (1998,1999a) 
found that a, p, and AZ91 die-cast alloys 
all had similar NDE behavior. Furthermore, 
the NDE was closely related to the corro- 
sion performance - a strong NDE was ob- 
served for alloys with low corrosion resis- 
tance. The NDE always starts at the same 
time and at the same potential as localized 
corrosion of magnesium and magnesium al- 

NDE is usually associated with acceler- 
ated corrosion of the metal. These condi- 
tions should be avoided in practice. In this, 
magnesium has the same shortcomings as 
aluminum, whereas steels do not suffer from 
such extra corrosion. Because aluminum al- 
loys can form a stable surface film, NDE can 
often be prevented. This also indicates that 
if the surface film on magnesium alloys 
could be improved, then the NDE phenom- 
enon could be prevented, and the corrosion 
rate would be reduced. 

loys. 

4.3 Metallurgical Factors 

The corrosivity of magnesium alloys 
depends on their metallurgy and environ- 
mental factors. Magnesium metallurgy in- 
cludes alloying and impurity elements, 
phase components and microstructure. Met- 
allurgical manipulation provides an effec- 
tive means of improving the corrosion-resis- 
tance of magnesium alloys. In recent 
decades much effort has been devoted to 
this. 
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4.3.1 Impurity Elements 
and Tolerance Limits 

Different elements have different influ- 
ences on the corrosion of magnesium alloys. 
Some elements are beneficial and enhance 
corrosion resistance whereas other have no 
significant influence (or their influence re- 
mains uncertain). Some elements are, how- 
ever, extremely detrimental to the corrosion 
performance of magnesium alloys. They are 
termed impurity elements. 

Hanawalt et al. (1942) studied the influ- 
ence of 14 elements in binary magnesium 
alloys on the rate of corrosion in salt water. 
The results are summarized in Fig. 4-15. 
They found that four (Fe, Ni, Cu, and Co) 
had a very profound accelerating influence 
on the rate of corrosion in salt water at con- 
centrations of less than 0.2%; three (Ag, Ca, 
Zn) had a more modest influence at concen- 
trations of 0.5 to 5%, and the remainder (Al, 
Sn, Cd, Mn , Si, and Na) had little, if any, 
influence at concentrations up to 5%. 

Subsequent studies (Hillis, 1983; Reece 
et al., 1990; Murray and Hillis, 1991) have 
confirmed that the most critical factor in the 
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Figure 4-15. Rate of corrosion of binary alloys ex- 
posed for 16 weeks to alternate immersion in 3% NaCl 
(30 s in solution; 2 min in air) (Makar and Kruger, 
1993). 

corrosion behavior is metal purity. Rates of 
corrosion increase by a factor between 10 to 
100 when the concentrations of the critical 
contaminants Fe, Ni and Cu are increased 
(Hillis and Murray, 1987). 

Iron, nickel, and copper are extremely 
deleterious because they have low solid-sol- 
ubility limits and provide active cathodic 
sites (Froats et al., 1987; Olsen, 1991). At 
the same concentrations the detrimental ef- 
fect of these elements decreases in the or- 
der Ni > Fe > Cu. For each of these elements 
a tolerance limit can be defined as illustrat- 
ed in Fig. 4-16 (Loose, 1946; Froats et al., 
1987). When the impurity concentration ex- 
ceeds the tolerance limit, the rate of corro- 
sion is greatly increased, whereas the cor- 
rosion rate is low when the impurity 
concentration is lower than the tolerance 
limit. 

Occasionally, even with iron, nickel and 
all other known impurities below their tol- 
erance limits, corrosion rates can still vary 
over a wide range depending on the method 
of manufacture (Chapter XX in Emley, 
1966). It has also been found that an increas- 
ing solidification rate can increase the tol- 
erance limit for Ni, but not for Fe and Cu 
(Makar and Kruger, 1993). 

Different alloys have different tolerance 
limits (Albright, 1988), as summarized in 
Table 4-2. The tolerance limits are influ- 

4 

Impurity content 

Figure 4-16. Generalized curve showing the influ- 
ence of element X (= Fe, Ni, Cu) on the rate of corro- 
sion of magnesium. 
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Table 4-2. Tolerance limits for magnesium and magnesium alloys. 

Specimen Condition Tolerance Limits Reference 

Fe Ni c u  

Pure Mg 
Pure Mg 
AZ9 1 
AZ9 1 

AZ9 1 

AZ9 1 
AZ9 1 

AZ9 1 

AZ9 I B 
AZ9 1 
AZ9 1 
AZ9 1 
AZ9 1 
AM60 

AS41 

High pressure (F) 

Low pressure (F) 
Low pressure (T4) 

Low pressure (T6) 

Die-casting 
Die-casting 
Die-casting 
Gravity casting 
Die-casting 

170 ppm 
170 ppm 

0.032 Mn 

0.032 Mn 

0.032 Mn 
0.035 Mn 

0.046 Mn 

0.032 Mn 

0.032 Mn 
0.032 Mn 
0.021 Mn 

20 PPm 

50 PPm 

0.0 1Mn 

1000 ppm 
1300 ppm 
900 ppm 
400 pprn 

400 ppm 

400 ppm 
100 ppm 

400 ppm 
<2500 ppm 

400 ppm 
700 pprn 
700 ppm 
400 ppm 

10 PPm 

200 ppm 

(Makar and Kruger, 1993) 
(Hanawalt et al., 1942) 
(Hanawalt et al., 1942) 
(Reichek et al., 1985; 

(Froats et al., 1987; 

(Froats et al., 1987) 
(Reichek et al., 1985; 

Froats et al., 1987) 
(Froats et al., 1987) 
(Hillis, 1983) 
(Hillis and Shook, 1989) 
(Hillis, 1983) 
(Reichek et al., 1985) 
(Reichek et al., 1985) 
(Hillis and Reichek, 1986; 

Hillis and Murray, 1987; 
Hillis and Shook, 1989) 

Mercer and Hillis, 1992) 

Makar and Kruger, 1993) 

Hillis and Murray, 1987) 

(Hillis and Shook, 1989; 

enced by the presence of third elements 
(Chapter XX in Emley, 1966). For example, 
the iron tolerance limit for magnesium-alu- 
minum alloys depends on the Mn concen- 
tration (Froats et al., 1987). InTable 4-2, the 
impurity tolerance limit of 0.032 Mn actu- 
ally means that if there is manganese in a 
magnesium alloy, then the alloy tolerates 
an amount of the iron impurity equal to 
0.032 of the manganese concentration (by 
weight). Beyond this value the corrosion 
performance worsens significantly. Mercer 
et al. (Mercer and Hillis, 1992) found that 
the Fe/Mn tolerance of AE42 was approxi- 
mately the same as that of AM60, and the 
tolerance of nickel and copper was greater 
than that of AZ9 1. When each of these con- 
taminants was less than its critical level, the 
salt-spray performance was equal to or bet- 

ter than that of die-cast A1 alloy 380 and 
cold-rolled steel. 

The mechanism which fixes the tolerance 
limit could be related to the solubility of the 
impurities in the magnesium alloy matrix. 
When the concentrations of Fe, Ni, and Cu 
exceed their tolerance limits, they could 
segregate and serve as active catalysts for 
electrochemical attack (Mercer and Hillis, 
1992). However, in their study of tolerance 
limits, Hanawalt et al. (Hillis, 1983) failed 
to find any correspondence between the 
magnitude of the tolerance limit and the sol- 
ubility of the added element in solid or liq- 
uid magnesium. They found only that cor- 
rosion began at discrete centers, and they 
supposed that the elements showing toler- 
ance-limit phenomena were dispersed in the 
alloy as fine particles (Hanawalt et al., 
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1942; Chapter XX in Emley, 1966). Bush- 
rod (1947) disagreed with Hanawalt, how- 
ever, because there was no real evidence that 
the centers observed under the microscope 
were in fact cathodic particles. 

Alternatively, the corrosion mechanism 
of magnesium alloys containing small 
amounts of Fe, Ni, and Cu could be similar 
to that of aluminum alloys containing cop- 
per. In Al-Cu alloys, the deleterious influ- 
ence of copper is attributed to the plating out 
of minute particles of copper from solution 
on to the aluminum alloy surface. Similar- 
ly, it is possible that minute particles of iron, 
nickel, or copper could plate out on to the 
surface of magnesium alloys. Magnesium is 
certainly sufficiently active to cause plating 
out of these particles from solution. Further- 
more, plated-out particles would act as effi- 
cient cathodes for micro-galvanic corrosion. 

So far there is no model that can perfect- 
ly explain the ‘tolerance limit’ phenome- 
non. Most studies (Aune, 1983; Hillis, 1983; 
Frey and Albright, 1984) have shown that 
dramatic improvements of corrosion resis- 
tance can be realized through the control 
of impurities in the base metal. The critical 
impurity concentrations (Hanawalt et al., 
1942) for commercial alloys were recently 
defined and this knowledge has been ap- 
plied to production specifications for AZ9 1 
and AM60. Dow has recommended that 
the specific tolerance limits Fe < 50 ppm, 
Ni < 5 ppm, Cu < 300 ppm should be used 
to ensure optimum salt-water corrosion per- 
formance in A291 (Hillis, 1983). This ap- 
proach provides an effective means of pro- 
ducing highly corrosion-resistant magne- 
sium alloys and is of great practical signif- 
icance. 

Iron, nickel, copper, and cobalt are the 
four main elements so far found to have sig- 
nificant detrimental influence on the corro- 
sion-resistance of magnesium alloys. They 
have different tolerance limit values. It is 

not yet certain, however, whether they ac- 
celerate the corrosion processes of magne- 
sium alloys by similar mechanisms. In ad- 
dition, another special element, manganese, 
is usually closely connected with these det- 
rimental elements and their tolerance lim- 
its. 

4.3.1.1 Iron 

Iron, the most common impurity arising 
from the steel melting pots (Lunder et al., 
1993; Makar and Kruger, 1993), has a par- 
ticularly deleterious effect on corrosion if 
the level exceeds the tolerance limit of 
0.017% in certain alloys (Makar and Krug- 
er, 1993) as illustrated in Fig. 4-17. It is sus- 
pected that the deleterious effect of iron re- 
sults from galvanic coupling between the 
magnesium matrix and the iron particles 
scattered in the matrix (Nisancioglu et al., 
1990). The Fe precipitates in the cast mate- 
rial often in the form of an Al-Fe compound 
which is cathodic to the magnesium matrix 
(Linder et al., 1989). When even as little as 
a few hundredths per cent aluminum is add- 
ed to the magnesium, the tolerance limit 

4 w l  
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Figure 4-17. Influence of iron on pure magnesium 
(Hillis, 1983). 



154 4 Corrosion of Non-Ferrous Alloys. I l l .  Magnesium Alloys 

0'5 

for iron decreases from 170 ppm w/w to a 
few ppm w/w. With 7% A1 the tolerance is 
ca 5 pprn w/w Fe and with 10% A1 the lim- 
it is too low to be determined (Loose, 1946). 
An explanation for this lies in the formation 
of an Fe-A1 phase (FeA1,) which is even 
more active than discrete iron particles 
(Loose, 1946; Hawke, 1975). 

- w M g - l  .O% Mn 

4.3.1.2 Nickel 

Nickel is more harmful than iron 
(Hawke, 1975; Makar and Kruger, 1993), 
both in pure magnesium and in magnesium 
alloys, because it has a lower tolerance 
limit, as illustrated in Figs 4-18 and 4-19. 
Because of its low solid solubility, nickel 
must be present as a separate phase when 
added to magnesium in appreciable amounts 
(Chapter XX in Emley, 1966). The nickel 
tolerance level was found to be independent 
of manganese or other major alloying addi- 
tions but was dependent on the manner of 
casting (Froats et al., 1987; Tawil, 1987). 
Sand and permanent mold castings (with 
slower solidification rates) have significant- 
ly lower nickel tolerance - 10ppm com- 
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pared with 50 ppm for high pressure die- 
castings (Tawil, 1987). 

4.3.1.3 Copper 

A small amount of copper has a benefi- 
cial effect on the creep strength of magne- 
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Figure 4-18. Tolerance limits for nickel in pure mag- 
nesium, and in Mg-Mn and Mg-Zn alloys (Makar and 
Kruger, 1993). 
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Figure 4-19. Corrosion 
performance of die-cast 
magnesium alloys with in- 
creasing Ni (Mercer and 
Hillis, 1992). 
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sium die-castings, but strongly accelerates 
salt water corrosion (Hawke, 1975). The ad- 
dition of copper has also been shown to have 
a detrimental effect on the corrosion resis- 
tance of Mg-Al-Zn alloys. This might be 
attributed to the incorporation of the copper 
in  the eutectic phase as Mg(Cu, Zn) (Makar 
and Kruger, 1993). The tolerance limit of 
copper has been set at 300ppm, but it is 
known that higher levels can be tolerated if 
the zinc content is above the specification 
minimum of 0.4% (Tawil, 1987). 
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4.3.1.4 Cobalt 

- 

- 

Cobalt has strongly adverse effects on the 
corrosion resistance of magnesium alloys 
(Chapter IX in Emley, 1966), but cobalt is 
not a common impurity of magnesium, and 
its tolerance limits have not been well doc- 
umented (Hillis, 1983). 

4.3.1.5 Manganese 

Manganese is added to many commercial 
alloys, particularly those of the AZ series, 
to improve corrosion resistance (Makar 
et al., 1988); although manganese itself 
does not improve corrosion resistance, it 
reduces the harmful effect of impurities 
(Froats et al., 1987; Makar and Kruger, 
1993). For example, small additions (0.2%) 
of manganese have increased the corrosion 
resistance of magnesium alloys (Polmear, 
1992; Makar and Kruger, 1993), and re- 
duced the effects of the impurities when 
their tolerance limits were exceeded (Hillis, 
1983). Similarly, addition of 1 % Mn sharp- 
ly reduced the rate of corrosion of magne- 
sium when iron and copper impurity content 
exceeded their tolerance limits (Loose, 
1946). Manganese increased the Ni toler- 
ance limit (Makar and Kruger, 1993), and 
increased the iron tolerance limit to ca. 
20 ppm w/w for Mg-A1 alloys (Chapter XX 

in Emley, 1966). The critical iron content 
has been observed to be dependent upon the 
Mn content and the ratio Fe/Mn has been 
found to be a critical factor (Zamin, 1981; 
Hillis and Shook, 1989). Alloys with high 
values of the Fe/Mn ratio corrode rapidly, 
irrespective of surface condition, heat-treat- 
ment condition, and grain size, whereas al- 
loys with low Fe/Mn values combined with 
low Ni and Cu levels show good corrosion 
performance (Reichek et al., 1985). Nearly 
direct proportionality has been observed 
between Fe/Mn ratio and the corrosion rate 
(Nisancioglu et al., 1990), as illustrated in 
Figs. 4-20 and 4-21. It was suggested (Fox 

AM60 A 
0.004 0.012 0.02 0.028 0.036 0.048 0.064 
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Figure 4-20. Corrosion performance of die-cast mag- 
nesium alloys with increasing FelMn ratio (Mercer 
and Hillis, 1992). 
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Figure 4-21. Effect of FelMn ratio on the rate of cor- 
rosion of magnesium (Hillis and Shook, 1989). 
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and Bushrod, 1944) that the critical factor 
with regard to the iron impurity was the 
irodmanganese ratio rather than the abso- 
lute level of iron, and the critical ratio was 
found to be 0.032 iron to manganese (Re- 
ichek et al., 1985). The Fe/Mn ratio has, 
however, also been found to depend on par- 
ticle size (Lunder et al., 1987). 

Fig. 4-22 provides a convenient guide for 
the production of AZ91 die-cast parts (Re- 
ichek et al., 1985). The critical Fe/Mn ratio 
was superimposed on the plot of solubility 
limits. The intercept of the solubility limit 
and the critical Fe/Mn ratio defines an Mn 
concentration above which the soluble iron 
does not exceed the critical ratio for that 
melt temperature. So the required minimum 
manganese concentration can be calculated 
for any specific melt temperature (Reichek 
et al., 1985). 

Mn reduces the rate of corrosion, prob- 
ably by two mechanisms (Robinson and 
George, 1954; Lunder et al., 1987; Nisan- 
cioglu et al., 1990). Firstly, manganese 

combines with the iron in the molten mag- 
nesium alloy during melting and forms an 
intermetallic compound which settles to the 
melt bottom (Nelson, 1944; Robinson and 
George, 1954), thereby reducing the iron 
content of the alloy. The residual manga- 
nese in the alloy might also have a moder- 
ating effect on any iron which is not re- 
moved by settling. Secondly, manganese 
encapsulates the iron particles that remain 
in the metal during solidification, thereby 
making them less active as local cathodes 
(Robinson and George, 1954; Polmear, 
1992). The galvanic activity between man- 
ganese and magnesium is less than that 
between magnesium and iron (Makar and 
Kruger, 1993). 

Nisancioglu et al. (1990) found that all 
iron and manganese in the alloy were incor- 
porated in intermetallic particles in the 
AlMnFe series and found that no elemental 
manganese or iron could be detected in the 
matrix by X-ray EDS. Lunderet al. (1987a), 
however, detected neither iron particles nor 

0.2 0.4 0.6 

Figure 4-22. Iron-manganese solubility 
limits and the iron tolerance limit (Reichek 
et al., 1985) provides a guide to AZ91 cor- 
rosion performance. The numbers adjacent 
to the data points give the average salt 
spray corrosion rate (in mpy) of the die- 
cast samples. 
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iron particles surrounded with manganese in 
AZ91. 

It is also possible that the tolerance limit 
correlates with a boundary between an ac- 
tive and passive form of the iron precipitate 
(Hillis and Reichek, 1986). This has not 
been confirmed directly by metallographic 
examination (Aune, 1983; Lunder et al., 
1985; Reichek et al., 1985), but is based on 
the observation that at melt compositions 
above the tolerance limit, iron alone (or per- 
haps an iron-aluminum intermetallic) drops 
from the melt as the metal is cooled, i.e. 
there is little or no reduction in the manga- 
nese level. Only at compositions below the 
tolerance limits is there a simultaneous re- 
duction in both the iron and manganese con- 
tent. Castings within this composition re- 
gion would contain only an Fe-Mn (or 
Fe-Mn-Al) precipitate phase which is ap- 
parently passive as a cathodic site (Lunder 
et al., 1985). 

4.3.2 Important Alloying Additions 

4.3.2.1 Zirconium 

Zirconium alloys generally have good 
corrosion resistance in salt solutions and are 
relatively insensitive to iron and nickel. 
When magnesium is alloyed with zirconi- 
um, most of the iron is present as insoluble 
particles in combination with zirconium 
(Chapter XX in Emley, 1966). As a conse- 
quence, the iron contaminant is precipitat- 
ed from the alloys before casting. All zirco- 
nium-grain-refined alloys are high purity in 
iron, and to a lesser extent nickel, because 
these impurities are naturally controlled to 
very low levels by precipitation with zirco- 
nium (Tawil, 1990). 

4.3.2.2 Aluminum 

The aluminum is partly in solid solu- 
tion, and partly precipitated in the form of 

Mg,,Al12 along grain boundaries as a con- 
tinuous phase and as part of a lamellar struc- 
ture (Nelson, 1944). Occasionally a few 
small particles of Mg,Al, (Mg,Al,) phases 
were also detected (Lunder et al., 1987). 

Alloying magnesium with aluminum 
usually improves the corrosion resistance 
(Makar and Kruger, 1990; Nisancioglu et 
al., 1990; Baliga and Tsakiropoulos, 1993). 
It is reported that the rate of corrosion de- 
creases rapidly with increasing aluminum 
up to 4%. Further addition of aluminum up 
to 9% results in a modest further improve- 
ment only (Loose, 1946; Lunder et al., 
1993). 

The beneficial role of aluminum was gen- 
erally believed to be a result of p-phase pre- 
cipitation, which has an important role as a 
corrosion barrier (Nisancioglu et al., 1990). 
In addition, the influence of the aluminum 
in increasing the corrosion resistance seems 
to be a result of the aluminum altering the 
composition of the hydroxide film formed 
on the surface (Loose, 1946). Hehmann 
et al. (1 989) suggested the improved corro- 
sion resistance of rapidly solidified Mg-A1 
alloys containing 10-24% A1 was because 
of the growth of a protective aluminum-en- 
riched surface layer, but there was no direct 
evidence. 

It has, however, also been found that alu- 
minum can have a bad influence on corro- 
sion. Aluminum reduced the iron tolerance 
limit from 170ppm WIW to 20ppm wIw 
(Chapter XX in Emley, 1966) and it has been 
reported (Hillis and Shook, 1989) that the 
tolerance limit of iron decreases almost lin- 
early with increasing aluminum content. 
This trend in the iron tolerance limit seems 
to be consistent with the formation of a 
passive iron-manganese-aluminum inter- 
metallic phase on solidification (Hillis and 
Shook, 1989). 

Lunder et al. (1989) also found that for 
AZ9 1 the aluminum-rich zones adjacent to 
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the p precipitates were more corrosion-re- 
sistant than the aluminum-depleted bulk 
matrix. They proposed that aluminum has a 
different influence depending on its concen- 
tration in the a phase; they proposed that 
aluminum below 8% promotes anodic dis- 
solution but above 10% reduces corrosion. 
This proposal is, however, difficult to rec- 
oncile with the result reported by Song et al. 
(1999b) which showed that pure magnesium 
has an anodic dissolution rate higher than 
that of a phase containing ca. 2% Al. 

4.3.2.3 Zinc 

The presence of zinc in binary or ternary 
alloys has a decisive effect on film charac- 
teristics. Zinc can increase the tolerance 
limits and reduce the effect of impurities 
when the tolerance limit has been exceeded 
(Hillis, 1983). Addition of 1% Zn to pure 
magnesium increases the tolerance limit for 
nickel, but to lesser extent than addition of 
1% Mn (Loose, 1946). Zinc is believed to 
improve the tolerance of Mg-A1 alloys for 
all three contaminants (Fe, Cu, Ni), but its 
amount is limited to 1-3% (Froats et al., 
1987). Addition of 3% Zn increases the 
tolerance limit to 30ppm wIw Fe and 
greatly reduces the corrosion rate for iron 
concentrations up to 180 ppm wIw for 
the Mg-Al-Mn alloy (Loose, 1946). For 
Mg-Al-Mn-Ni alloys 3% Zn shifts the tol- 
erance limit from 10 to 20 ppm wIw Ni and 
reduces the corrosion rate when concentra- 
tions of nickel are higher (Loose, 1946). 
However the sensitivity of AZ alloys to fil- 
iform corrosion increases as the zinc con- 
tent increases in the range 0-3% (Albright, 
1988). Lunder et al. (1989) studied the in- 
fluence of composition on the separate phas- 
es and concluded that in general zinc seems 
to render both a and p more noble. 

Zinc had a somewhat anomalous effect on 
the corrosion behavior of magnesium pro- 

duced by rapid solidification. The maximum 
corrosion rate occurs at 18.6% wIw Zn, 
whereas additions of 4.8% and 27.5% re- 
sulted in a corrosion rate only slightly high- 
er than that of pure magnesium (Makar 
et al., 1988). 

4.3.2.4 Other Elements 

Yttrium (Unsworth and King, 1986; 
Joshi andLewis, 1988; Krishnamurthy et al., 
1988 a; Petrova and Krasnoyarskii, 199 1 ; 
Miller et al., 1993), rare earth elements 
(Reichek et al., 1985; Krishnamurthy et al., 
1988b; Nisancioglu et al., 1990; Lunder 
et al., 1993), lithium (Petrova and Krasno- 
yarskii, 1987), silicon (Lunder et al., 1993; 
Hillis and Shook, 1989), lead (Petrova and 
Krasnoyarskii, 1988), calcium (Emley, 
1966), and phosphorus (Chapter XX in Em- 
ley, 1966) also have some influence on the 
corrosion behavior of magnesium alloys. 

4.3.3 The Role of Phases 

Second phases have a pronounced influ- 
ence on the corrosion of magnesium, be- 
cause most elements affect the corrosion re- 
sistance of magnesium alloys only after they 
form second phases. 

A high aluminum content in alloys like 
AZ91 is associated with an appreciable 
amount of p, which is Mg17Al12 (Linder 
et al., 1989). No Si, Fe, Mn, or Ni was de- 
tected in this phase at levels greater than the 
noise level in the X-ray spectra (Lunder 
et al., 1987). 

AZ91 usually contains a large amount 
of Mg1,All2 precipitated along the grain 
boundaries. Mg17Al12 is cathodic relative to 
the matrix (Nisancioglu et al., 1990). The 
behavior of Mg17Al12 is passive over a wid- 
er pH range than either of its components 
aluminum and magnesium (Nisancioglu 
et al., 1990). Mgl7AlI2 was found to be in- 



ert in chloride solutions in comparison with 
the surrounding magnesium matrix and act- 
ed as a corrosion barrier (Nisancioglu et al., 
1990; Pebere et al., 1990); the distribution 
of the Mg,,Al,, phase, moreover, deter- 
mined the corrosion resistance of the Mg-A1 
alloys (Pebere et al., 1990). The high resis- 
tance of Mg,,Al,, to corrosion was attrib- 
uted to the presence of a thin passive film 
on its surface (Loose, 1946). 

There is, however, also the opposite opin- 
ion that Mg,,Al,, is detrimental to the cor- 
rosion behavior of the magnesium matrix. It 
was suggested (Das and Davis, 1988) that 
the absence of Mg,,Al,, could enhance the 
corrosion resistance of aluminum-rich mag- 
nesium base alloys by eliminating micro- 
galvanic effects. Mg-A1 based alloys were 
reported to corrode predominantly by gal- 
vanic action between the magnesium matrix 
and the Mg,,Al12 precipitate (Tawil, 1990), 
although no direct experimental evidence 
was presented to substantiate this claim. 

Song et al. (1998, 1999b) measured the 
polarization curves for the a and p phases 
as shown in Fig. 4-23. The a phase was 
found to have a pitting potential ca 15 mV 
more negative than its free corrosion poten- 
tial, consistent with observations of pitting 

4.3 Metallurgical Factors 159 

corrosion for the a phase exposed to 1 M 

NaCl solution at its free corrosion potential. 
It was also found that the /3 phase had high- 
er cathodic reaction activity than the a 
phase, but its anodic dissolution rate was 
much lower below its pitting potential than 
that of the a phase. At their corrosion po- 
tentials the corrosion current density of the 
p phase was much lower than that of the a 
phase. These findings lead to the conclu- 
sion that p phase was very stable in NaCl 
solutions and was inert to corrosion; the p 
phase itself, however, was also an effective 
cathode. Consequently, the p phase had 
two influences on corrosion, as a barrier 
and as a galvanic cathode, depending on 
the volume fraction of p phase in the a 
phase matrix. After further investigation of 
the micro-structure of AZ91 alloys, Song 
et al. suggested that the p phase mainly 
served as a galvanic cathode and acceler- 
ated the corrosion process of the a matrix 
if the volume fraction of pphase was small; 
when the volume fraction was high, how- 
ever, the p phase might act as an anodic 
barrier to inhibit the overall corrosion of 
the alloy. 

In addition to the p phase, the most 
potent cathodes in an Mg-A1 alloy are the 
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Figure 4-23. Polarization curves for the a and p phases in 1 M NaCl solution at pH 1 1  (Song et al., 1998, 1999 b). 
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iron-rich precipitate phases, probably the 
iron-aluminum intermetallic FeAl. It is one 
of the most detrimental cathodic phases 
present in Mg-A1 alloys on the basis of its 
potential and its low hydrogen over-voltage 
(Hawke, 1987). AlMn (Nisancioglu et al., 
1990; Lunder et al., 1993) is also detrimen- 
tal. Mg,Si (Lunder et al., 1993) seems to 
have no effect whereas Mg,Pb (Petrova and 
Krasnoyarskii, 1988) facilitates pitting and 
leads to a negative-difference effect. 

The matrix a-phase in Mg alloys is nor- 
mally anodic to the second phases and 
usually preferentially corroded. Fig. 4-24 
shows the microstructure of die-cast AZ9 1D 
(Song et al., 1999b). 

Song et al. (1999b) have suggested that 
the primary a and eutectic a phases, which 
have different aluminum content, have dif- 
ferent electrochemical behavior. Both the 
primary and eutectic a phases can form gal- 
vanic corrosion cells with the p phase as il- 
lustrated in Fig. 4-25. There are, therefore, 
two kinds of corrosion morphology: 

- primary a grain is preferentially dis- 

- p precipitate is undermined because of 
solved; and 

the dissolution of eutectic a. 

Actual exposure (Song et al., 1999b) of 
die-cast AZ91D in NaCl (Fig. 4-26) illus- 
trates both kinds of corrosion morphology. 

Figure 4-24. Microstructure of die-cast AZ91D Al- 
loy (Song et al., 1999b). 

Figure 4-25. Schematic represen- 
tation of the galvanic corrosion 
between the fl phase and the pri- 
mary and eutectic a phases. 
A. Galvanic corrosion of primary 
a and eutectic a phases; B. Final 
corrosion morphology (Song 
et al., 1999b). 
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H 
AZ9 1 DS, center under water 10 urn 
Figure 4-26. Typical corrosion morphology of die- 
cast AZ91D after a few minutes in 1 M NaCl (pH 1 1 )  
(Song et al., 1999b). 

4.3.4 Microstructure 

Microstructural properties such as grain 
size and phase distribution also play a role 
in determining corrosion behavior (Al- 
bright, 1988). Recent studies (Aune, 1983; 
Lunder et al., 1987) have found that fine, 
uniformly dispersed, cathodic phases were 
the most detrimental to the corrosion resis- 
tance of magnesium-based alloys (Albright, 
1988). 

The typical microstructure of cast alloy 
AZ91 shows that neither iron particles nor 
iron particles surrounded with manganese 
could be detected. Aluminum is partly in 
solid solution in the matrix. It also precip- 
itates as Mg,,Al,, along the grain bound- 
aries as a continuous primary phase and 
as a secondary, lamellar structure (Nel- 
son, 1944). A few small particles of the 
Mg2Al,(Mg5A1,) phase were also detected. 
Zinc is present in solid solution in both the 
matrix and the binary phase Mg,,Al,, 
(Lunder et al., 1987). The Pphase Mgl7A1,, 
forms around grain boundaries and is most 
prevalent in more slowly cooled sand or per- 
manent-mold casting (Polmear, 1992). 
Makar et al. (1992) reported that rapidly so- 

lidified Mg-9Al contained a large amount 
of precipitated Mg,,AI,, distributed ran- 
domly throughout the grains, including the 
areas near grain boundaries. 

The different microstructures reported by 
different authors are, in fact, understand- 
able, as the heat-treatment of the alloys con- 
ducted by the different researchers might be 
quite different. Even for the same sample, 
the microstructures can be different if dif- 
ferent regions of the sample are examined. 
For example, the die-cast alloy AZ9 1D had 
significant microporosity, as illustrated in 
Fig. 4-27. There were more micropores and 
the pores were somewhat larger in the cen- 
ter of the samples than near the surfaces of 
the sample. Back-scattered SEM images 
(Fig. 4-28) show the various microstruc- 
tures in die-cast AZ91D. Song et al. (1999b) 
found that the casting method strongly in- 
fluences the corrosion performance through 
its effect on the microstructure. The corro- 
sion-resistance of the skin of die-cast 
AZ91D is significantly better (by nearly a 
factor of 10) than its interior (see Table 
4-3). This could be attributed to a higher p 
fraction, more continuous p phase around 
finer a grains, and a porosity in the skin 

Figure 4-27. Schematic representation of the change 
of surface composition during corrosion of an alloy 
with nearly continuous p phase over its surface layer. 
A. Initial surface. B. Final surface (Song et al., 1999b). 
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Figure 4-28. Optical micrographs of die- 
cast AZ91D. A. Central area (cross sec- 
tion). B. Edge area (cross section). 
C. Skin surface after slight polishing 
(Song, et al. 1999b). 

Table 4-3. Rates of corrosion of magnesium and various magnesium alloys at the free corrosion potential in 
1 M NaCl solution at pH 1 1. 

Sample Rate of penetration (mm year-') Comment 

Low-purity magnesium 52.8 
High-purity sand-cast AZ91 12.3 
Interior of die-cast AZ91D 5.72 
High-purity magnesium 1.14 
Surface of die-cast AZ91D 0.66 
p Phase 0.30 

Impurity accelerates corrosion 
p Phase accelerates corrosion 
fl Phase accelerates corrosion 

fl Phase provides protection 

layer lower than in the sample interior. If the 
a grains are very fine and the amount of p 
fraction is not too low, then the p phase is 
nearly continuous like a net over the a ma- 
trix, and the p phase particles do not 
easily fall out as a result of undermining. In- 
stead, in this case the a matrix is much more 
easily corroded and can even be under- 
mined, because many more a grains are 
completely separated by the p net. Also, if 
the a grains are fine the gaps between p pre- 
cipitates are narrow and the p phase is near- 

ly continuous. The corrosion of the a phase 
is then quite easily obstructed by corrosion 
products on its surface, and so the corrosion 
is greatly retarded. Fig. 4-29 is a schematic 
representation of the possible corrosion pro- 
cess on a magnesium alloy and the effect of 
continuous p phase. 

If, on the other hand, the a grain size is 
large, the p phase is agglomerated and dis- 
tances between the p phase are large. At the 
final stage of the corrosion, the a phase is 
not effectively blocked either by the p phase 
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(A) (B) 

Figure 4-29. Back-scattered SEM images of die-cast AZ91D. A. Surface skin layer. B. Interior (Sequira et al., 
1996). 

or by the corrosion products deposited be- 
tween the p phase and the a phase. In even 
worse circumstances the p phase can be 
undermined instead of the a phase. 

The possible types of behavior are sum- 
marized by the corrosion rate data given in 
Table 4-3 for magnesium and magnesium 
alloys corroding at their free corrosion 
potential in 1 M NaCl at pH 11. The rate of 
corrosion of high-purity magnesium was 
1.14 mm year-'. The rate of corrosion was 
higher in the interior of die-cast AZ91D and 
also higher for high-purity sand-cast AZ9 1. 
The p phase accelerated the corrosion. In 
contrast, the rate of corrosion of the surface 
of die-cast AZ91D was lower than that of 
high-purity magnesium. That the p phase 
provided protection is clear from the still 
lower corrosion rate of the pure p phase. 

Micro-pores in the magnesium alloy 
should have a detrimental effect on corro- 
sion performance. Firstly, high sample po- 
rosity means the real exposed area is larger, 
so the amount of corrosion on unit area of 
apparent surface should also be greater. Sec- 
ondly, the electrochemical processes inside 
a micro-pore are easily obstructed by corro- 
sion products, and then an auto-catalytic 

corrosion cell is formed within the pores. 
This leads to serious localized corrosive 
breakdown, i.e. a more porous surface re- 
sults in a greater tendency towards severe 
localized corrosion. Thirdly, the micro- 
pores usually originate from defects in the 
alloy, so they are also active points for the 
corrosion reaction. Higher porosity means 
that the exposed surface is more active, and 
corrosion is more dramatic. On the basis of 
these three points, it is reasonable to postu- 
late that the lower porosity in the skin layer 
is a further factor in favor of the skin of a 
die-casting being more resistant to corro- 
sion than its center. 

Krishnamurthy et al. (1988 b) found sig- 
nificant refinement of microstructure in rap- 
idly solidified alloys, with the maximum re- 
finement occurring near the quenched sur- 
face of the ribbons. Anodic polarization of 
the ribbon showed a pseudo-passivation 
effect which led to a significantly lower 
current density. Hehmann et al. (1989) com- 
pared the corrosion of rapidly solidified 
Mg-A1 alloys containing 10-24% A1 in 
aerated 0.001 M NaCl solution with that of 
chill-cast alloys of the same composition. 
Electrochemical characterization revealed a 
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decrease in corrosion potential and corro- 
sion current. Markar and Kruger (1993) sug- 
gested several reasons why rapid solidifica- 
tion might improve corrosion resistance. 
Rapid solidification increases the limits of 
solid solubility, enabling detrimental ele- 
ments to exist in less harmful locations or 
phases. Rapid solidification tends to ho- 
mogenize the material. Rapid solidification 
makes glass formation more likely and can 
lead to the formation of glassy oxide films 
which are more.protective and self-healing. 
Rapid solidification can result in alloys of 
composition different from those produced 
by ingot metallurgy. These may form new 
non-equilibrium phases (crystalline, quasi- 
crystalline, and non-crystalline). Rapid so- 
lidification tends to result in a fine grain size 
and to the refinement of intermetallic parti- 
cle size. 

4.4 Influences of the Environment 

No materials are highly corrosion-resist- 
ant in all kinds of environment. High corro- 
sion resistance reported for materials al- 
ways refers to a specific environment. A 
particular material can have high corrosion- 
resistance in one environment but low-cor- 
rosion resistance in another. Although mag- 
nesium alloys have their own recommend- 
ed preferred service environments, fewer 
media are suitable for magnesium alloys 
than for other materials, e.g. steels and alu- 
minum alloys. For example, magnesium al- 
loys are usually stable in basic solutions, but 
in neutral and acidic media they dissolve at 
high rates. This is quite different from alu- 
minum alloys which are normally quite 
stable in neutral media but are unstable in 
both basic and acidic solutions. 

4.4.1 Solutions 

Aqueous solutions induce attack which 
varies not only with the solute but with the 
volume, movement, and temperature of the 
liquid (Tawil, 1987). Attack by cold pure 
water of low conductivity is very slow. A 
continuous film of such water can provide 
protection against the ‘atmosphere’ and lead 
to higher fatigue endurance limits than are 
obtained in ordinary air. Reaction with wa- 
ter produces a film of sparingly soluble 
Mg(OH), (Chapter XX in Emley, 1966). 
Dissolved oxygen does not seem to be very 
important in the corrosion of magnesium 
and its alloys in chloride solutions (Froats 
et al., 1987), whereas salt solutions, or even 
distilled water saturated with CO, are much 
more corrosive (Loose, 1946). 

Magnesium is very resistant to corrosion 
by alkalis if the pH exceeds 10.5 which cor- 
responds to the pH of saturated Mg(OH), 
(Makar and Kruger, 1993); a Mg(OH), film 
is formed on the magnesium surface (Chap- 
ter XX in Emley, 1966; Makar and Kruger, 
1993). Attack by dilute alkali solutions is 
negligible at temperatures up to the boiling 
point (Loose, 1946). Consequently, a 10% 
caustic solution is commonly used for clean- 
ing at temperatures up to the boiling point 
(Froats et al., 1987). 

Sodium chloride solutions containing ap- 
preciable quantities of alkali attack magne- 
sium and its alloys at a very low rate (Loose, 
1946). With increasing pH above 10.2, at 
which Mg(OH), is formed, the effect of im- 
purities both in the metal and in the corrod- 
ing medium is apparently overshadowed 
by the greater tendency for film formation 
(Loose, 1946). Chloride ions promote rapid 
attack of magnesium in neutral aqueous so- 
lutions (Loose, 1946; Chapter XX in Emley, 
1966; Makar and Kruger, 1993). The rate of 
corrosion increases rapidly with increasing 
C1- ion concentration (Tunold et al., 1977). 
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Small amounts of dissolved salts in water, 
particularly chloride or heavy-metal salts, 
break down the protective film locally and 
lead to pitting corrosion (Froats et al., 
1987). In chloride solutions such as sea-wa- 
ter, attack usually results in pitting corro- 
sion (Tawil, 1987). Song et al. (1999a) com- 
pared the electrochemical behavior of mag- 
nesium in Na2S0, and NaCl solutions. They 
suspected that C1- was involved in the inter- 
mediate step of magnesium dissolution. The 
presence of C1- could make the surface film 
more active or increase the film-free area, 
and might also accelerate the electrochem- 
ical reaction rate from magnesium to mag- 
nesium univalent ions. 

Neutral or alkaline fluorides form insol- 
uble MgF, and are not very corrosive 
(Loose, 1946). Fluorides are chemically in- 
ert (Chapter XX in Emley, 1966; Makar and 
Kruger, 1993). It is well known that the flu- 
oride ion is a good inhibitor of corrosion of 
magnesium and magnesium alloys (Both- 
well, 1967; Busk, 1987), because of the for- 
mation of an MgF, film on the surface of the 
metal. Magnesium fluoride is highly insol- 
uble in hydrofluoric acid and as a conse- 
quence magnesium does not dissolve in this 
acid (Tawil, 1987). Attack can, however, oc- 
cur in dilute aqueous hydrofluoric acid, and 
if so it is of a pitting type. 

Magnesium sulfate is readily soluble in 
dilute sulfuric acid; no protective film is 
formed in this acid, so attack is rapid. Mag- 
nesium sulfate is, however, only slightly 
soluble in concentrated sulfuric acid. When, 
therefore, magnesium is immersed in strong 
sulfuric acid, initial attack produces a film 
of magnesium sulfate which quickly satu- 
rates the acid at the interface, and the reac- 
tion is reduced to a vanishingly low rate 
(Tawil, 1987). 

Nitrates, phosphates, and sulfates attack 
magnesium, but not to the same extent as 
chlorides (Chapter XX in Emley, 1966). Sil- 

icate, fluoride, phosphate, and dichromate 
solutions are less corrosive than C1-, Br-, 
NO2-, and SO:-. In pure water, and in alka- 
line- and alkaline earth-hydroxide, silicate, 
fluoride, and carbonate solutions, the rate of 
corrosion is insignificant and polarization 
readily occurs, with small anodic currents. 
In solutions containing anions such as C1-, 
Br-, SO:-, and C104- the rate of corrosion 
is fairly high, and the potential shifts very 
little withcurrent density (Tunoldet al., 1977). 

Oxidizing salts, especially containing 
chlorine or sulfur atoms, are more corro- 
sive than non-oxidizing salts (Loose, 1946), 
but chromates, vanadates, phosphates, and 
many others are film-forming and tend to re- 
tard corrosion (Loose, 1946). Chromic acid 
attacks magnesium and its alloys very slow- 
ly (Loose, 1946), and a boiling solution of 
20% H2Cr0, in water is widely used to re- 
move corrosion products from magnesium 
alloys without attacking the base metal 
(Froats et al., 1987). 

Magnesium is readily attacked by all min- 
eral acids except chromic and hydrofluoric 
acids (Loose, 1946; Froats et al., 1987; 
Makar and Kruger, 1993). Traces of the 
chloride ion markedly increase the rate of 
corrosion. Some organic acids, especially 
those which contain reactive polar groups, 
readily attack magnesium and its alloys 
(Loose, 1946; Tawil, 1987). The stronger 
acids, e.g. such as acetic and tartaric, are of- 
ten used at a concentration of ca 10% to 
pickle cast and wrought products (Loose, 
1946). Many organic liquids, e.g. ethanol, 
methylated spirits, oils, and degreasing 
agents are quite inert to magnesium at room 
temperatures (Loose, 1946; Makar and 
Kruger, 1993). 

4.4.2 The Atmosphere 

In general, atmospheric attack in damp 
conditions is largely superficial (Tawil, 
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1987). If the atmosphere is clean but not dry 
and the humidity approaches loo%, a scat- 
tered pattern of corrosion spots eventually 
appears, but considerable areas of unaffect- 
ed surface remain for a very long time. If, 
however, the surface becomes contaminat- 
ed by corrosive dust or cathodic particles, 
the whole surface rapidly becomes covered 
with a grayish layer of corrosion product 
(Tawil, 1987). A clean, unprotected magne- 
sium alloy surface exposed to indoor or out- 
door atmospheres free from salt spray de- 
velops a gray film that protects the metal 
from corrosion (Froats et al., 1987). The 
rates of corrosion and resistance to corro- 
sion of magnesium alloys vary depending 
on alloy composition (Loose, 1946) as dis- 
cussed previously. 

Humidity plays a major part in the corro- 
sion of magnesium and its alloys (Loose, 
1946). Water vapor in air increases corro- 
sion (Froats et al., 1987). The rate of attack 
is negligible at low humidity, but increases 
considerably above ca 90% relative humid- 
ity (RH) (Whitby, 1933; Froats et al., 1987). 
At RH up to 90% minor corrosion results 
from the formation of a nearly invisible film 
of amorphous Mg(OH),. As the humidity 
increases beyond this level, heavier tarnish 
films develop, and the principal corrosion 
product is crystalline Mg(OH), (Froats 
et al., 1987). 

Dry chlorine, iodine, bromine, and fluo- 
rine cause no corrosion at ambient temper- 
atures, even when they contain 0.02% H,O. 
But wet chlorine, iodine, and bromine below 
the dew point cause severe attack (Froats 
et al., 1987). Salt solutions are corrosive but 
dry salt particles are almost without effect 
(Tawil, 1987), so unpainted magnesium 
items exposed near the sea coast invariably 
have a dull, slightly rough surface, with no 
corrosion product evident (Tawil, 1987). 

SO, as either the gas or the liquid phase 
causes no corrosion (Loose, 1946), but wet 

SO2 is severely corrosive because of the 
formation of sulfurous and sulfuric acids 
(Froats et al., 1987). In contrast, SO, very 
effective reduces the high-temperature oxi- 
dation of Mg (Loose, 1946). 

Natural gas does not attack magnesium, 
but the presence of water vapor can lead to 
slight corrosion (Loose, 1946). 

4.4.3 Soil 

Magnesium is quite resistant to corrosion 
in soil (Loose, 1946). The presence of cal- 
cium and magnesium salts in most soils tend 
to inhibit corrosion (Loose, 1946), but the 
corrosivity is different in different kinds of 
soil (Froats et al., 1987). 

4.4.4 Temperature 

Higher temperatures usually lead to fast- 
er corrosion. The rate of increase of corro- 
sion of ternary alloys with increasing tem- 
perature is greater than the relatively static 
rate of increase for pure magnesium. This 
might be because of the presence of small 
amounts of impurities in the former that 
become active at higher temperatures. It 
seems that the onset of pitting corrosion in 
a given alloy depends on the temperature so 
that there is probably a ‘critical pitting 
temperature’ below which only uniform 
corrosion is encountered (Chapter XX in 
Emley, 1966). 

In contrast, the rate of corrosion of AZ3 1 
in magnesium perchlorate (Udhayan and 
Bhatt, 1992) increased only gradually with 
increasing temperature. 

4.4.5 Flow Velocity 

The velocity of flowing aqueous solu- 
tions becomes critical when it is sufficient 
to affect the protective hydroxide film 
(Loose, 1946). Faster corrosion is caused by 
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solution agitation or any other means of de- 
stroying or preventing the formation of a 
protective film (Froats et al., 1987). The 
higher rates of attack are explained in terms 
of the flowing solution mechanically dis- 
lodging some of the soft bulky hydroxide 
surface film and also preventing local in- 
creases in pH in the neighborhood of the 
specimens (Chapter XX in Emley, 1966). 

4.5 Corrosion Prevention 

Because magnesium alloys are relatively 
active, corrosion prevention is always an is- 
sue. Successful corrosion prevention strat- 
egies include (Makar and Kruger, 1993): 

- Use of high-purity alloys -reduce impur- 
ities to below their tolerance limits; 

- Use of new alloys - develop alloys with 
new elements, phases, and microstructure 
distributions; 

- Surface modification - including ion-im- 
plantation and laser annealing; and 

- Use of protective films and coatings. Pro- 
tective and decorative treatments applied 
to magnesium can generally be divided 
into different groups - chemical treat- 
ment, anodizing, organic coatings (e.g. 
surface sealing with epoxy resins), elec- 
troplating, etc. Most treatments have 
been standardized (Chapter XX in Emley, 
1966). The following sections discuss 
some typical protective films and coat- 
ings. In recent years, further improve- 
ments have been sought by modifying the 
electrochemical behavior of the bulk al- 
loy or through the formation of protective 
surface films (Das and Chang, 1988). 

4.5.1 Anodizing 

Anodizing treatments include proprietary 
treatments and fluoride anodizing. The for- 

mer deposits a hard ceramic-like coating 
which confers both abrasion resistance and 
corrosion-protection. Such films are very 
porous and provide little protection, and 
should be sealed by immersion in a solution 
of hot dilute sodium dichromate and ammo- 
nium bifluoride, followed by draining and 
drying (Loose, 1946; Kruger et al., 1986; 
Makar and Kruger, 1993). Fluoride-anodiz- 
ing involves alternating current anodizing 
at up to 120 V in a bath of 25% ammonium 
bifluoride (NH,HF,) at 30 "C; this removes 
surface impurities and produces a thin, 
pearly white film of MgF2. This film pro- 
vides poor adhesion for organic coatings 
(Chapter XX in Emley, 1966; Makar and 
Kruger, 1993). 

4.5.2 Chemical Treatment 

Components are dipped in chromate so- 
lutions which clean and passivate the sur- 
face to some extent by formation of a film 
of Mg(OH)2 and a chromium compound. 
Such films have only a slight protective val- 
ue, but form a good base for subsequent 
organic coatings (Loose, 1946; Makar and 
Kruger, 1993). On high-purity alloys, the 
stronger acid chromates can provide the best 
paint base (Hillis and Murray, 1987). 

4.5.3 Sealing with Epoxy Resin 
(CoatingRainting) 

The component is heated to 200-220 "C 
to remove moisture, cooled to 60 "C, dipped 
in the resin solution, drained, dried, and 
baked. 

4.5.4 Lime Treatment 

In small volumes of water corrosion of 
magnesium is hindered by increasing the 
pH, thus deliberately increasing the pH to 
ca. 10.5 by addition of CaO or NaOH sup- 
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presses corrosion in large volumes of water 
(Chapter XX in Emley, 1966). Treatment 
with CaO seems to have several effects: 

attack is inhibited, and the small amount 
of attack that does occur is uniformly dis- 
tributed; 
the CaO can precipitate undesirable met- 
als such as copper which would be ca- 
thodic in potential and could lead to pit- 
ting corrosion; and 
CaO treatment increases the critical pit- 
ting temperature, and delays the onset of 
pitting. 

4.6 Summary 

As light metals, magnesium and magne- 
sium alloys have many good properties, and 
magnesium alloys have found wide applica- 
tions in transportation. Although they are re- 
garded as one of the most promising mate- 
rials for the near future, their further appli- 
cation is limited by poor corrosion resis- 
tance. Improvement of the corrosion resis- 
tance of magnesium alloys is, therefore, an 
urgent problem. 

In recent decades many researchers have 
performed much work on the corrosion of 
magnesium alloys. They have studied the 
corrosion phenomena, the factors influenc- 
ing corrosivity and the practical applica- 
tions of magnesium alloys. They have also 
systematically studied different corrosion 
cases, compared the corrosion behaviours 
of different alloys in different environ- 
ments, proposed some practical designs to 
avoid serious corrosion, and summarized 
various effects of environmental and metal- 
lurgical factors on the corrosivity of mag- 
nesium alloys. There have, however, been 
very few mechanistic studies and some fun- 
damental questions remain unanswered. 
These fundamental problems have potential 

impact on the further development of mag- 
nesium alloys. For example, only after the 
mechanisms of the effects of impurities be- 
come clear, can their control be implement- 
ed; only after the electrochemical behavior 
of second phases has been understood, can 
the corrosion behavior of the alloy be pre- 
dicted; only after the role of all phases and 
microstructures in the corrosion process are 
known, can a highly corrosion-resistant 
magnesium alloy be designed. Fundamen- 
tal corrosion studies of magnesium alloys 
are, therefore, the basis of the development 
and for the design of new magnesium alloys 
with high corrosion-resistance. 

On the other hand, during recent decades 
of investigation, promising prospects for 
magnesium alloys have been seen. With in- 
creasing demand for magnesium alloys in 
many branches of industry, it is likely that 
future research will improve the corrosion- 
resistance of magnesium alloys, and that 
low-priced, highly-corrosion-resistant mag- 
nesium alloys will become commercially 
available. 
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5.1 Introduction 

Numerous commercial processes operate 
at temperatures exceeding 500°C. In in- 
dustry these processes include refinery 
plants (- 500 "C), pulp and paper production 
(-700 "C), nitric acid production (-900 "C), 
heat-treatment (- 1000 "C), and ethylene 
pyrolysis (- 1000 "C). In the power sector 
they include waste incinerators (-500 "C), 
coal gasification systems (-600 "C), fluid- 
ized-bed combustion systems (- 800 "C), 
fuel cells (- 800 "C), and gas turbines 
(- 1000 "C). Materials used in high-tem- 
perature structures have design constraints 
additional to those of materials used at or 
near room temperature. Three important 
additional constraints are time-dependent 
inelastic strain (creep), thermal stability 
of microstructure, and high-temperature 
corrosion. The inclusion of these con- 
straints with the constraints of low cost, 
strength, toughness, machinability, form- 
ability, weldability, or some combination of 
these, has led to the intensive development 
over the past 50 years of a large group of 
metallic materials generally referred to as 
'high-temperature alloys'. Included in this 
group are certain stainless steels, the Ni-, 
Fe-Ni-, and Co-base superalloys; and the 
various metallic coating compositions used 
for protection against high-temperature cor- 
rosion. 

In many commercial processes there are 
advantages associated with increasing the 
operating temperature. For instance, higher 
incinerator temperatures will lead to more 
complete breakdown of waste materials and 
a reduced chance of producing potentially 
hazardous high molecular-weight organic 
compounds. In energy-conversion systems, 
overall efficiencies are generally improved 
if the maximum temperatures can be in- 
creased. The higher efficiencies associated 
with higher process temperatures also have 

the effect of reducing CO, emission when a 
carbon-containing fuel (i.e., natural gas, oil, 
or coal) is being burned. The benefits of in- 
creasing the operating temperature of a giv- 
en process are, however, almost always off- 
set by an unacceptable decrease in the ser- 
vice life of the structural materials being 
used. For example, as shown by Schillmol- 
ler (1986), the service life of a particular me- 
tallic catalyst tube in a steam-methane re- 
former furnace can be shortened from 10 to 
1.4 years because of creep stress-rupture 
when the operating temperature is increased 
by only 55 "C. Fig. 5-1 shows the tempera- 
ture increase, AT, required to increase the 
oxidation rate of iron by various factors rel- 
ative to its rate at an initial operating tem- 
perature of To. It is seen that for To=700 "C, 
the rate of oxidation would increase by a fac- 
tor of two if the temperature were increased 
by 69". If To were 900 "C the necessary tem- 
perature increase would be 102". 

Approximations of creep and corrosion 
rates with increase in service temperature 
are possible because both are thermally-ac- 
tivated processes, with their rates given by 
the Arrhenius expression, 

rate=Aexp ~ [ (5-1) 

where A is a constant, Q the activation en- 
ergy for the thermally activated process 
(i.e., diffusion), R the gas constant, and T 
the temperature. The above approximations 
are ideal because they disregard accelerat- 
ed tertiary creep or breakaway corrosion. 
Despite this, however, they effectively illus- 
trate the penalties associated with increas- 
ing the operating temperature of a given pro- 
cess and the need to set maximum service 
temperatures for alloys. It is important to re- 
alize that the maximum service tempera- 
tures based on mechanical criteria (Le., 
strength and creep stress-rupture) are typi- 
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cally not the same as those based on corro- 
sion. In general, alloying for improvements 
in mechanical properties has a negative ef- 
fect on corrosion properties. This chapter 
will focus primarily on alloying to improve 
high-temperature corrosion properties. Al- 
loying for strength, toughness, microstruc- 
tural stability, and creep resistance will al- 
so be discussed, but to a much lesser extent 
and primarily with the aim of showing how 
these constraints influence the composi- 
tions of commercial high-temperature al- 
loys. For more detailed discussion on the lat- 
ter topics the reader is referred to articles by 
Stoloff (1987), Decker (1973), and Floreen 
(1987). This chapter will also discuss both 
fundamental and practical aspects of the 
principal modes of corrosion attack found 
in commercial alloys. 

5.2 The Basic Constituents 
of High-Temperature Alloys 

5.2.1 Constituents for High-Temperature 
Corrosion Resistance 

If an alloy is to have acceptable resistance 
against high-temperature corrosion, it must 
react with the environment to form a con- 
tinuous and adherent slow-growing scale 
which has sufficient mechanical properties 
to withstand the effects of both growth and 
thermal stresses. As discussed in Chapter 3 
of this volume, ideal protective scale growth 
obeys diffusion-controlled, parabolic kinet- 
ics, i.e.: 

W: = kpt  (5-2) 

where AWs is the weight change resulting 
from uptake of the environmental constitu- 
ent X (e.g., X = 0, N, S, C, C1) in units of 



178 5 High-Temperature Corrosion of Metallic Alloys and Coatings 

g cm-2, t is the time in seconds, and kp is 
the parabolic rate constant with units 
g2 cm-4 s-'. The relationship between AWs 
and thickness of metal consumed, x, is giv- 
en by: 

x = [ k ) . A W s  (5-3) 

where V ,  is the molar volume of the alloy 
in cm3 mol-', v is the stoichiometric factor 
for the scale product BX,, and M ,  is the 
atomic weight of X. Thus, the lower the val- 
ue of AWs, or kp, the lower is the rate of met- 
al consumption. It is worth noting that in in- 
dustry corrosion rates are often presented in 
terms of millimeters or mils (1/1000 of an 
inch) of bulk alloy consumed per year, im- 
plying linear kinetics. Thus when corrosion 
kinetics are in actuality parabolic, or at least 
have a time exponent less than unity, the rate 
data in mm year-' or mils year-' (1 mm 
year-' = 40 mils year-') will provide an 
overprediction which increases with in- 
creasing time. An excessively high cor- 
rosion rate is generally considered to be 
>0.25 mm year-' (> 10 mils year-'). Line- 
ar rates in terms of mass gain are also used 
in industry, but less commonly. According 
to Bandel and Volk (1942), an alloy is de- 
signated scale resistant if the approximated 
rate of scale formation does not exceed 
ca. 1 g m-2 h-' at a specified temperature 
and then ca. 2 g mP2 h at a temperature 50" 
higher. 

Reaction between the alloy and the envi- 
ronment is an assumed certainty, because it 
is usually impractical to adjust the process 
environment in such a way that potential re- 
actions are thermodynamically unstable. 
The scale, which ideally should consist of 
only one of the metallic constituents from 
the alloy, acts as a protective barrier sepa- 
rating the alloy from the environment. The 
thickness of a protective scale layer should 

be approximately 1-20 pm, depending on 
temperature and environment. A lower lim- 
it of 1 pm is used because in practice a scale 
that grows very slowly is often unable to de- 
velop fully and provide adequate protection, 
particularly in the early stages of reaction, 
where faster-growing products may kineti- 
cally displace its formation. 

For most commercial environments the 
requisite scale is an oxide. The oxide of a 
given metal is typically more protective and 
more stable thermodynamically than its car- 
bide, nitride, halide, or sulfide. As a conse- 
quence of this, the partial pressure of oxy- 
gen, Po,, in a commercial environment 
needs to be very low for the oxide to be un- 
stable. For example, in a sulfur-bearing en- 
vironment with a sulfur partial pressure, 
P,,, of atm at 700 "C, Po, must be less 
than 1.5 x atm for CrS to be more 
stable than Cr,O, in contact with the envi- 
ronment. It is only in very specific environ- 
ments, such as those containing a high lev- 
el of H, or CO, that such an extremely low 
Po, can be found. Thus, in most commer- 
cial environments oxide scale formation is 
thermodynamically possible, and it is pri- 
marily the kinetics of the formation process 
which dictate whether or not it will occur. 
As will be shown in Section 5.6 of this chap- 
ter, there are many commercial environ- 
ments where oxide formation is kinetically 
displaced by, or occurs simultaneously with, 
one or more reactions. Despite this, howev- 
er, most high-temperature alloys are de- 
signed for oxidation resistance, with total 
alloy content and specific alloying additions 
often playing important roles in determin- 
ing the resistance of a given alloy to secon- 
dary types of corrosion. 

Fig. 5-2 shows the temperature depen- 
dence of the kp values of the oxides of Fe, 
Co, Ni, Cr, Al, and Si. The first three ele- 
ments, Fe, Co, and Ni, are common base 
metals, and it is seen that the k, values of 
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their oxides are considerably higher than 
those of Cr203, a-A1203, and SiO,. Accord- 
ingly, high-temperature alloy design is 
based on the tendency to form a continuous 
scale of one of these oxides, thus making the 
alloy a chromia-, alumina-, or silica-former. 
(It should be noted, however, that such ex- 
clusive scale growth is rarely achieved on 
multicomponent commercial alloys). For 
Fe-Cr, Co-Cr, and Ni-Cr alloys oxidized 
in air in the range 800- 1100 “C, the mini- 
mum chromium content to ensure ‘exclu- 
sive’ formation of a Cr203 scale layer is ca. 
14%, 25%, and 20%, respectively, although 
factors such as heating rate, Po,, surface 
roughness, and environmental impurities 
can increase or reduce these critical con- 
tents (Woodet al., 1970; Wright, 1972). (All 

Figure 5-2. Parabolic oxidation rate 
constant, k,, for the growth of various 
oxide scales as a function of tempera- 
ture (Arrhenius plot). 

12 13 

compositions are given in weight percent 
(%wlw) unless stated otherwise.) 

A range of k, values for growth of Al,03 
and Cr,03 is shown in Fig. 5-2 because the- 
se oxides typically do not exhibit intrinsic 
characteristic behavior (Hindam and Whittle, 
1982) - rather, their growth rates are affected 
by chemical and structural factors both in the 
scale and in the alloy. The growth kinetics of 
SiO, scales are also affected by chemical and 
structural factors (d’Heurle et al., 1987), 
particularly alloy composition, but these 
have not been studied to any great extent. 
Fig. 5-2 shows the k,  values for Si02 scale 
growth on MoSi,; lower values would be 
found for SiO, scale growth on pure silicon. 

Most corrosion-resistant high-tempera- 
ture alloys contain at least 14% chromium 
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with or without additions of silicon and/or 
aluminum. In wrought alloys the maximum 
chromium content is typically kept below 
about 30% to avoid a'-Cr precipitation, 
which reduces both the workability and 
creep strength of the alloy. The silicon con- 
tent is never sufficiently high for the alloy 
to be termed a silica-former. Rather, because 
of mechanical, weldability, and thermal- 
stability constraints, the silicon content is 
usually between 0.05 and 2.75%. A low sil- 
icon content of 0.05-1.0% might or might 
not be sufficient to form a continuous SiO, 
layer at the alloy-scale interface, but is suf- 
ficient to have a beneficial effect on oxida- 
tion kinetics, particularly by facilitating ex- 
clusive Cr203 scale formation (Radavich, 
1959; Jones and Stringer, 1975; Stott et al., 
1987; Gleeson and Harper, 1998). For in- 
stance, Jones and Stringer (1975) showed 
that the oxidation mode for the Co-25Cr 
alloy changes from the development of a 
fast-growing duplex structure to the forma- 
tion of a protective Cr203 scale with the 

4.0 I 

3.5 il 
I \  s 

3 e 
0 3.0 

presence of as little as 0.05% silicon in the 
alloy. Evans et al. (1983) reported the influ- 
ence of additions of silicon on the oxidation 
resistance of Fe-20Cr-20Ni-base alloys 
in a C0,-based atmosphere at 900°C and 
found that the rate of scale growth (primar- 
ily Cr2O3) was least for an alloy containing 
ca. 0.9% silicon. The results from this study 
are summarized in Fig. 5-3. The minimum 
in the rate constant coincided with the pres- 
ence of a continuous layer of Si02 at the al- 
loy-scale interface; it was inferred this act- 
ed as a barrier to chromium diffusion. Lo- 
calized internal protrusions of Si02 devel- 
oped in alloys containing more than ca. 
0.9% silicon. 

Gulbransen and Andrew (1959) reported 
that the beneficial effects of addition of sil- 
icon to a Ni-20 Cr alloy are optimized if the 
silicon content is kept low (0.25%) and a 
small amount of manganese (-0.05%) is 
added. Analogously, Wolf and Sandrock 
(1968) concluded that the oxidation resis- 
tance and ductility of a cobalt-base alloy 

I 

1 .o 1 Figure 5-3. Variation of the parabolic 
rate constant for Cr20,-rich scale growth 
on allovs of different silicon content at 

0.0 0.5 1 .o 1 .5 2.0 2.5 850 "C in a C02-based atmosphere (after 
Weight % Si Evans et al., 1983). 
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containing ca. 20% Cr and 15% W are 
optimized by the combined addition of 
0.1-0.4% Si and 1.4-1.65% Mn. The rea- 
sons for the apparent synergistic effect 
between silicon and manganese are still not 
well understood. 

A negative aspect of addition of silicon 
is that the extent of oxide scale spallation 
under conditions of thermal cycling tends to 
increase with increasing silicon content 
above ca. 0.6% (Douglass and Armijo, 
1970; Lobb et al., 1989). Addition of larger 
amounts of silicon also tends to reduce the 
creep strength of most high-temperature al- 
loys and worsen fusion-line cracking in 
weldments (Kane, 1991). 

Commercial alumina-forming alloys 
contain approximately 2.5 -5% aluminum 
in combination with 15-26% chromium. 
The slow growth rate of a-A1203 requires 
that the early stages of oxidation result in 
the formation of a Cr203-rich transient 
oxide which protects the alloy until the a- 
A1203 layer is established. Approximately 
8-12% aluminum is required for a-A1203 
formation on binary M-A1 alloys, where 
M = Ni, Co, or Fe (Stott, 1997). Therefore, 
a lower concentration of aluminum is need- 
ed to establish an A1203 layer if chromium 
is present in the alloy. The reasons for this 
effect of chromium are still not well under- 
stood (Stott et al., 1995). Wagner (1956) 
proposed that chromium acts as an oxygen 
getter by forming a Cr203 scale, thus reduc- 
ing the activity of oxygen at the alloy-scale 
interface to the extent that the internal oxi- 
dation of aluminum is prevented. Such a 
‘gettering’ mechanism is problematic, how- 
ever, because the amount of chromium re- 
quired to act as a getter is often not suffi- 
cient to form a continuous Cr,O, scale in 
the absence of aluminum (Giggins and Pet- 
tit, 1971; Irving et al., 1977). According to 
Guan and Smeltzer (1994), the effect of 
chromium in Ni-Cr-A1 alloys is attribut- 

able to thermodynamic interactions, with 
chromium both reducing the solubility of 
oxygen in the alloy and altering the concen- 
tration profiles in the alloy subsurface to the 
extent that oxygen supersaturation neces- 
sary for the onset of internal oxidation is 
avoided. It is plausible that similar thermo- 
dynamic interactions operate in Fe-Cr-A1 
and Co-Cr-A1 alloys, but this has not been 
confirmed. The ease of development of an 
a-A1203 layer on the ternary base-metal al- 
loys is in the order Fe-Cr-A1 > Ni-Cr-A1 
> Co-Cr-A1 (Stott et al., 1971). 

Alumina and chromia scales can be very 
susceptible to spallation during thermal cy- 
cling. It has long been established that the 
addition of small amounts (0.005-0.3%) of 
reactive elements (RE), such as Y, La, Zr, 
Ce, or Hf, can considerably improve the re- 
sistance of these scales to spallation (Whit- 
tle and Stringer, 1980). An example of this 
effect is shown in Fig. 5-4 for the cast Ni- 
base alloy RenC N5, with and without addi- 
tion of 100- 150 ppm yttrium, and oxidized 
in air at 1 150 “C in one-hour thermal cycles 
(Smialeket al., 1994). When a small amount 
is added the reactive element tends to seg- 
regate to the alloy-scale interface and scale 
grain boundaries, and have the apparent ef- 
fect of suppressing cation diffusion in the 
scale. According to Pint (1996) the suppres- 
sion of cation diffusion improves scale ad- 
hesion by reducing scale-growth stresses as- 
sociated with oxide formation within grain 
boundaries of the scale and also inhibiting 
the development of voids at the alloy-scale 
interface. An additional, and perhaps coin- 
ciding effect is for the RE to react with im- 
purity sulfur in the alloy to form sulfides or 
S-RE-containing complexes, thus prevent- 
ing the interfacial segregation of free sulfur 
and consequential weakening of the al- 
loy-scale interfacial bond strength (Smeg- 
gilet al., 1986; Smialek, 1991). Smialekand 
Tubbs (1995) showed that removal of alloy 
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Oxidation time, 1 h cycles 

Figure 5-4. The effect of addition of yttrium (100- 150 ppm) or desulfurizing pre-treatment (hydrogen anneal 
at 1280°C for 100 h) on the 1150°C cyclic oxidation behavior of the cast, Ni-base superalloy RenC N5 
(Smialek et al., 1994). 

sulfur content to a level below ca. 0.1 ppm 
W I W  by hydrogen annealing results in good 
adhesion of the A1,03-rich scale formed on 
a Ni-base superalloy containing no RE. The 
beneficial effect of sulfur removal is illus- 
trated in Fig. 5-4. Alloys containing high 
concentrations (> 1%) of RE tend to form 
intermetallic phases which are prone to pref- 
erential oxidation, thus reducing the oxida- 
tion resistance of the alloy (Pettit and Mei- 
er, 1997). 

On the basis of the foregoing discussion 
it is apparent that corrosion-resistant high- 
temperature alloys are generally either chro- 
mia- or alumina-formers. In general, alloys 
or alloy coatings used at service tempera- 
tures from 1000- 1300 "C usually rely on 
the establishment and maintenance of a- 
Al,03-rich scales. This is because the va- 
porization of Cr,03 by reaction with oxy- 
gen to form gaseous CrO, can become sig- 
nificant above lOOO"C, thus reducing the 
protection of the alloy against oxidative at- 
tack. The effect of this surface reaction is to 
cause a transition from parabolic to linear 

oxidation kinetics, with the overall kinetics 
given by the paralinear expression 

(5-4) 

Here, is the scale thickness, kk is the par- 
abolic rate constant, and k, the vaporization 
rate constant. After a sufficiently long peri- 
od of oxidation, the Cr,03 scale will grow 
to a limiting thickness and thereafter metal 
recession will proceed at a linear rate. The 
rate of vaporization of Cr,O, increases with 
increasing temperature and oxygen partial 
pressure, becoming excessive above about 
1200 "C (Tedman, 1966). 

5.2.2 Constituents for High-Temperature 
Strength, Toughness, Microstructural 
Stability, and Creep Resistance 

Almost all high-temperature alloys 
would be based on Fe-Cr and Fe-Cr-A1 
compositions if corrosion-resistance were 
the only property required. This is because 
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iron is significantly cheaper than the other 
base metals, nickel and cobalt. However, the 
high-temperature strength of the Fe-Cr and 
Fe-Cr-A1 alloys is relatively low. Both 
chromium and aluminum stabilize the body- 
centered cubic (bcc) crystal structure of iron 
(ferrite, a-iron), as indicated for the case of 
chromium in the Fe-Cr equilibrium phase 
diagram shown in Fig. 5-5. The chromium 

1 1 1 1 1 1 1 1 1  
1878.r224 

/ 

1600- 

a6Fe 
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Figure 5-5. Equilibrium phase diagram for the 
Fe-Cr system (Rayner and Rivlin, 1988). 

is seen to restrict the phase field of the face- 
centered cubic (fcc) form of iron (austenite, 
y-iron), resulting in what is often referred to 
as the 'gamma-loop'. A gamma-loop is al- 
so present in the Fe-A1 equilibrium phase 
diagram. (Strictly speaking, the high-tem- 
perature bcc structure is called delta-ferrite 
(6) to differentiate it from a-ferrite, the 
transformation product from y-austenite.) 
Diffusion occurs much more rapidly in fer- 
rite than in austenite, because the former has 
a more loosely packed structure. Conse- 
quently, the creep strength of the ferritic 
form of iron is significantly lower than that 
of the austenitic form. For instance, a ferrit- 
ic steel requires a stress of only ca. 5 MPa 
to produce a creep strain of 1% after 
10 000 h at 700 "C whereas an austenitic 
steel requires a stress of ca. 35 MPa to pro- 
duce the same strain under the same condi- 
tions (Wessling and Oppenheim, 1992). A 
further factor contributing to the superior 
creep strength of the austenitic structure is 
its inherently lower stacking-fault energy 
(Rhodes and Thompson, 1977), which pro- 
motes the separation and eventual locking 
of partial dislocations, i.e., Lomer-Cottrell 
locks (Hull and Bacon, 1984). In general, 
chromium-containing ferritic steels, which 
typically also contain 0.8- 1.5% MQ plus V, 
have a temperature limit of ca. 650 "C when 
used in any load-bearing applications (Kane 
and Cayard, 1995). 

The Fe-Cr equilibrium diagram in 
Fig. 5-5 also shows the existence of sigma 
phase (CT) at about 50 atom% chromium and 
over the temperature range 440 ? 20" to 
820 "C. There is uncertainty associated with 
the lower temperature of this range because 
the kinetics of CT phase formation are very 
slow, even at temperatures between 600 and 
800°C (Leslie, 1981). Sigma is a brittle 
intermetallic compound containing 30 at- 
oms per body-centered tetragonal (bct) unit 
cell. The morphology of CT precipitates is 
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typically plate-like or needle-like, and for- 
mation of even a few volume percent CJ is 
considered to be potentially deleterious to 
the ductility and toughness of the alloy 
(Ross, 1967). The corrosion-resistance of an 
alloy might also worsen because of the pres- 
ence of CJ, since its formation depletes the 
matrix of chromium. Sigma-phase forma- 
tion can also occur in austenitic commercial 
alloys subjected to long-term exposure in 
the temperature range of ca. 565-980°C 
(the exact range depends on alloy composi- 
tion). In this case the CJ is generally referred 
to as a topologically close-packed (tcp)-type 
phase, because of its characteristic 'topol- 
ogy', which results from the aligned close- 
packed layers of atoms in the CJ being sep- 
arated by a relatively large interatomic dis- 
tance (Beattie and Hagel, 1965). The close- 
packed layers in the CJ are aligned with the 
{ 11 1 } close-packed planes of the austenite 
matrix. The occurrence of (T in austenitic 
iron-base alloys is accelerated by the pres- 
ence of ferrite. As a consequence, the fer- 
rite-stabilizing elements Cr, Mo, Si, W, V, 
Nb, Re, Ta, Al, and Ti, promote CJ phase for- 
mation (Sims, 1987; Ritzert et al., 1998). 
Small amounts of silicon and molybdenum, 
in particular, are known to markedly accel- 
erate (T phase formation. 

The standard method for predicting the 
potential for (T phase formation in austenit- 
ic alloys is by a technique called PHA- 
COMP, an acronym for 'phase composition' 
(Sims, 1987). The technique is based on cal- 
culating an average electron-hole number, 
&, for the particular chemistry of the y 
matrix. Sigma-phase formation is predicted 
to occur if fiv 22.45-2.50. The PHACOMP 
model has been refined over the years (e.g., 
Zhang et al., 1993), but still does not give 
perfect results. The calculations do not con- 
sider the dependence of (T formation either 
on temperature or on the extent of mechan- 
ical deformation, and require the exact com- 

position(s) of the precipitating phase(s). 
Thus, (T phase embrittlement is still a prob- 
lem with many high-temperature alloys; it 
is, however, reversed by solution annealing 
at 1000-1070°C for 1-4 h if that option 
is available. There are other forms of tcp 
phases, e.g. p (Fe7MO6, c07w6 ... A7B6) 
and Laves (Fe,Ti, Fe,Nb, Fe,W . . . A,B), 
but they will not be considered in this re- 
view. Sims (1987) gives a very complete 
discussion of tcp phases. 

Fig. 5-6 shows the 800 "C equilibrium 
isotherm of the Fe-Cr-Ni system. It is 
apparent that nickel is an austenite stabi- 
lizer, producing a large y phase field in 
the isotherm. It is also apparent that the sig- 
ma phase is unstable in alloys containing 
more than ca. 35% nickel. The austenitic 
Fe-Cr-Ni-base steels have superior tough- 
ness, high-temperature strength, and creep 
resistance compared with the ferritic steels, 
as well as better forming properties, less 
sensitivity to embrittlement, and generally 
a higher coefficient of thermal expansion 
(CTE). Despite the higher CTE, chromia- 
forming austenitic alloys tend to be more re- 
sistant to scale spallation during thermal cy- 
cling when compared with ferritic chromia- 
formers (Barrett, 1997). Attempts to replace 
nickel with manganese, which is a less po- 
tent austenite stabilizer, have been general- 
ly unsuccessful because the manganese de- 
grades oxidation resistance by forming a 
thick Mn-containing oxide layer on the out- 
er surface (Gesmundo et al., 1987; Douglass 
and Rizzo-Assuncao, 1988). As shown by 
Lobnig et al. (1992), the lattice diffusivity 
of manganese in Cr,O3 is about two orders 
of magnitude faster than both nickel and 
iron at 900 "C, thus explaining the increased 
tendency of manganese to oxidize at the out- 
er surface. 

Fe-Ni-Cr alloys are the basis of the 300- 
series austenitic stainless steels and a large 
number of industrially important high-tem- 
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Cr 
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Figure 5-6. 800°C equilibrium isotherm of the Fe-Ni-Cr system (Rayner and Rivlin, 1988). 

perature alloys. The popular type-304 stain- 
less steel, with a nominal Fe- 18Cr-8Ni 
composition represents the lean end, in 
terms of alloying content, of high-tempera- 
ture alloys. It is frequently used up to ca. 
800 "C in such applications as high-pressure 
steam pipes and boiler tubes, radiant super- 
heaters, and oil refinery and process indus- 
try equipment. The microstructure of type- 
304 usually contains only 2-3% VIV sigma 
phase after 10 years at 650°C; at higher 
temperatures, however, sigma embrittle- 
ment can occur within only a few weeks. 
The rate of embrittlement is increased by 

mechanical deformation before high-tem- 
perature exposure. Sigma embrittlement is 
essentially precluded in type-330 stainless 
steel, which contains nominally 34-37% Ni 
and 17-20% Cr; the chromium content of 
this alloy is, however, too low for corrosion- 
resistance above ca. 980 "C under intermit- 
tent service conditions. Types-309 (nomi- 
nally Fe-22-24Cr-12-15Ni) and -310 
(nominally Fe-24-26Cr- 19-22Ni) stain- 
less steels have the best high-temperature 
strength of the austenitic stainless steels 
and, because of their relatively high chro- 
mium content, have good corrosion resis- 
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tance during both intermittent and continu- 
ous service at temperatures up to ca. 
1100 "C. The higher nickel and chromium 
content of type-3 10 confer better cyclic ox- 
idation resistance than for type-309. It is im- 
portant to note, however, that 309 and 310 
stainless steels are both prone to (T phase 
formation. This is exemplified in Fig. 5-7, 
which shows that type 310 forms (T in as lit- 

tle as 5 h at 800 "C (Barcik, 1987). Fig. 5-7 
also shows the times required for complete 
(T dissolution over the range 980- 1220 "C. 

Fig. 5-8 compares the stress needed to 
produce rupture in 100 h as a function of 
temperature for various alloy systems. It is 
apparent that, for reasonable strength above 
ca. 800"C, it is necessary to use austenitic 
Fe-Ni-, Co-, or Ni-base alloys. These alloys 

10731 4Start of Precipitation I 

8731 . 
0.08 0.17 I 5 8 10 18 40 251 E 

I 
i24 
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Figure 5-7. Temperature-time-precipitation (TTP) curve for the start of cr phase precipitation in type-3 10 stain- 
less steel combined with the temperature-time-dissolution (TTD) curve for complete dissolution of cr phase 
(after Barcik, 1987). 

Figure 5-8. Stress required to produce creep- 
rupture in 100 h for various alloys (after We- 
ronski and Hejwowski, 1991). 
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are generally referred to as superalloys. The 
Fe-Ni-base superalloys are essentially com- 
positional extensions of the austenitic stain- 
less steels and are generally wrought, 
whereas Co- and Ni-base alloys can be 
wrought or cast, depending on the applica- 
tion and composition involved. Table 5- 1 
compares the composition, properties, and 
relative costs of various wrought superal- 
loys and austenitic stainless steels. The al- 
loys in this table find use in numerous in- 
dustrial applications and their composition- 
al relationships are illustrated in Fig. 5-9. 
Inspection of Table 5-1 reveals that the cost 
of a given alloy is not always directly relat- 
ed to its composition - size of production, 
availability, yield, and method of manufac- 
turing are also important factors. For in- 
stance, most stainless steels are produced by 
means of the argon-oxygen decarburization 
(AOD) steelmaking process, whereas some 
nickel-rich superalloys are produced by the 
more expensive vacuum-induction melting 
(VIM). In the VIM process melting, alloy- 
ing, melt treatments, and ingot casting are 
performed under vacuum, thus achieving 
better control of the chemical composition 
in comparison with melting in air. For fur- 
ther alloy refinement the VIM or other types 
of casting are used as electrodes and are ei- 
ther electroslag remelted (ESR) or vacuum- 
arc remelted (VAR). The ingot is then rolled, 
forged, drawn, or a combination of these, to 
furnish a wrought product (e.g., strip, plate, 
tube, bar, or wire). Several thermomechan- 
ical treatments are typically involved in the 
secondary processing to produce a wrought 
product. Each additional step in the entire 
manufacturing process adds to the cost of 
the alloy. 

The superalloys are strengthened by ad- 
dition of both solid-solution hardening and 
precipitate-forming elements. The Fe-Ni- 
base alloys can be strengthened the least and 
the Ni-base alloys the most (Fig. 5-8) .  The 

major advantage of Fe-Ni-base superalloys 
is low cost, which accounts for their use in 
large quantities. These alloys are used for 
furnace heat-treatment equipment (e.g., 
baskets, trays and fixtures), heat exchang- 
ers, piping systems, and even in domestic 
appliances for the sheathing of electric- 
heating elements. Nickel-base superalloys 
are used primarily for turbine blades, tur- 
bine disks, burner cans, and vanes. Cobalt- 
base superalloys are used in a limited num- 
ber of commercial applications only - usu- 
ally those requiring resistance to wear and/ 
or salt-induced, hot-corrosion attack (Klar- 
strom, 1993). 

The solid-solution hardening elements 
are primarily the substitutional, refractory- 
metal additions Mo, W, Nb, Re, and Ta (Cr 
is also a refractory metal which provides 
solid-solution hardening, but this is consid- 
ered to be a secondary role). Because these 
refractory-metal additions are ferrite-stabi- 
lizers, they also promote CT phase formation 
and, hence, their contents must be limited 
and balanced by additives such as nickel and 
carbon. Carbon reduces CT phase formation 
both by stabilizing the austenite matrix and 
by tying up the refractory-metal elements 
by forming their carbides. In Fe-Ni-base 
superalloys the refractory-metal content 
must be kept below ca. 9%, whereas in 
Co- and Ni-base superalloys the limit is ca. 
16%. The tungsten and molybdenum con- 
tent of Co-base and Fe-rich Fe-Ni-base al- 
loys must also be limited because of the po- 
tentially catastrophic effect these elements 
have on oxidation resistance at temperatures 
above ca. 800 "C (Preece and Lucas, 1952- 
53). This is a consequence of W and Mo 
reacting in a highly exothermic manner to 
form WO, and MOO,, which are volatile, 
low-melting oxides. Formation of these ox- 
ides does not tend to occur in alloys contain- 
ing more than ca. 40% nickel (Brenner, 
1955). 
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Figure 5-9. Compositional relationships between various austenitic high-temperature alloys. 

The interstitial elements C, N, and B are 
potent solid-solution hardeners (Irvine 
et al., 1961), although too much of these ele- 
ments can lead to embrittlement. Addition 
of approximately 0.003-0.05% boron is 
beneficial to the properties of superalloys. 
The boron segregates to grain boundaries 
where it inhibits grain-boundary tearing 
under creep-rupture loading. Small addi- 
tions of boron also improve the hot work- 
ability of superalloys (Ramaswamy et al., 
1972). Addition of up to 0.1 % zirconium has 
a beneficial effect similar to that of boron. 

Carbon is an essential alloying element 
in polycrystalline superalloys and is added 
in the range of ca. 0.05-0.25%, although 
Co-base alloys can contain up to 1 % carbon. 
The carbon is used as a deoxidant, for the 
formation of primary MC carbides (e.g., 
HfC, TaC, NbC, and Tic) to refine grain size 
during hot working, and to form beneficial 
grain-boundary carbides, such as M2,C6 and 
M6C (Brown and Muzyka, 1987). The pres- 
ence of discrete, grain-boundary carbide 
particles enhances creep strength by reduc- 
ing the extent of grain-boundary sliding. 
The M2,C6 carbide is chromium-rich, with 
a general chemistry Cr,,(Mo,W),(B,C), in 
which Ni, Fe, and Co can partly substitute 

for the chromium. The M6C carbides are 
rich in W and/or Mo, with some solubility 
for Ni, Fe, Co, Cr, Ta, and Nb. The M6C 
chemistries can vary widely from forms 
such as (Ni,Co),Mo,C to (Ni,Co),W4C. The 
primary MC carbides tend to decompose to 
the M&6 or M6C carbide forms, particu- 
larly in the presence of Mo and/or W. For- 
mation of the chromium-rich, M2,C6 car- 
bides can be detrimental to the oxidation re- 
sistance of the alloy if they are coarsely dis- 
tributed or if their formation depletes the 
chromium content in the matrix below a 
temperature-dependent critical value (Ges- 
mundo and Gleeson, 1995; Durham et al., 
1998). Further, the presence of grain-boun- 
dary carbides can make the alloy suscepti- 
ble to preferential intergranular attack (Be- 
len et al., 1984). 

The Incoloy alloys 800 and 800H are ex- 
cellent examples of the effect of carbon con- 
tent on creep strength. These two wrought, 
Fe-Ni-base superalloys contain nominally 
30-35% Ni and 19-23% Cr, and so are rel- 
atively free from oformation and have good 
oxidation-resistance up to ca. 1100 "C. The 
maximum nominal carbon content of alloy 
800 is 0.1%, with no lower limit. The nom- 
inal carbon content of alloy 800H is 0.05- 
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0.1 %. The tighter control of carbon content 
in alloy 800H confers superior creep 
strength. For example, the stress to produce 
rupture in 10000 h at 705 “C is ca. 41 MPa 
for alloy 800 and 76 MPa for alloy 800H 
(Inco Alloys International, 1997). Krupp 
VDM (1996) produces alloy 800L (called 
Nicrofer 3220 LC) which has a maximum 
carbon content of 0.025%. This alloy is 
weaker than alloys 800 and 800H, but is less 
prone to intergranular attack during high- 
temperature corrosion (Stringer, 1998). 

Nickel-base superalloys can be highly 
strengthened by precipitation of the inter- 
metallic compound y’-Ni3(Al,Ti). This 
phase has an L12 ordered crystal structure 
(i.e., fcc with Ni occupying the face-cen- 
tered positions and A1 and Ti the corner 
positions); its strength increases with in- 
creasing temperature up to ca. 800-900 “C, 
depending on composition (Brook and 
Bridges, 1988). The y’ precipitates, which 
are stable typically at temperatures below 
ca. 930- 1040 “C, are generally cuboidal in 
morphology as a consequence of being ei- 
ther coherent or semicoherent with the yma- 
trix. Approximately 5-20% cobalt is often 
added to increase the solvus temperature at 
which y’ starts to dissolve on heating and 
the chromium content is reduced to 5- 15% 
to increase the A1 + Ti solubility in the y-Ni 
matrix at the solutionizing heat-treating 
temperature. As noted by Smialek and 
Meier (1987), the A1 and Cr contents in y’- 
strengthened superalloys are usually in- 
versely correlated, such that Cr + 2A1 = 20. 
Care is taken to keep the A1 : Ti ratio in the 
alloy greater than ca. 0.4 to avoid formation 
of a plate-like hexagonal-closed packed 
(hcp) form of q-Ni,Ti after prolonged heat- 
ing. This phase is generally detrimental to 
creep strength and toughness in comparison 
to y’ (Bouse, 1996). 

The effect of small amounts of titanium 
( ~ 2 % )  on oxidation resistance seems to de- 

pend on whether the alloy is an alumina-for- 
mer or a chromia-former. For instance, Cle- 
mens et al. (1998) reported that addition of 
2% titanium is beneficial in promoting 
A1203 formation on NiCrAlY alloys. In con- 
trast, several authors have reported that 
small additions of titanium are detrimental 
to the oxidation-resistance of chromia- 
forming alloys, with the titanium tending to 
oxidize both at the scale surface and inter- 
granularly within the subsurface region of 
the alloy (Angerman, 1972; Stott and Wei, 
1989; Sigler, 1996; Chenet al., 1997). It has 
also been reported, however, that addition 
of 0.5-3% titanium imparts sulfidation re- 
sistance to chromia-forming alloys (Nagel- 
berg, 1982; Lai, 1985a). 

The creep stress-rupture strength of Ni- 
base superalloys increases with increasing 
y’volume fraction,fyr (Jackson et al., 1977). 
This is in accordance with precipitation- 
hardening theory in the under-aged state, 
which shows (Ardell, 1985) that: 

strength 0: ( ( ~ - ) f , , ) ” ~  (5 -5 )  

where ( r )  is the average effective radius of 
the y’ precipitate. For most wrought, precip- 
itation-hardenable Ni-base superalloysfy. is 
between 0.2 and 0.4; any higher than about 
0.45 renders the alloy difficult to deform by 
hot or cold rolling. A highfy. also degrades 
the weldability of the alloy because of in- 
creased susceptibility to strain-age crack- 
ing. Cast Ni-base superalloys have a y’ con- 
tent between 0.5 and 0.7, resulting in high- 
er creep strengths. 

The amount of y’ which forms in a given 
Ni-base superalloy is directly related to 
the sum of its A1 and Ti content. In gen- 
eral, Ni-base superalloys are found to be 
workable if (A1 + Ti) I 5  and weldable if 
(2A1 +Ti) I 6 (Prager and Shira, 1968). Be- 
cause weldability is more sensitive to f y 8 ,  
it usually sets the lower limit for the A1 and 
Ti contents in the wrought alloys. For an al- 
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loy such as Haynes 214, which contains 
nominally 4.5% A1 and no Ti (see Table 5-1), 
strain-age cracking is prone to occur in the 
heat-affected zone of the weld, but can be 
avoided by minimizing weldment restraint 
and/or conducting post-weld heat-treat- 
ment. The alloy should, moreover, be in the 
solution-annealed condition when welded. 

Iron reduces the high-temperature stabil- 
ity of y’-Ni,(Al,Ti) and favors the forma- 
tion of PNiA1, which is not an effective 
strengthener. For this reason Fe-Ni-base 
superalloys hardened by intermetallic pre- 
cipitation rely mainly on the formation of 
q-Ni,Ti or 7”-Ni,Nb. These precipitates 
are, however, unstable at higher tempera- 
tures, and their long-term strengthening ef- 
fects have a temperature limit of ca. 650 “C. 
Prolonged exposure of y”-Ni,Nb, above 
650 “C causes its eventual transformation to 
the orthorhombic S-Ni,Nb form, which is 
detrimental to both strength and toughness. 
Alloy 625 (Table 5-1) is susceptible to em- 
brittlement via S-Ni,Nb formation and is 
consequently restricted to a long-term ser- 
vice temperature of below 600 “C; though, 
it can be used in short-term service up to ca. 
8 15 “C. The most well-known alloy which 
relies on precipitation hardening from y”- 
Ni,Nb is Inconel 718 (y’ also forms in this 
alloy, but to a much lesser extent). The com- 
positions of this and other precipitation 
hardenable Ni-base superalloys are given in 
Table 5-2. There is no parallel to y’ in the 
cobalt-base system and, consequently, car- 
bides are the only strengthening precipi- 
tates. 

In addition to the cast superalloys, there 
is the ‘H’ series of cast Fe-Cr-Ni steels. A 
second letter is used in the designation of 
these steels to indicate loosely the nickel 
and, to a lesser extent, chromium content. 
In general, the higher the letter, the greater 
the nickel content. For example, the HK and 
HP alloys have nominally 20Ni-25Cr and 

35Ni-25Cr, respectively. The cast steels are 
compositionally similar to the wrought 
grades listed in Table 5-1, except that the 
carbon content of the former is generally 
higher. With few exceptions the carbon con- 
tent of cast steels falls in the range 0.3- 
0.6%, compared with 0.05-0.25 normally 
associated with the wrought grades. The 
higher carbon content confers higher creep 
strength, primarily as a result of the pres- 
ence of chromium-rich, M2,C6 precipitates. 
Several HP alloys modified by addition of 
1-5% Mo, Nb, W, or combinations of these, 
have been introduced since the early 1980s. 
The modifications are primarily for improv- 
ing strength via solid-solution strengthen- 
ing and MC precipitation. The HP + 1.25Nb 
(with 0.4% C) is the most commonly used 
modified alloy because it is considered to 
give the finest and most uniform distribu- 
tion of carbides (Parks and Schillmoller, 
1997). Although much more expensive than 
the HK and unmodified HP alloys, the mod- 
ified HP alloys have significantly greater 
creep stress-rupture strengths. The cast 
Fe-Cr-Ni steels, which are available in 
product forms such as tubes, retorts, and 
hangers, generally have better carburization 
resistance than their wrought counterparts 
(see Section 5.6.2 for a more detailed dis- 
cussion of alloying for carburization resis- 
tance). The cast alloys are used extensively 
in both ethylene cracking and reformer fur- 
naces. 

Lastly, a group of Ni-base superalloys are 
also processed via powder metallurgy (PM) 
techniques (Fischer et al., 1990). The most 
common technique is to consolidate fine al- 
loy powders by placing them in sealed cans 
for extrusion or hot pressing, followed by 
conventional hot or cold working process- 
es. The fine powders are typically prepared 
by mechanical alloying (MA), which in- 
volves the dry mixing of constituent pow- 
ders in high-energy ball mills. The constit- 
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uent powders usually contain very fine 
Y203 powder to provide oxide-dispersion 
strengthening (ODS) in the consolidated 
alloy. The presence of a reactive-element 
oxide in the alloy also aids oxidation per- 
formance, particularly during thermal cy- 
cling (Quadakkers et al., 1989). An exam- 
ple of a PM Ni-base superalloy is Inconel 
alloy MA 754 listed in Table 5-1. The very 
fine dispersion of Y203 particles in this 
alloy can be seen in the transmission elec- 
tron micrograph in Fig. 5-10. For optimum 
properties, ODS superalloys require a 
coarse grain structure and a very fine oxide 
dispersion. It is apparent from Table 5-1 
that MA 754 is considerably more costly 
than the other wrought alloys; its strength 
is, however, significantly higher. Examples 
of the use of ODS alloys include skid rails 
in walking beam furnaces; high-tempera- 
ture furnace fixtures and heat-treatment 
equipment; and components in the hot sec- 
tions of gas turbine and diesel engines. 

Figure 5-10. Transmission electron micrograph of 
the powder metallurgy alloy MA 754 showing the very 
fine dispersion of Y,O, particles (courtesy of Inco Al- 
loys International). 

5.3 Metallic Coatings 

Metallic coatings are often applied to 
high-strength superalloys used in applica- 
tions above ca. 900°C (e.g. turbine blades 
and vanes in aero engines) and to inexpen- 
sive steels for applications below approxi- 
mately 550 "C (e.g., waterwalls in industri- 
al boilers). The sole purpose of the metallic 
coatings discussed in this chapter is to pro- 
vide protection against high-temperature 
oxidation and corrosion. For instance, the 
chromium and aluminum content of high- 
strength superalloys is often too low to pro- 
vide long-term corrosion-resistance via the 
formation and re-formation of continuous 
Cr,03 or Al,03 scale. Thus, to compensate 
for this limited corrosion resistance, coatings 
enriched with aluminum, and perhaps chro- 
mium, are often applied to the superalloys. 

A metallic coating is applied to a super- 
alloy component by one of, or a combina- 
tion of, two methods. The first involves en- 
richment of the component surface by dif- 
fusion, to give a coating typically ca. 60 pm 
thick. The second method involves the di- 
rect, physical deposition of an overlay coat- 
ing (typically about 110 pm thick). Where- 
as the composition of a diffusion coating is 
dictated by thermodynamic and kinetic con- 
straints, the composition of an overlay coat- 
ing is dictated essentially only by the com- 
position, or elemental ratio, of the coating 
source. Consequently, the composition of an 
overlay coating can easily be varied to suit 
specific requirements, and hence can often 
provide superior protection compared with 
diffusion coating. Despite this, however, 
most coatings applied to superalloy compo- 
nents are diffusion coatings (typical compo- 
sitions are NiAl or CoAl for nickel- and co- 
balt-base alloys, respectively). This is large- 
ly because of economic considerations and 
the simplicity of the usual diffusion-coating 
processes. 



5.3 Metallic Coatings 195 

The most common method of applying a 
diffusion coating is by pack cementation, a 
modified chemical vapor-deposition pro- 
cess (MCvrel et al., 1986; Goward and Can- 
non, 1988). Pack cementation is a relative- 
ly cheap batch process, with the inherent 
possibility of coating many components at 
the same time. In the pack-cementation pro- 
cess, the components to be coated are em- 
bedded in a powder mixture containing ei- 
ther a pure or alloyed coating-source mate- 
rial called the master alloy, a halide salt 
which acts as an activator, and an inert fill- 
er material such as A1203, the purpose of 
which is to prevent the pack from sintering 
and to suspend the substrate during coating 
deposition. Although the co-deposition of 
elements is possible (Da Costa et al., 1994; 
Bianco and Rapp, 1996), most commercial 
pack-cementation processes involve the 
deposition of only one element (i.e., Al, Cr, 
or Si). Thus, commercial chromium-modi- 
fied aluminide coatings are usually applied 
by a two-step pack-cementation procedure 
in which the components are first pack- 
chromized and then pack-aluminized 
(MCvrel et al., 1986). The modification of 
aluminide coatings by the addition of more 
than ca. 15% chromium provides increased 
resistance to a salt-accelerated form of oxi- 
dation known as hot corrosion (Sivakumar, 
1982; Gleeson et al., 1992). 

Fig. 5-1 1 shows an example of a plati- 
num-modified, PNiAl diffusion coating on 
an Ni-base superalloy. The platinum is in the 

solution and was added by electroplating 
a 5-10 pm platinum layer on to the super- 
alloy before diffusion aluminizing via pack 
cementation. It is now well established that 
the addition of platinum improves the oxi- 
dation behavior of Pbased coatings; the 
mechanisms of this beneficial effect are, 
however, presently not well understood 
(Streiff and Boone, 1985; National Re- 
search Council, 1996). Proposed mecha- 

Figure 5-11. Cross-sectional optical micrograph of a 
Pt-modified PNiAl diffusion coating on a Ni-base 
superalloy. 

nisms range from enhanced aluminum dif- 
fusion in the PNiAl to mechanical keying 
of the A1203 scale to the Pt-modified coat- 
ing. 

Overlay metallic coatings for superalloys 
are generally of the MCrAlY type, where 
M is Ni, Co, or a combination of the two. 
The coatings usually contain 15-25% Cr, 
10-15% Al, and 0.2-0.5% Y, and consist 
of the PNiAl phase in a solid-solution y-Ni 
matrix. The coatings are deposited in a ful- 
ly automated manner by one of two gener- 
al methods - thermal spray or physical va- 
por deposition. These methods are approx- 
imately 2-4 times more expensive than the 
pack cementation process, but offer much 
greater variability and control of the coat- 
ing compositions. The superior oxidation 
and corrosion resistance of the MCrAlY 
overlay coatings compared with the diffu- 
sion aluminides is indicated in Fig. 5-12. 
CoCrAlY coatings are generally recognized 
as having superior hot-corrosion resistance, 
whereas NiCrAlY coatings have better ox- 
idation resistance. A range of NiCoCrAlY 
coating compositions may be designed for 
a desired compromise between oxidation 
and hot-corrosion resistance. 
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Corrosion Resistance - Chromium Content - 
Figure 5-12. Optimum coating compositions in rela- 
tion to oxidation and hot-corrosion resistance (after 
Novak, 1994). 

Most overlay coatings for gas-turbine 
applications are currently applied by use 
of either electron-beam physical vapor de- 
position (EB-PVD), which is an atomistic 
deposition method involving the vaporiza- 
tion and subsequent deposition of coating 
species, or low-pressure plasma spraying 
(LPPS), which involves deposition of the 
coating material as molten particulates via 
a plasma-spray gun. The EB-PVD method 
generally results in higher-quality coatings, 
whereas LPPS has a cost advantage. The 
EB-PVD process has been reviewed by 
Bunshah (1994) and the LPPS process by 
Gill and Tucker (1986). 

Coatings for carbon and Cr-Mo steels are 
often overlaid, and of composition corre- 
sponding to the austenitic alloys listed in Ta- 
ble 5-1, although several steel products are 
diffusion aluminized, particularly for resis- 
tance to sulfidation attack (Sivakumar and 
Rao, 1982; Bayer, 1995). The weld overlay 
process, in which an arc-welding method is 
used to deposit a 2-3 mmcoating (i.e., clad- 

ding), is used for the refurbishment, upgrad- 
ing, and life extension of boiler and vessel 
components in a variety of industries (Lai 
et al., 1997). Weld-overlay steels find appli- 
cation in the marine, chemical processing, 
power, and pollution-control industries. For 
instance, weld overlay with alloy 625 has 
been successfully used in many waste-to- 
energy boilers to protect the carbon-steel 
boiler tubes against chloride attack (Lai 
et al., 1997). Alloy 625 weld overlays have 
also proven effective for protecting the steel 
tubes in coal-fired boilers against sulfida- 
tion attack. Other commonly used weld 
overlays are the types 309 and 3 10 stainless 
steels. 

5.4 Modes of High-Temperature 
Corrosion Attack 

In Eq. (5-3) it was shown that the weight 
gain which results from scale growth is di- 
rectly related to the amount of metal con- 
sumed. This usually true for pure metals 
and binary and ternary alloys rich in the pro- 
tective scale-forming element. As indicated 
by the cross-sectional image in Fig. 5-13, 
however, the mode of degradation of com- 
mercial alloys can be much more com- 
plex, particularly after prolonged exposure 
(> 1000 h). Specifically, in addition to scal- 
ing, the alloys often undergo subsurface 
degradation in the form of internal precipi- 
tation (generically referred to here as inter- 
nal oxidation) and void formation. Both 
forms of degradation are unwanted because 
they have the potential to: 

degrade both the toughness and the duc- 
tility of the alloy, especially at low tem- 
peratures; 
reduce corrosion resistance; and 
cause distortion or even rupture owing to 
internal stresses. 
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- 
100 pm 

Figure 5-13. Cross-sectional optical micrograph 
showing the subsurface region in a commercial, high- 
temperature alloy after long-term oxidation. The sub- 
surface region consists of large voids and smaller 
oxide precipitates (courtesy of Haynes International). 

In relation to the last of these, large internal 
stresses can develop, particularly during 
thermal cycling if there is a large difference 
between the coefficients of thermal expan- 
sion of the bulk alloy and the subsurface 
zone. 

John (1996) studied the oxidation behav- 
ior of different high-temperature alloys over 
the range 760- 1093 "C for periods of up to 
one year and found that more than 80% of 
the loss of sound metal incurred by most al- 
loys was a result of internal oxidation and 
subsurface void formation. John concluded 
that weight-change data are likely to under- 
estimate significantly the extent of alloy 
degradation. Accordingly, the recommend- 
ed maximum allowable temperatures for 
avoiding excessive scaling might be too 
high for alloys used in structural applica- 
tions. Table 5-3 compares the recommend- 
ed maximum allowable temperatures for 
various wrought alloys, on the basis of scal- 

Table 5-3. Comparison of the recommended maxi- 
mum temperatures based on scaling and on scaling 
plus subsurface penetration during continuous ser- 
vice. The latter temperatures result in 10 mils 
(0.254 mm) of penetration after one year of exposure 
to air (John, 1996). 

Alloy T,,, based T,,, based on scaling 
on scaling plus subsurface 

("C) penetration ("C) 

304 Stainless 
3 10 Stainless 
330 Stainless 
800 
253MA 
230 
556 

617 
602CA 
214 

HR- 120 

930 
1100 
980 

1100 
980 

1150 
1100 
1100 
1100 
1200 
1250 

930 
980 
970 
970 

1080 
980 

1010 
1010 
950 

1121 
>1150 

ing, with those recommended by John 
(1996), on the basis of scaling plus subsur- 
face penetration (alloy compositions are 
given in Table 5-1). The differences be- 
tween the two recommended temperatures 
are seen to range from ca. 80- 170 "C, which 
is significant considering that it is common 
practice to use an operating margin of about 
30 "C when designing a high-temperature 
system (i.e., the design temperature is tak- 
en to be approximately 30°C above the 
maximum operating temperature of the sys- 
tem). 

Harper et al. (1997) and Gleeson and 
Harper (1998) recently reported the long- 
term, cyclic-oxidation behavior of a variety 
of wrought alloys over the temperature 
range 982- 1204 "C, with each cycle con- 
sisting of 30 days at temperature. It was 
found that, depending on temperature and 
alloy composition, internal attack account- 
ed for 14-98% of the average metal affect- 
ed by the oxidation process. Moreover, the 
amount of internal attack was greater than 
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85% for almost all alloys oxidized at 982 "C. 
The results from these and John's studies 
clearly show the importance of subsurface 
degradation and the potential shortcomings 
associated with evaluating oxidation resis- 
tance solely on the basis of weight change. 

The following sections briefly review the 
fundamental aspects of internal oxidation 
and subsurface void formation, together 
with the transition from internal to external 
scaling, the criterion for sustaining the ex- 
clusive growth of a protective scale, and 
transient compared with steady-state scal- 
ing behavior. For ease of explanation, the 
important factors in the various modes of at- 
tack will be established by considering a 
simple, single-phase binary system. The im- 
portant parameters for such a system are al- 
so generally relevant to the more complex 
commercial alloy systems. More detailed 
accounts of the fundamental aspects of al- 
loy oxidation can be found in reviews by, 
for example, Wallwork (1976), Whittle 
(1981), Kofstad (1984), Bradford (1987), 
Wood and Stott (1987), Smeltzer (1988), 
Douglass (1989), and Gesmundo (1997). 
Suggested general reading given at the end 
of this chapter also provides more detailed 
information. 

5.4.1 Internal Oxidation 

The classical treatment of the internal ox- 
idation of binary alloys was first developed 
by Wagner (1959) and reviewed later by oth- 
ers (Rapp, 1965; Syisher, 1971; Stott and 
Wood, 1988; Douglass, 1995). Consider a 
binary, single-phase alloy A-B in which B 
is the solute and more reactive element. The 
necessary and sufficient criteria for the 
internal precipitation of BX,, where X is the 
oxidant, are that the amount of B in the al- 
loy must be below the critical value neces- 
sary for the transition from internal to ex- 
ternal BX, formation, and that the solubil- 

ity product for BX, formation in the A-rich 
a matrix must be exceeded, i.e., 

(5-6) 

where NB and Nx are the mole fractions of B 
and X in the alloy and Ksp is the equilibrium 
solubility product for a dilute alloy (see, for 
example, Taylor (1995) for a discussion of 
the thermodynamic aspects of Ksp). 

The extent to which the solubility prod- 
uct must be exceeded (i.e., the amount of 
supersaturation) before precipitation occurs 
depends on several factors, such as the 
stability, composition, and crystal structure 
of the precipitating BX, phase. For instance, 
if the crystal structure and lattice dimen- 
sions of BX, are such that it can form a co- 
herent interface with the alloy matrix, only 
a small amount of supersaturation is prob- 
ably necessary for BX, precipitation. As 
discussed by Gesmundo et al. (1998), the 
degree of supersaturation is alloy-depen- 
dent and can be quite large. Methods of pre- 
dicting the amount of supersaturation nec- 
essary from theoretical considerations have 
not yet been developed. 

The greater the stability of BX, the low- 
er will be its Ksp value. It is for this reason 
that the internal precipitates commonly ob- 
served in oxidized high-temperature alloys 
are of the stable oxides A1203, SiO,, TiO,, 
and Cr203 (Angerman, 1972; Wei and Stott, 
1989; Gleeson and Harper, 1998). For a 
given alloy constituent it is generally found 
that Ksp(oxide) < Ksp(sulfide) c KSP(ni- 
tride) < KSP(carbide); though, for some 
constituents, occasionally K,,(carbide) < 
&,(nitride). It is therefore possible for mul- 
tiple internal precipitation zones to form 
within alloys exposed to mixed-gas envi- 
ronments (Meijering, 1971). The sequence 
of the zones depends on the relative Ksp val- 
ues, the diffusivities of the different oxi- 
dants, and the oxidant activities in the gas 
phase in contact with the alloy. For instance, 
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the diffusivity of carbon is much greater 
than that of oxygen in the austenitic matrix 
of a chromia-forming alloy. Thus, if such an 
alloy were exposed to an oxidizingkarbur- 
izing environment in which the Po, is low, 
but Cr203 is still the thermodynamically 
stable phase, the multiple internal attack, if 
developed, would typically be found to con- 
sist of an oxide-precipitation zone nearest 
the alloy surface and a carbide-precipitation 
zone deeper within the alloy (Young and 
Watson, 1995). Such a result is in accor- 
dance with Meijering’s (1971) treatment of 
multiple internal precipitation. Meijering 
suggested that the sequence of internal pre- 
cipitation zones occurs in the order of the 
respective K s p  values of the stable product 
phases, with the lowest Ksp  phase at the sur- 
face and the highest deeper in the alloy. Ges- 
mundo and Niu (1999) have, however, re- 
cently re-examined Meijering’s treatment 
and concluded that it is the oxidant activity 
of the gas which dictates the sequence of 
internal precipitation zones. Specifically, 
the internal product nearest the alloy surface 
will be that which is thermodynamically 
stable with the gas. This will usually be the 
product with the lowest Ksp and the se- 
quence of internal precipitation zones will 
be in accordance with Meijering’s treat- 
ment. It is conceivable, however, that cer- 
tain mixed-gas environments could reverse 
the sequence from that predicted by 
Meijering’s treatment. For example, a re- 
ducing environment with PN, %- ps,  can re- 
sult in a nitride-precipitation zone nearest to 
the alloy surface and a sulfide-precipitation 
zone deeper in the alloy. 

Multiple internal precipitation zones can 
also develop in single-oxidant environ- 
ments if more than one reaction product is 
stable (Schnaas and Grabke, 1978; Kane, 
1981). For instance, the carburization of a 
Ni-25Cr alloy at 850°C in an Ar + 10% 
( v h )  CH, environment results in the forma- 

tion of an innermost precipitate zone of 
Cr,,C,, an intermediate zone of Cr,C,, and 
an outer zone of Cr3C2 (Bongartz et al., 
1986). The sequence of the thermodynami- 
cally possible phases progresses from met- 
al-rich in the innermost zone of the alloy to 
oxidant-rich at the surface. 

The kinetics of internal oxidation are gen- 
erally found to be diffusion-controlled. Ac- 
cordingly, Wagner (1959) assumed that the 
depth of the internal oxidation zone, 6,  
obeys the parabolic expression: 

5 = 2y(DXt)’/* (5-7) 

where D, is the diffusion coefficient of X 
in the base metal and yis a dimensionless 
parameter. By assuming no external scale 
formation and Ksp to be extremely small, 
such that the concentrations of X and B at 
the internal precipitation front may be ne- 
glected, Wagner showed that: 

N;; y exp(y2) erf(y) 
N: exp(y2 erfc(yqP2) 

where 4 = Dx/DB, N g  and N i  are the mole 
fractions of X at the alloy surface and B in 
the bulk alloy, respectively, and erf(z) and 
erfc ( z )  are, respectively, the error function 
and complementary error function of z 
(Crank, 1975). The dimensionless parame- 
ter ycan be obtained by graphical or numer- 
ical solution of Eq. (5-8). For the limiting, 
but realistic, case when the diffusivity of X 
is significantly greater than that of B, it is 
found that (Rapp, 1965): 

(5 -8)  - 

112 

y =  - [ 2::] 
(5-9) 

Substitution of Eq. (5-9) into Eq. (5-7) 
gives: 

(5-10) 
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From this expression, which has been suc- 
cessfully applied to a number of systems, it 
is seen that 5 decreases with increasing B 
content of the alloy and decreasing perme- 
ability of X ( N g  D,). The assumptions made 
in arriving at Eq. (5-9) are summarized in 
the diffusion path and corresponding con- 
centration profile shown in Fig. 5-14. Be- 
cause Ksp< 1, the phase diagram on which 
the diffusion path is plotted shows virtually 
no solubility for BX, in the A-rich a ma- 
trix. The diffusion path is seen to move 
from the bulk alloy composition to N$ in a 
straight-line towards pure X, representing 
solely X-enrichment of the subsurface re- 
gion of the alloy (i.e., theNB/NA ratio is con- 
stant along the diffusion path). For more de- 
tailed discussions on the diffusion path con- 
cept, the reader is referred to Clark (1 963), 
Dalvi and Coates (1972), and Kirkaldy and 
Young (1987). 

The mole fraction of BX,,J is found by 
the lever rule which, for the situation shown 
in Fig. 5-14a, can be approximated by 

NB - N; 
f =  N B ~ -  N; 

(5-1 1) 

where NB is the total local mole fraction of 
B in the X-containing alloy such that 
NA + NB + N ,  = 1, NF is the mole fraction 
of B in the a-matrix which is in local equi- 
librium with BX,, and N; is the mole frac- 
tion of B in the BX, precipitate. The differ- 
ence NB - NF represents the end portion of 
a given tie-line (i.e., lever), extending from 
the a/a + BX, solvus boundary ( N F )  to the 
intersection of the tie-line with the diffusion 
path (NB). As can be seen in Fig. 5-14a, 
NB - NF is relatively constant for most dif- 
fusion pathhie-line intersections. Even for 
less dilute alloys NB - N F  generally either 
increases or decreases in proportion with the 
total length of the tie-line (NE - N F ) .  Be- 
cause of these observations, the mole frac- 

(a) (b) 

Figure 5-14. (a) Portion of an A-B-X isotherm for 
which the Ksp for BX, is negligibly small. The arrow 
represents the diffusion path in the subsurface region 
of the alloy and, in turn, represents solely X-enrich- 
ment in the A-B alloy. (b) The corresponding sche- 
matic diagram showing the expected variation in the 
mole fraction of BX,, fBX,. Also indicated in this 
diagram is the variation of the X content of the matrix 
phase, N,, with depth into the alloy, as found from the 
intersection of the tie-lines with the ala + BX, phase 
boundary. 

tion of BX, is considered to be relatively 
constant throughout most of the internal pre- 
cipitation zone, as indicated in Fig. 5- 14 b. 

The relatively constant mole fraction of 
BX, in the internal precipitation zone does 
not necessarily mean that the size distribu- 
tion of the BX, precipitates is also constant. 
Rather, because BX, precipitation requires 
a certain supersaturation, and the rate of 
oxidant ingress is highest at the beginning 
of the internal precipitation process (i.e., 
small C), one would expect more and small- 
er precipitates in the near-surface region 
than deeper in the bulk. In general: 

(5-12) 
1 E Y N ~  

precipitate size 0~ - = ___ d5 NS,& 
dt 

and so the precipitate size should increase 
with increasing 5 and N i ,  and with decreas- 
ing N g  and D,. Bohm and Kahlweit (1964) 
have presented a more rigorous quantitative 
treatment of the variation in internal precip- 
itate size with zone depth. 

Precipitate growth is sometimes favored 
over nucleation, resulting in the develop- 
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ment of elongated or needle-like BX, pre- 
cipitates, as observed in the internal oxida- 
tion of A1 in Fe-A1 (Patnaik and Smeltzer, 
1985) and Ni-A1 (Stott and Wood, 1988) al- 
loys. Important factors which would con- 
tribute to development of needle-like, inter- 
nal BX, precipitates are a highly anisotrop- 
ic interfacial energy between BX, and the 
a-matrix, and a large activation energy for 
BX, nucleation. The development of inter- 
nal needle-like precipitates often leads to an 
enhanced rate of internal attack compared 
to that predicted by Eq. (5-10). The reason 
for the enhanced rate has been ascribed to 
faster penetration of the oxidant along the 
BX,Ia interface relative to the bulk alloy 
(Stott and Wood, 1988). 

The ratio of the grain-boundary and lat- 
tice diffusion coefficients of X (Ilkb: Dk) 
generally increases with decreasing temper- 
ature. As a consequence, and as can be in- 
ferred from Eq. (5-lo), the proportion of 
intergranular attack tends to increase with 
decreasing temperature. Under conditions 
when internal attack is relatively uniform, 
however, the weight gain of the alloy as a 
result of internal precipitation, AWi, can be 
related to 6, such that: 

(5- 13) 

Substituting Eq. (5-10) into Eq. (5-13) 
gives: 

change continuously across the internal pre- 
cipitation zone thickness, from a maximum 
value at the alloy surface to zero at the pre- 
cipitation front. This type of internal precip- 
itation has been analyzed by Ohriner and 
Morral(l979) as a limiting case of a gener- 
al treatment developed by Kirkaldy ( 197 1) 
for the simultaneous diffusion of oxidant 
X and precipitation of BX, in a ternary 
A-B-X system. The situation for D,S-D,, 
together with no external scale formation, is 
represented in Fig. 5-15. It is seen that in 
this case the application of the lever rule 
(Eq. (5-1 1)) gives the expected variation in 
f. When Ksp  is not negligibly small, the val- 
ue of 6 at a given time will generally be low- 
er than that predicted by Eq. (5-10) (Christ 
et al., 1989). 

The treatments discussed thus far have 
considered only internal precipitation in the 
absence of external scale formation. Maak 
(1961) analyzed the internal precipitation of 
BX, beneath a parabollically thickening, 
continuous AX, scale, while Rapp and Col- 
son (1966) considered the case of a lin- 
early thickening AX, scale. The value of 

(5-14) 

which shows the weight change to be a par- 
abolic function of time, similar to scaling. 

The behavior of the internal precipitation 
process can deviate considerably from that 
predicted by Wagner’s theory when the K s p  
for BX, is not negligibly small. In such cir- 
cumstances the mole fraction of BX, will 

Figure 5-15. (a) Portion of an A-B-X isotherm for 
which the Ksp for BX, is not negligibly small. The ar- 
row represents the diffusion path in the subsurface re- 
gion of the alloy and represents solely X-enrichment 
in the A-B alloy. (b) Corresponding schematic dia- 
gram showing the expected variation in the mole frac- 
tion of BX,, fBX,. Also indicated in this schematic 
diagram is the variation in X content of the matrix 
phase, N,, with depth into the alloy, as found from the 
intersection of the tie-lines with the ala + BX, phase 
boundary. 
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NZ is no longer fixed by the environment 
when an external scale is present, but is in- 
stead fixed by the equilibrium between A 
and AX, at the alloy-scale interface (as- 
suming no through-scale access by the oxi- 
dant). As shown in the plot in Fig. 5-16, 
which was determined on the basis of 
Maak's analysis, the effective thickness of 
the internal precipitation zone ({ - x) de- 
creases from that predicted in the absence 
of an external scale ({'I when kP& is 
greater than approximately g-2 cm-6 
(assuming DXlDB = lo3 and V,/- = 
0.2 cm3 g-'). The decrease is most pro- 
nounced for large values of k, and N i .  A 
large k, value corresponds to a large amount 
of metal recession, which means the total at- 
tack is still high, even though ({ - x) is rel- 
atively low. Under the condition that 
(5 - x) +to, Maak's treatment predicts that 
the effective depth of the internal precipita- 
tion zone is given by: 

(5-15) 

Figure 5-16. Ratio of the effective thickness of the 
internal oxidation zone in the presence of an outer 
AX, scale, 5-x, to the thickness in the absence of an 
outer scale, { O ,  as a function of (kp/DB) for different 
values of Ng and D,/DB= lo3 (after Gesmundo and 
Viani, 1986). 

where V, and Vo, are the molar volumes of 
the alloy and oxide BX,, respectively. 

Under certain, but rare, conditions inter- 
nal precipitation of BX, in a single-phase 
alloy can also occur beneath a growing ex- 
ternal BX, scale (Wagner, 1968; Smeltzer 
and Whittle, 1978). Such an occurrence is 
favored by a flat concentration profile of the 
oxidant X in the subsurface region of the al- 
loy, due to a high value of D x ,  together with 
a steep positive gradient of NB correspond- 
ing to a high metal recession rate (i.e., high 
k,) and a low D,. These conditions are man- 
ifested in the criterion: 

at the alloy-scale interface. If this criterion 
is met the alloy is supersaturated in the vi- 
cinity of the alloy-scale interface and inter- 
nal BX, precipitation is thermodynamical- 
ly possible. All of this assumes, of course, 
that BX, scale growth is ideal in the sense 
that it does not undergo localized failure. If, 
for instance, localized failure does occur by 
microcracking or fissuring, owing to growth 
stresses (Schiitze, 1997), the oxidant can 
have direct local access to the alloy-scale 
interface. This would cause a local increase 
in N i  possibly to the extent that the criter- 
ion in Eq. (5-16) is met. The resulting cross- 
sectional microstructure would then be ex- 
pected to consist of a continuous-appearing 
BX, scale and localizedprotrusions of inter- 
nal BX, precipitates. Clearly, the greater the 
number of microcracking events, the less lo- 
calized would be the internal BX,. There is 
now substantial evidence in the literature to 
suggest that scale growth is indeed non- 
ideal, and that short-circuit paths in the form 
of microcracks or fissures continuously de- 
velop and heal in a growing scale under 
isothermal conditions (Ikeda and Nii, 1978; 
Kofstad, 1985; Atkinson, 1988; Moon, 
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1988; Schutze, 1998). For internal BX, for- 
mation below a BX, scale, however, it 
would be necessary for the microcracks or 
fissures to extend from the alloy-scale 
interface through to the scale-gas interface 
and for the number and frequency of micro- 
cracking events to be sufficiently high. This 
is not always the situation because it de- 
pends on several factors, e.g. alloy and scale 
compositions, environmental impurities, 
and sample geometry. 

5.4.2 Transition from Internal 
to External BX, Formation 

The transition from the internal to exter- 
nal formation of a protective scale typical- 
ly occurs after a relatively small increase in 
the alloy content of the protective-scale- 
forming element. For instance, Fig. 5-17 
compares the cross-sectional micrographs 

of alloys 602 CA (24-26 Cr, 1.8-2.4 Al) 
and 617 (22 Cr, 1.2 Al) after oxidation at 
1100 "C in air for 1200 h. It is apparent that 
the slightly higher aluminum content of 
602 CA is sufficient for the transition from 
internal to external Al,O, formation. Al- 
loy 6 17 formed a Cr,O,-rich scale and inter- 
nal precipitates of Al,O, (primarily inter- 
granular). Thus, even though the aluminum 
content of these alloys differs by only ca. 
1 %, 602 CA is by definition an alumina-for- 
mer and 617 is a chromia-former. 

Wagner (1959) proposed that the condi- 
tion for the transition from internal to exter- 
nal BX, formation occurs when a critical 
volume fraction of BX,, f*, is attained. 
Under this condition the influx of X is so re- 
stricted that sideways growth of the internal 
BX,precipitates is kinetically favorable and 
BX, eventually forms as a continuous layer 
on the alloy surface. The expression Wagner 

Figure 5-17. Cross-sectional optical micro- 
graphs of alloys 602 CA and 617 after cy- 
clic oxidation (24 h cycles) in air at 1 100 "C 
for a total testing time of 1200 h (courtesy 
of Krupp VDM Technologies, 1996). 
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derived for the critical mole fraction of B in 
the alloy, N&, is: 

. exp(y2 $) erfc(y2 $1 (5-17) 

where all terms are as explained earlier. The 
value off * is usually taken to be 0.3, which 
was determined experimentally for Ag-In 
alloys oxidized in 1 atm O2 at 550 "C (Rapp, 
1965). 

Under the conditions of no, or a negli- 
gibly small rate of, metal recession, the 
parameter y can be approximated from Eq. 
(5-8).  Thus, if it is assumed that y 4 l  and 
y$l',e 1, which is equivalent to N;D, 
4 N i  DB4 1 or, stated differently, that there 
is B enrichment in the internal precipitation 
zone as a result of depletion of B in the un- 
affected alloy, the last two terms in Eq. (5 -  
17) approximate to unity and Eq. (5-8)  may 
be simplified to: 

(5- 18) 

Substitution of Eq. (5-18) into the approxi- 
mated Eq. (5-17) gives, after rearrange- 
ment, the following criterion for the transi- 
tion from internal to external BX, forma- 
tion when the rate of metal recession is neg- 
ligibly small: 

From this criterion it is apparent that N& 
can be reduced by reducing the product of 

r 

N :  and D ,  (i.e., reducing the permeability 
of X in the alloy) and/or increasing D,. In- 
deed, the direct and indirect control of these 
variables in numerous experimental studies 
conducted over the past 30 years have vali- 
dated this criterion. For instance, Rapp ( 1965) 
reported excellent agreement between ex- 
perimental and predicted values of NYn* as 
a function of oxygen partial pressure in 
Ag-In alloys oxidized at 550 "C. According 
to Sieverts's law (Rao, 1985), N g  6, 
so that NYn* should decrease with decreas- 
ing Po,. The NYn* values were found by 
Rapp to vary from about 0.05 in lop5 atm 
0, to 0.15 in 1 atm 0,. 

The commonly observed decrease in N& 
brought about by a reduction in the grain 
size or an increase in the dislocation density 
at the alloy surface (i.e., because of mechan- 
ical deformation via abrasion, shot peening, 
etc.) has also been interpreted by use of 
Wagner's criterion given in Eq. (5-19) 
(Rapp, 1965). According to the interpreta- 
tion, an increase in the amount of short-cir- 
cuit diffusion paths causes a decrease in the 
DXlDB ratio and, hence, a decrease in N&. 
It is not entirely clear, however, why DB 
should increase to a much greater extent 
than D,  when more short-circuit paths are 
introduced. It is very likely that a more com- 
plete explanation also requires considera- 
tion of the kinetics and behavior of BX, nu- 
cleation. 

It is important to realize that Eq. (5-19) 
is not valid if the solvent metal reacts to form 
a scale, AX,, at a non-negligible rate. If, for 
instance, AX, grows according to parabol- 
ic kinetics, Eq. (5-17) remains the same but 
the parameter y is determined from (Maak, 
1961): 
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where k,(AX,) is the parabolic rate con- 
stant for AX, scale-growth in units of 
g2 cm-4 s-', and N i  is now the mole frac- 
tion of X at the alloy-scale interface rather 
than at the alloy-gas interface. All other pa- 
rameters are the same as in Eq. (5-8). De- 
spite the complexity of Eq. (5-20), k,(AX,) 
is the only additional important parameter, 
in comparison with those given in Eq. (5-8), 
which influences the transition from inter- 
nal to external BX, formation. The value of 
N i  tends to be higher for the case when AX, 
scale formation can occur. 

Luckman and Polizzotti (1985) consid- 
ered the effect of a chemisorbing reaction 
poison on the transition from internal to ex- 
ternal oxidation when CO, or H20  is the 
principal oxidizing molecule. The purpose 
of their analysis was to account for the ob- 
served beneficial effect of trace quantities 
of environmental sulfur in promoting the se- 
lective formation of aprotective oxide scale. 
Their analysis modified that presented by 
Wagner (1959) by using the rate of surface 
reaction as a boundary condition in the so- 
lution to the diffusion equation. They as- 
sumed that the sulfur potential in the envi- 
ronment was too low to form bulk sulfides 
with either A or B or to form significant 
quantities of SO,, but high enough for sig- 
nificant sulfur chemisorption on the alloy 
surface. The presence of chemisorbed sul- 
fur slows down the decomposition rate of 
the CO, or H 2 0  molecules at the alloy sur- 
face, via a blocking effect. It was shown by 
Luckman and Polizzotti that this effect, in 
turn, slows down the initial oxygen uptake in 
the alloy, causing NOS to be below its equilib- 
rium value and thus giving B sufficient time 
to diffuse to the surface where it can react and 
f* can be reached more easily. As a conse- 
quence, N &  decreases in the presence of a 
chemisorbed reaction poison such as sulfur. 

In support of the Luckman and Polizzot- 
ti analysis, Grabke et al. (1997) showed us- 

ing surface analytical techniques that chem- 
isorbed sulfur has a strong retarding effect 
on the oxidation of Ni-20Cr and Fe-20Cr 
at 500-700 "C in very low Po*. It was found 
that on both alloys areas of the chemisorbed 
structure of sulfur co-existed with Cr-rich 
oxide islands for extended periods of time. 
In contrast, the presence of chemisorbed ni- 
trogen or carbon promoted the rapid nucle- 
ation and growth of a Cr20, scale. Grabke 
et al. concluded that by accelerating the se- 
lective oxidation process, N, serves a ben- 
eficial role during the pre-oxidation treat- 
ment of new plant equipment using N2-H,O 
or N,-H,-H,O mixtures. 

5.4.3 Criterion for the Sustained 
Exclusive Growth of a Protective Scale 

As was discussed in the previous section, 
formation of a continuous BX, scale layer 
on an alloy of a given B content can be more 
easily facilitated by exposure to a lower ox- 
idant pressure or by apparently effecting a 
decrease in the D,/D, ratio. If a continuous 
BX, scale is established under a particular 
set of conditions, it might be necessary to 
determine if its growth can be sustained 
under a different set of conditions. An ex- 
ample of this could be the pre-oxidation of 
an alloy at a low Po, followed by in-service 
exposure to a higher Po, and/or different 
temperature. Clearly, the sustained growth 
of a continuous BX, scale requires a suffi- 
cient supply of B from within the alloy to 
the alloy-scale interface. The resulting sub- 
surface concentration gradient of solute B is 
represented schematically in Fig. 5- 18, in 
which NL is shown to be the mole fraction 
of B at the alloy-scale interface. The max- 
imum possible rate of supply of B in the al- 
loy can be imposed by setting NA equal to 
zero, thereby producing the steepest pos- 
sible diffusion gradient of B. Under steady- 
state conditions, this maximum rate of sup- 
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Figure 5-18. Schematic representation of the con- 
centration profile of B in a binary alloy A-B which 
forms an exclusive scale layer of BX,. 

ply of B would have to equal the rate of con- 
sumption of B as aresult of BX,scale growth. 
Determination of the minimum B content, 
N&min), necessary for the sustained exclu- 
sive growth of a BX, scale on an A-B alloy 
was originally considered by Wagner (1952), 
who further assumed that DB is independent 
of concentration, that the BX, scale obeys 
parabolic thickening kinetics, that solvent 
metal A is insoluble in BX,, and that the re- 
cession of the alloy-scale interface can be 
neglected. Wagner derived the criterion: 

(5-21) 

As mentioned by Gesmundo (1997), a 
major limitation of this criterion is that the 
value of kp must be taken as an experimen- 
tal parameter because it is a function of Nk 
which is, in actuality, a variable with a fi- 
nite value (i.e., NL#O). Many researchers 
have used the criterion in Eq. (5-21) to pre- 
dict the minimum B content necessary for a 
bare alloy to form an exclusive BX, scale 
layer. However, this is not a completely val- 
id use of the criterion, because its derivation 
was based on supply rather than estublish- 

ment. The criterion given in Eq. (5-21) gives 
only the minimum possible B content in the 
alloy necessary to supply B at a sufficient 
rate to the alloy-scale interface for the sus- 
tained growth of an established BX, scale 
layer. The actual B content necessary for 
both the establishment and sustained growth 
of a BX, scale will very probably be high- 
er than N&min)r owing to transient and ki- 
netic effects. 

Wagner’s criteria given in Eqs (5- 19) and 
(5-21) can aid explanation of the general ob- 
servation that the critical concentration of B 
for BX, scale growth increases with in- 
creasing temperature. This is indicated in 
Fig. 5- 19 for the critical chromium content 
for formation of Cr,O, on steels oxidized in 
air for 10-20 h (Yearian et al., 1956). With 
regard to the variables in Eq. (5-21), be- 
cause k, is typically less than and has a high- 
er activation energy than DB, the ratio kp/DB 
usually decreases with decreasing tempera- 
ture. Consequently, N&,in) tends to de- 
crease with decreasing temperature. With 
regard to Eq. (5-19), the activation energy 
for the permeability, N g  D,, is typically 
higher than that for the substitutional diffu- 
sion of B, DB. Thus, in the usual situation 

No Cr2 O3 Formation 

Wt.% Cr in Alloy 

Figure 5-19. Influence of temperature on the critical 
chromium content of Fe-Cr steels necessary for the 
formation of a continuous Cr,O,-scale layer after 
10-20 h oxidation in air (after Yearian et al., 1956). 
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that N:D, c D, , NO,, will also decrease 
with decreasing temperature. Other kinetic 
factors, such as the increased growth rates 
of the base-metal oxide(s) with increasing 
temperature, might also contribute to the 
trend shown in Fig. 5-19. 

5.4.4 Transient vs Steady-State Scaling 
Behavior 

As can be inferred from the previous sec- 
tions, the establishment of a protective scale 
on an initially bare alloy exposed to a high 
Po, is a time-dependent process. The very 
initial stages of a gas-alloy reaction are col- 
lectively referred to as the transient stage. 
The transient stage is followed by steady- 
state scaling behavior. Virtually all thermo- 
dynamically stable products are formed dur- 
ing the transient stage (Howes, 1968; Chat- 
topadhyay and Wood, 1970). As the reac- 
tion progresses, however, a gradient devel- 
ops in the oxidant activity, such that the least 
stable products dissociate or are displaced, 
leaving only the most stable product(s) clos- 
est to the alloy. The steady-state scales 
formed on alumina- and chromia-formers 
are predominantly A1203 and Cr203, re- 
spectively, because these oxides are very 
stable and the diffusivities of the base-met- 
a1 cations are low. As a consequence of the 
latter property, the continued growth of the 
less-stable transient products above the es- 
tablished A1,0, or Cr203 scale layer is es- 
sentially terminated and, because of poor 
adhesion, the less-stable products eventual- 
ly detach and spall. The duration of the tran- 
sient stage can vary significantly from alloy 
to alloy. For some alloys it can be of the or- 
der of seconds, while for others it can be of 
the order of days. The duration generally de- 
creases with increasing content of the pro- 
tective-scale-forming element. 

The interfacial composition of the protec- 
tive-scale-forming element, e.g., A1 or Cr, 

changes during the transient stage from its 
bulk content to a time-invariant, steady- 
state value. According to a recent treatment 
by Gesmundo et al. (1997), this change in 
the interfacial composition should be grad- 
ual and regular (assuming no phase change), 
without an intermediate decrease below and 
then increase to the steady-state value, as 
was predicted by Whittle et al. (1967). The 
steady-state interfacial composition of B in 
a binary alloy A-B forming an exclusive 
BX, scale layer is given by (Wagner, 1952): 

(5-22) 

where: 

F ( u )  = n1’2 us exp(u2) + erfc(u) (5-23) 

and 

(5-24) 

F ( u )  is referred to as the auxiliary function 
and it has limiting values from F ( u  = 0) = 0 
to F(u==) = 1. Wagner (1952) derived 
Eq. (5-22) by assuming recession of the al- 
loy-scale interface, parabolic thickening ki- 
netics of the BX, scale, composition inde- 
pendence of D,, and no solubility of A in 
BX, and, hence, the occurrence of back dif- 
fusion of A from the receding alloy-scale 
interface to the interior of the alloy. As will 
be discussed in Section 5.5, the eventuating 
value of Nk is very important in determin- 
ing the cyclic oxidation-resistance of a giv- 
en alloy. 

5.4.5 Subsurface Void Formation 

At least three possible mechanisms have 
been proposed to explain subsurface void 
formation during the oxidation of unstressed 
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metals and alloys (Caplan et al., 1980; 
Bricknell and Woodford, 1982): 

- Vacancy injection because the outward 
diffusive flux of alloying elements under- 
going selective oxidation (e.g., chromi- 
um) must be counterbalanced by an in- 
ward flux of vacancies. This is generally 
referred to as the Kirkendall effect, and it 
is possible for the injected vacancies to 
eventually supersaturate the alloy matrix 
and coalesce to form voids. The Kirken- 
dall effect might also operate in the dif- 
fusion of surface-enriched, non-reacting 
elements back into the alloy. 

- Gas-bubble formation because the carbon 
in the alloy reacts with inward-diffusing 
oxygen to form CO and CO, gases at suf- 
ficiently high pressures to induce the nu- 
cleation and growth of voids. 

- Creep cavitation because of tensile stress- 
es in the underlying alloy accompanying 
scale growth. The stresses are a conse- 
quence of the volume change between the 
alloy and the oxide. 

The first two of these mechanisms are 
probably the most viable. Indeed, several 
studies have clearly shown that carbon con- 
tent strongly affects the formation of sub- 
surface voids in both metals (Caplan et al., 
1980; Bricknell and Woodford, 1982) and 
alloys (Woodford, 1981; Gan, 1983). Brick- 
nell and Woodford (1982) conducted a very 
detailed investigation on subsurface void 
formation in three grades of nickel with re- 
spective carbon contents of 20, 130, and 
800 ppm w/w. It was found that, even in the 
absence of NiO scale growth, subsurface 
voids developed in the grades of nickel con- 
taining 130 and 800 ppm w/w carbon dur- 
ing oxidation at 1000 "C; void formation 
could, however, be suppressed if these met- 
als were decarburized before oxidation. It 
was also found that voids could equally well 
be formed by the diffusion of carbon into 

oxygen-containing nickel. In situ fracture of 
oxidized specimens in an evacuated cham- 
ber attached to a mass spectrometer showed 
that CO, was the principal gas in the sub- 
surface voids. On the basis of these results, 
Bricknell and Woodford concluded that sub- 
surface void formation in nickel occurs be- 
cause of gas formation by a carbon-oxygen 
reaction and not by vacancy injection or 
creep cavitation. 

The mass spectrometric results from the 
Bricknell and Woodford study are in agree- 
ment with a thermodynamic treatment by 
Dyson (1982), who showed that the equilib- 
rium pressure of CO, is considerably high- 
er than that of CO in Ni + 130 pprn w/w C 
oxidized at the Ni/NiO dissociation pres- 
sure. For instance, at 923°C the Pco2 is 
3.3 x lo4 atm and the Pco is 316 atm. Ac- 
cording to Dyson, the critical gas pressure, 
P*, for the homogeneous nucleation of a 
bubble is given by: 

P* (atm) = 9.87 x lop6 

where is the surface energy of the metal 
or alloy in units of J mp2, and k,  is the Boltz- 
mann constant (= 1.381 x J K-'). The 
value of P* is calculated to be 1.1 x lo5 atm 
at 923 "C if the surface energy of nickel is 
taken to be 2.0 J m-*. Thus, P*/P,02=3.3 
and P*/Pco- 348, suggesting that homoge- 
neous bubble formation is not possible by 
either CO, or CO, although Dyson reasoned 
that nucleation of CO, bubbles at defects 
would be possible. It should be noted, how- 
ever, that the value of P* calculated from 
Eq. (5-25) is quite high considering that 
studies on hydrogen attack of steels use a 
critical CH4 pressure of 197 atm (Yacamtin 
et al., 1984). It is, therefore, reasonable to 
conclude that the homogeneous nucleation 
of C 0 2  bubbles is highly possible in a met- 
al or alloy containing sufficient local carbon 
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and oxygen content. The nucleation of CO 
bubbles, if possible, would be comparative- 
ly insignificant. 

Caplan et al. (1980) studied the oxidation 
behavior of nickel containing different 
amounts of carbon and concluded that sub- 
surface void formation is promoted by car- 
bon segregated to nickel grain boundaries; 
no void formation occurred in well-decar- 
burized nickel. These authors believed, 
however, that the observed formation of 
voids along the grain boundaries was initiat- 
ed by creep cavitation induced by the oxi- 
dation process. Supporting evidence for this 
was the observation of serrations at the grain 
boundaries, which were similar in appear- 
ance to the serrations created by simultane- 
ous slip and grain-boundary sliding during 
high-temperature creep. Although initiation 
by creep cavitation is a plausible mecha- 
nism, it would seem that on the basis of 
Bricknell and Woodford's results it is not a 
necessary criterion for subsurface void for- 
mation. 

Rosenstein et al. (1986) correlated void 
area fraction profiles with subsurface chro- 
mium depletion profiles in MA 754 speci- 
mens oxidized in air at 1100- 1200 "C for 
1-50 h. By assuming no recession of the al- 
loy-scale interface and that all injected va- 
cancies resulting from the outward diffusion 
of chromium coalesce to form voids, they 
obtained the approximate expression: 

(5-26) 

where f, is the void volume fraction (or 
area fraction), y is the depth into the alloy, 
and all other parameters are as explained 
above. Rosenstein et al. showed reasonable 
agreement between the measured and pre- 
dicted variation off, with depth, leading 
them to conclude that void formation oc- 
curred as a result of vacancy injection. A 

shortcoming of their analysis is that they did 
not consider the internal oxidation of the 
nominally 0.05% carbon in the alloy. Re- 
gardless, however, the subsurface formation 
of voids via vacancy injection is a well- 
founded mechanism (Hales and Hill, 1972; 
Gibbs and Hales, 1977; Harris, 1988; Fran- 
cis and Lees, 1989). 

5.5 Effects of Thermal Cycling 
on High-Temperature Corrosion 

It is clear from the preceding sections that 
maximum protection against high-tempera- 
ture corrosion is achieved only if a contin- 
uous and coherent protective scale layer is 
formed and maintained. Even if a protective 
scale develops on an alloy surface, it can 
eventually break down locally, leading to 
the formation of a less-protective scale and 
perhaps even 'breakaway' corrosion kinet- 
ics (Whittle, 1981). As discussed by Wood 
and Whittle (1967) in the context of Fe-Cr 
alloys, breakdown can occur under isother- 
mal conditions as a consequence of local- 
ized lifting and cracking of the initially- 
formed Cr203 scale, thus exposing the Cr- 
depleted alloy surface to oxygen. The less- 
protective Fe-containing oxides for-m when 
N& is below the critical value necessary for 
continuous Cr203-scale formation. 

Breakdown of protective scale growth is 
more prone to occur in practical situations 
involving thermal cycling. Here, the alloy 
component is subject to several heating- 
cooling cycles throughout its service life. 
Because oxides usually have a lower coef- 
ficient of thermal expansion (aox) than the 
alloy substrate or coating on which it forms 
(aM), thermal stresses are induced during a 
temperature variation (e.g., cooling from 
the process temperature). For a scale of 
thickness [on a flat metal substrate of thick- 
ness 2 h, Tien and Davidson (1975) showed 
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that the in-plane stress in a scale, o,,, re- 
sulting from a temperature change ATis giv- 
en by: 

where, E,,, and E, are the elastic moduli of 
the oxide and metal, respectively, and v is 
Poisson's ratio, which is assumed to be the 
same for both phases. The assumption that 
a,, and a, are independent of temperature 
in Eq. (5-27) means that the induced ther- 
mal stress in the scale is directly proportion- 
al to AT. During cooling the stress is com- 
pressive, because AT is positive and a,, is 
less than a,. The elastic moduli, and occa- 
sionally the coefficients of thermal expan- 
sion, are not always temperature-indepen- 
dent, so that Eq. (5-27) is accurately appli- 
cable only for small temperature intervals 
(Schutze, 1997). Stout et al. (1989) have de- 
veloped a more refined model to include the 
temperature-dependence of a and E. 

Fig. 5-20a shows the 982 "C cyclic oxi- 
dation kinetics for the chromia-forming al- 
loys 230, HR-120, and 800HT. It is appar- 
ent that kinetics are generally associated 
with a gross weight loss, owing to scale spal- 
lation. Moreover, the extent of the weight 
loss varies significantly among the different 
alloys. This variation is partly because of 
differences between the compositions of the 
alloys, the manner in which the scales spa11 
(i.e., partial or complete spallation), and the 
extents to which element enrichment and 
depletion occur within the underlying alloy. 
With regard to the last of these, the varia- 
tion of NLr with exposure time in the three 
alloys is shown in Fig. 5-20b. Comparison 
with the cyclic oxidation kinetics in Fig. 5-  
20a shows that the extensive weight loss in- 
curred by alloy 800HT corresponds to a de- 
crease in NLr below ca. 10%. 

Time (days) 

Time (days) 

Figure 5-20. (a) Long-term cyclic oxidation behav- 
ior of alloys 230, HR- 120, and 800HT in air at 982 "C 
( 1  cycle = 30 days); and (b) corresponding variation 
in the surface chromium content of the three alloys as 
a function of exposure time (courtesy of Haynes Inter- 
national). 

Analytical treatments for predicting the 
changes in the subsurface alloy composition 
during cyclic oxidation have been devel- 
oped by Whittle (1972) and Wahl(l983) for 
complete scale spallation after each cycle, 
and by Nesbitt (1989) for partial spallation 
(i.e., a thin layer of scale remains on the al- 
loy). The main purpose of these treatments 
was to arrive at a criterion to enable predic- 
tion of the minimum bulk solute concentra- 
tion required for repeated reformation of a 
protective solute-oxide scale during cyclic 
oxidation. The most advanced treatment is 
that by Nesbitt (1989), who combined a dif- 



5.5 Effects of Thermal Cycling on High-Temperature Corrosion 21 1 

fusion model with an oxide-spalling model 
to predict the rate of solute consumption as- 
sociated with partial scale spallation. Nes- 
bitt’s treatment underpredicted by a factor 
of 2.5 the minimum aluminum concentra- 
tions necessary to reform an A120, scale on 
Ni-A1 alloys at 1200”C, but was in good 
agreement with experiment for Ni-Al-Cr 
alloys containing more than 20% (wIw) Cr. 
The usefulness of Nesbitt’s treatment is lim- 
ited to those alloys for which the scale spall- 
ing behavior and interdiffusion coefficients 
in the alloy have been determined. Typical 
data for commercial high-temperature al- 
loys are not currently available, particular- 
ly for the temperatures and cycle durations 
found in practice. 

Barrett (1 992) statistically analyzed the 
cyclic oxidation kinetics of 36 commercial 
aerospace alloys and arrived at phenomen- 
ological equations relating spallation be- 
havior to alloy composition. The equations 
calculate a composition-dependent attack 
parameter, K,, which can vary from zero for 
no scale spallation to about 100 for exten- 
sive spallation. The equations highlight the 
sensitivity of scale spallation to alloy com- 
position and, in particular, the apparent 
interaction between alloying elements. Al- 
loying elements such as Al, Ta, and Cr were 
found to be beneficial to scale spallation re- 
sistance whereas Ti, Nb, Hf, Zr, Re, and C 
were detrimental. The equations are limit- 
ed, however, because many commercial, 
Cr,03-forming alloy compositions are out- 
side the composition database from which 
the equations were established. For in- 
stance, the equations do not contain param- 
eters for either silicon, known to promote 
the extent of scale spallation at an alloying 
content above ca. 0.6% wIw (Lobb et al., 
1989), or lanthanum, a reactive element 
known to reduce the extent of scale spalla- 
tion at an alloying content below ca. 1.0% 
WIW (Whittle and Stringer, 1980; Mrowec et 

al., 1989). Silicon in particular is a common 
alloying addition to Cr,03-forming alloys. 

The spallation of oxide scales generally 
involves the separation of cracked scale ei- 
ther by decohesion at the alloy-scale inter- 
face or by fracture on planes within the scale 
itself (Evans, 1995; Chan, 1997). The fail- 
ure mode which predominates depends on 
the stress state in the scale and on the extent 
of adhesion at the alloy-scale interface. 
Evans and Lobb (1984) showed that, for 
scale with good adhesion and a thickness ex- 
ceeding ca. 1 pm, scale-metal decohesion 
should occur by a ‘wedging’ fracture pro- 
cess when the temperature drop is greater 
than a critical value, ATc, given by: 

where yF is the energy necessary to pro- 
duce a new fracture surface (=6 J m-2) and 
A a  = aM - sox. This equation has been 
verified by several experimental studies 
(Evans, 1995; Bouhanek et al., 1997), and 
it importantly shows that AT, decreases with 
both increasing scale thickness and A a .  For 
instance, for a Cr,O,-austenitic stainless 
steel system cooled from 900”C, ATc de- 
creases from ca. 420 “C to 200 “C for a 2 pm 
to 8 pm increase in scale thickness (Evans, 
1995). As indicated by the results of a study 
by Lowell et al. (1983), the value of AT, 
does not seem to be critically dependent on 
cooling rate. These authors reported that 
varying the heating or cooling rates over 
several orders of magnitude does not appre- 
ciably alter the extent of scale failure. 

Moon and Lee (1 993) quantified the frac- 
tion, F ,  of spalled scale resulting from a tem- 
perature drop by the expression: 

(5-29) 
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where 5 is the scale thickness before spall- 
ing, is a factor that converts scale thick- 
ness to weight gain, m is a positive number 
which depends on the mechanical proper- 
ties of the scale, and p is a constant which 
depends on the strength of adhesion at the 
alloy-scale interface. The value of p in- 
creases with increasing strength of scale ad- 
hesion, whereas m typically varies from 
unity for a ductile scale to about 4 for a brit- 
tle scale. The values of p and m depend on 
the composition of the scale which, in turn, 
depends on the composition of the underly- 
ing alloy. Although not stated by Moon and 
Lee, it is clear from the recent results of 
Gleeson and Harper (1998), who studied 
the long-term cyclic oxidation behavior of 
three commercial Cr,O,-forming high-tem- 
perature alloys over the temperature range 
982- 1204 "C, that X, m, and p are actually 
cycle-dependent variables. Thus, accurate 
modeling of the cyclic oxidation behavior 
of alloys would require input variables 
which are time dependent (i.e., cycle depen- 
dent). Such modeling has not yet been re- 
ported in the open literature. 

In agreement with Eq. (5-29), Barrett and 
Lowell (1975) concluded from their study 
of the cyclic oxidation behavior of various 
commercial alloys at 1 150 "C that the most 
critical factor in minimizing scale spallation 
is to keep the scale as thin as possible. They 
reported that Cr203-forming alloys with the 
most complex compositions tend to spall the 
most owing to the formation of thicker scale 
products. 

It is clear from this section that an under- 
standing of the cyclic oxidation of commer- 
cial high-temperature alloys requires a 
knowledge of the interdependence between 
the subsurface changes which occur in the 
alloy and the type of scale which forms. A 
further important aspect which has not yet 
been the subject of a systematic investiga- 
tion is the dependence of the subsurface 

changes in alloys on the frequency and na- 
ture of scale failures. The acoustic emission 
technique has proven to be very useful in the 
study of scale failure (Schmutzler and Grab- 
ke, 1993; Zheng and Shores, 1993; Schutze, 
1995); the results from such studies have 
not, however, yet been correlated in any de- 
tailed manner with subsurface changes in 
the alloy. 

5.6 Alloying to Resist Specific 
Types of High-Temperature 
Corrosion 

Table 5-4 summarizes the types of high- 
temperature corrosion which occur in vari- 
ous industrial processes (Lai et al., 1985). 
As can be inferred from this table, many 
high-temperature processes involve atmos- 
pheres which contain oxidants in addition to 
02, H20, or CO,; the most prevalent of 
these are sulfur, carbon, nitrogen, and chlo- 
rine. The corrosive effects of these addition- 
al oxidants depend on the oxygen potential 
in the atmosphere, which is measured by the 
equilibrium Po,. In relatively high-Po, mul- 
ti-oxidant atmospheres, such as those result- 
ing from the combustion of hydrocarbon 
fuels with excess air, the corrosive effects 
tend to be minimal or even beneficial. An 
example of a beneficial effect is that of trac- 
es of sulfur in the combustion environment 
of a reheat furnace which acts to slow the 
oxidation rate of steel as a result of a sur- 
face-poisoning effect (Lee, 1997). 

The selection of corrosion-resistant alloys 
for service in multi-oxidant atmospheres of 
high Po, is based primarily on oxidation re- 
sistance and, specifically, on the tendency 
of the alloy to form a Cr203-, Si02-, or 
A120,-rich scale. Although this is true for 
low-Po2 atmospheres also, as will be dis- 
cussed in the following sections, the base- 
metal and specific alloying elements play 
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different roles depending on the secondary 
oxidant(s) present in the atmosphere and, 
hence, on the type(s) of corrosion involved. 
Consideration of these roles is important in 
selecting the appropriate alloy. 

Thermodynamic aspects of multi-oxidant 
corrosion have been discussed by Giggins 
and Pettit (1980). The complexity of a giv- 
en process environment often precludes ac- 
curate determination of which type of cor- 
rosion should predominate. In such circum- 
stances, it might be necessary to conduct 
field-exposure tests for proper evaluation of 
the corrosion behavior of the candidate alloys. 

Exposure of a given alloy to a low-Po, 
multi-oxidant environment above ca. 
550°C is often characterized by an initial 
period of protective oxidation before the on- 
set of more rapid corrosion. The breakdown 
of protective oxidation is usually localized 
- at least in the early stages - and is asso- 
ciated with penetration of the secondary ox- 
idant(s) through the oxide scale. The mech- 
anism by which oxidant penetration occurs 
depends on such factors as temperature, ox- 
ide integrity, and atmosphere composition. 
Penetration of secondary oxidants often oc- 
curs by molecular transport through cracks 
and pores which develop in the oxide scales 
(Meier, 1989). Sometimes, however, pene- 
tration apparently occurs by surface or lat- 
tice diffusion and is significantly affected 
by atmosphere composition. For instance, 
Zheng and Young (1997) recently showed 
that the corrosion of pure chromium at 
900°C in an H,-H,O-N, gas produced 
a single-phase Cr,O, scale, whereas a 
CO-CO2-N, gas with the same Po, and P,, 
as the H,-H,O-N, gas formed an underly- 
ing layer of Cr,N. On the basis of these and 
other results, Zheng and Young concluded 
that permeating secondary oxidants interact 
via site-blocking resulting from preferential 
adsorption on physical imperfections in the 
oxide scale. 

Choi and Stringer (1987) postulated that 
penetration of the secondary oxidant was 
a necessary, but not sufficient, criterion 
for oxide-scale breakdown. These authors 
studied the corrosion of Fe-20Cr alloys at 
950 "C in Ar-CO-C0,-SO, atmospheres 
with an equilibrium Poz of 6 x lo-', atm and 
Ps, of either or lop4 atm. A protective, 
Cr,03-rich scale was formed in both atmos- 
pheres during the initial stages of corrosion. 
Protective-scale growth was maintained in 
the lower-Ps, environment, whereas break- 
down occurred after about 150 h in the high- 
er-Ps, environment. Choi and Stringer pro- 
posed that the breakdown of the Cr,O, scale 
in the higher-Ps, environment was initiated 
by the development of a 'critical micro- 
structure' in the subsurface of the alloy. The 
critical microstructure corresponded to a 
relatively coarse distribution of chromium- 
sulfide precipitates which intersected the al- 
loy-scale interface. It was proposed that not 
only did the internal sulfides tie up the chro- 
mium, but their subsequent oxidation result- 
ed in a porous and, hence, permeable oxide. 
Stringer (1990) later extended the concept 
of a critical microstructure initiating scale 
breakdown to other multi-oxidant environ- 
ments. 

Although the aim of materials selection 
for multi-oxidant environments is often to 
maximize the period of protective oxida- 
tion, it is imperative that the corrosive ef- 
fects of the secondary oxidants be taken into 
account. Certain processes are, or become, 
highly reducing and oxide formation might 
not be thermodynamically or kinetically 
possible. The following sections briefly dis- 
cuss alloying and alloy selection for resis- 
tance to sulfidation, carburization, metal 
dusting, and nitridation. As seen in Table 
5-4, these types of high-temperature corro- 
sion, together with oxidation, are quite com- 
mon in industry. Other types of corrosion 
which are common in industry are chlorida- 
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tion and hot corrosion. These types of cor- 
rosion will not be discussed in any detail 
here because of space constraints. Reviews 
on chloridation have been presented by 
Hancock (1987), Haanappel et al. (1992), 
and Sore11 (1997). As discussed in these re- 
views, chloridation involves the formation 
of volatile or liquid chlorides. The resis- 
tance of an alloy to chloridation is improved 
by increasing the levels of Cr and Ni in the 
alloy. The addition of Mo can also be ben- 
eficial, particularly under reducing condi- 
tions. The presence of Mo also improves the 
resistance of an alloy to downtime corrosion 
which occurs as a consequence of the con- 
densation of C1-containing compounds at 
lower, shut-down temperatures (Stringer 
and Wright, 1995). 

Reviews on hot corrosion have been pre- 
sented by Rapp (1 986, 1990), Pettit and Gig- 
gins (1987), and Stringer (1987). Hot cor- 
rosion is an accelerated attack associated 
with the presence of a liquid-salt deposit on 
the alloy surface. Although chromium is the 
most important element for improving the 
resistance of an alloy to hot-corrosion, en- 
vironments resulting from the combustion 
of low-grade fuel oil or coal can be too se- 
vere even for high-chromium alloys. In such 
circumstances combustion additives such as 
MgO or Mg(OH), must be used to raise the 
solidus temperature of the salt deposits (Lai, 
1990). 

5.6.1 Sulfidation 

Several high-temperature processes pro- 
duce complex gaseous environments con- 
sisting of sulfur-bearing gases (H,S, SO2) 
and oxidizing species (02, H20, C02) .  
These processes include oil refining, coal 
gasification, and fossil-fuel conversion, and 
their multi-oxidant environments typically 
have a very low equilibrium Po, but an ap- 
preciable P,, . For example, a coal-gasifica- 

tion atmosphere can have a Po, of atm 
and a Ps2 of atm at 850°C (Natesan, 
1985). Under such conditions, sulfidation is 
the principal type of corrosion; although, 
there can be a complex interplay with oxi- 
dation and chloridation (Bakker, 1997). 

The high-temperature corrosion of met- 
als and alloys in sulfidizing-oxidizing en- 
vironments has been reviewed by Stroosnij- 
der and Quadakkers (1 986), Gesmundo 
et al. (1989), and Grabke et al. (1989). On 
the basis of equilibrium thermodynamics, 
the transition from oxidation to sulfidation 
of alloy constituent B should occur when: 

(5-30) 

where K,, is the temperature-dependent 
equilibrium constant for the reaction 

(5-3 1) Y2 Y1 

2 2 
BO,, +- S2 w - 02+BSv2 

The thermodynamic boundary separating 
sulfide and oxide stability in a logP,, vs 
log Po, thermal-stability diagram is deter- 
mined by equating Eq. (5-30). Fig. 5-21 
shows the thermal stability diagram for type 
3 10 stainless steel at 875 "C (Stroosnijder 
and Quadakkers, 1986). Superimposed on 
this diagram are experimental data indicat- 
ing the type of scale formed on 310 under 
different Po,-Ps, combinations. It is seen 
that oxide-to-sulfide transition at a given P,, 
actually occurs at a higher Po, than that pre- 
dicted from equilibrium calculations. The 
experimentally-determined boundary is 
dictated by kinetic factors and is, according- 
ly, referred to as the 'kinetic boundary'. For 
the 310 stainless steel shown in Fig. 5-21, 
the actual Po, values for the transition from 
chromium-oxide to chromium-sulfide for- 
mation are about three orders of magnitude 
higher than the equilibrium values. The ki- 
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Figure 5-21. Thermodynamic phase-stability dia- 
gram for type 310 stainless steel at 875 "C, showing 
the experimentally-determined kinetic boundary (af- 
ter Stroosnijder and Quadakkers, 1986). 

netic factors which influence the location of 
the kinetic boundary include composition 
and surface finish of the alloy, and gas com- 
position. Theoretical prediction of the loca- 
tion of a kinetic boundary is currently not 
possible. 

Although the mechanisms of sulfidation 
and oxidation are fundamentally similar, 
they differ both in complexity and in rate of 
attack. Sulfidation is more complex than ox- 
idation because of the occurrence of a larg- 
er number of stable sulfides compared with 
oxides. The complexity is further enhanced 
because of the low-melting-point eutectics 
formed in many of the metal-sulfide sys- 
tems. Examples of such eutectic tempera- 
tures are: 985 "C for iron; 880 "C for cobalt; 
and 645 "C for nickel. 

The sulfidation rates of most of the ma- 
jor metallic constituents in conventional 
high-temperature alloys are generally lo4- 
lo6 times higher than their oxidation rates, 
depending on temperature (i.e., the activa- 
tion energies are different). The maximum 
temperature for long-term service of metal- 
lic materials exposed to high-P,,-low-P,, 
environments is generally considered to be 

600-650 "C (Lai, 1996). The sulfidation 
rate of most metals is generally much high- 
er than their oxidation rate, primarily be- 
cause of the greater extent of non-stoichi- 
ometry in sulfides compared with the oxides 
(Mrowec and Przybylski, 1985). Large de- 
viations from stoichiometry occur in sul- 
fides because their lattice energies are such 
that point defects are easily created. A sul- 
fide containing a high density of point de- 
fects will have a high diffusion rate and, cor- 
respondingly, a high growth rate. For exam- 
ple, the sulfides of chromium are highly 
non-stoichiometric (Rau, 1971; Young et al., 
1973). As a result, the protection from sul- 
fidation achieved by addition of chromium 
is less than that observed for oxidation. The 
only metals which show excellent resistance 
to sulfide corrosion are the refractory met- 
als (e.g., Mo, Nb, Ta, W, V). This is shown 
in Fig. 5-22, where it can be seen that mo- 
lybdenum and niobium sulfidize at rates 
comparable with the oxidation rates of chro- 
mium under analogous conditions. 

Strafford et al. (1974) were the first to 
suggest that addition of refractory-metals 
should be beneficial to the sulfidation resis- 
tance of the common base metals. As shown 
by Douglass and colleagues (Chen et al., 
1989; Gleeson et al., 1989, 1990a; Wang 
et al., 1989), however, refractory metal sul- 
fides confer only moderate protection when 
formed on a common-base-metal alloy. One 
reason for this is that a refractory metal sul- 
fide such as MoS, has a layered crystal 
structure which enables the intercalation of 
foreign ions of size similar to those of the 
common base metals. The intercalation of 
the transition-metal ions occurs in octahe- 
dral holes within the Van der Waals gap sep- 
arating two loosely bound S-Mo-S sand- 
wiches. The transition-metal ions can appar- 
ently diffuse at a reasonably rapid rate with- 
in the Van der Waals gap. In contrast, the 
diffusion of both molybdenum and sulfur 
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metals. The experimental conditions 
were analogous, with Ps2= Po2= 

atm (Gleeson, 1989). 
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does not seem to occur along the open Van 
der Waals gap. Thus, MoS, is very protec- 
tive on pure Mo but becomes an ineffective 
barrier against the transport of transition 
metal ions. Aluminum, on the other hand, 
tends to form the spinel A10,,5Mo,S, rather 
than an intercalation compound of MoS, 
(Gleeson et al., 1990b). Although formation 
of A10~,5M02S, imparts significant sulfida- 
tion resistance to the alloy, this beneficial 
effect has not yet been exploited in the de- 
sign of commercial sulfidation-resistant al- 
loys and coatings. 

High-nickel chromia-forming alloys, 
such as alloy 600, are particularly suscepti- 
ble to rapid sulfidation attack at tempera- 
tures above 645 "C owing to the formation 
of a liquid corrosion product. Fig. 5-23 
shows the influence of Ni-Fe-Cr alloy 
composition on the melting temperature of 
the product sulfide scale. It is apparent that 
the melting temperature of the sulfide scale 
generally increases with increasing Fe and 

Cr content. Alloys containing 225Cr and 
I20Ni are considered to be safe from liquid 
sulfide formation under most practical con- 
ditions. Thus, alloys such as types 309 and 
3 10 stainless steels have good sulfidation 
resistance, although the tendency of these 
alloys to form sigma phase can be a limita- 
tion. If this is the case, and if the sulfidiz- 
ing conditions are not too severe, an alloy 
such as 556 might be a suitable alternative. 
For more severe conditions, HR- 160 or 1 88 
might be suitable alternatives. The relative- 
ly high silicon content of HR-160 confers 
sulfidation resistance provided the Po, of 
the process environment is sufficiently high 
for SiO, to be stable, which is the norm rath- 
er than the exception. The sulfidation resis- 
tance of HR- 160 also benefits from the pres- 
ence of a high cobalt content (nominally 
30%). High cobalt levels in nickel-base al- 
loys reduce both the rate of sulfur diffusion 
in the matrix and the risk of Ni-Ni,S, eu- 
tectic formation at 645°C. Moreover, Lai 



21 8 5 High-Temperature Corrosion of Metallic Alloys and Coatings 

Fe' 10 20 30 40 50 60 70 80 90 NI 

Nlckel, % - f-- Iron, % 
Figure 5-23. The melting points of sulfide scales that form on Fe-Ni-Cr alloys (Smith, 1997). 

(1985 a) showed that cobalt-base superal- 
loys, such as alloy 188, are more resistant 
to sulfidation attack than the Ni- and Fe-Ni- 
base superalloys when exposed to atmos- 
pheres in which Po*< 3 x lo-'' atm and 
Ps,<4x atm over the temperature 
range 760-982 "C. 

As indicated in Section 5.3, diffusion alu- 
minide coatings (e.g., AlonizingTM) have 
been used effectively to reduce sulfidation 
attack on carbon, Cr-Mo, and stainless 
steels. Usually, however, such coatings have 
been restricted to smaller components (Til- 
lack and Guthrie, 1998). 

Finally, it is worth noting that oxidation 
of a component in a clean oxidizing envi- 
ronment before exposure to a more aggres- 
sive sulfur-bearing environment frequently 
fails to prevent subsequent rapid sulfidation 
attack. It is generally found that the dura- 
tion of protection provided by a pre-formed 
oxide depends on substrate alloy composi- 
tion. For instance, Wright et al. (1993) 
showed that a pre-formed Cr203 scale on a 
Fe-25Cr-20Ni alloy is considerably infe- 
rior to that on a Fe-25Cr alloy when subse- 
quently exposed to an oxidizing and/or sul- 
fidizing environment. The Cr203 scale on 
the Fe-25Cr-20Ni alloy contained high 
levels of iron, whereas the scale on the 

Fe-25Cr alloy was relatively free from iron. 
For both alloys, however, breakdown of 
the pre-formed Cr203 scales eventually oc- 
curred. Stott et al. (1985) showed that 
breakdown of pre-formed chromia and alu- 
mina scales in high-P,,, H2-H20-H2S at- 
mospheres is associated with the develop- 
ment of sulfide channels through the scales. 
Pre-formed alumina scales were found to 
provide significantly longer protection than 
the chromia scales. 

5.6.2 Carburization 

Carburization involves the formation of 
internal carbide precipitates. For reasons 
discussed in Section 5.4, internal carburiza- 
tion is deleterious to the service life of a 
high-temperature alloy, particularly if the 
alloy is subjected to thermal cycling down 
to room temperature. Carburization is a 
problem mainly for components exposed to 
process environments above about 900 "C 
and containing a high content of CO, CH,, 
or other hydrocarbons. As an example, se- 
vere carburization occurs in the cracking 
tubes used in ethylene and other olefin 
plants (Kane and Cayard, 1995). Carburiza- 
tion can also be a problem in the heat-treat- 
ment of components associated with carbur- 
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izing furnaces (e.g., baskets, trays, retorts, 
and fans) and for reformer tubes used in the 
steam-reforming of natural gas. The kinet- 
ics of internal carburization are typically 
parabolic; the important kinetic parameters 
(i.e., the reactive-metal content, N B ,  and 
the carbon permeability, N,D,, in the alloy 
matrix) are given in Eq. (5-10). Reviews of 
alloy carburization have been presented 
by Corish et al. (1987), Grabke and Wolf 
(1987), and Rahmel et al. (1998). 

The cracking of hydrocarbons for pro- 
duction of ethylene or other olefins involves 
passing a mixture of naphtha and steam 
through reaction tubes heated radiantly to 
ca. 900-1 100 "C. A carbon activity of unity 
is typically realized at the inner surface of 
the tube wall, resulting in carbon deposition, 
otherwise called sooting or coking. The 
equilibrium Po, in the mixture is usually 
sufficient for Cr203 to be stable. A high- 
temperature alloy is protected against car- 
burization if it is able to form and maintain 
an adherent and continuous Cr,O, scale 
layer. This is because the solubility of car- 
bon is negligibly small in Cr203 (Wolf and 
Grabke, 1985). It is, however, typically 
found in practice that the Cr203 scale even- 
tually fails in environments with a relative- 
ly high carbon potential, and rapid carbur- 
ization follows. The mode of failure can oc- 
cur by scale spallation, owing to thermal 
shocks resulting from periodic shutdowns 
and decoking operations, or by conversion 
of the coke-covered Cr203 scale to carbides. 
Maintaining the temperature below 1050 "C 
during cracking and decoking operations 
can prevent this latter mode of failure (Rah- 
me1 et al., 1998). 

Alloys which can form an exclusive layer 
or sub-layer of either A1203 or SiO, have 
improved carburization resistance in envi- 
ronments which destabilize the formation or 
maintenance of a Cr203 scale. Lai (1985b) 
showed that alloy 214, which contains nom- 

inally 4.5A1, has significantly better carbur- 
ization resistance than chromia-forming al- 
loys in an Ar-H,-CO-CH, gas mixture 
over the temperature range 871-982 "C. 
The excellent resistance was attributed to 
the formation of an Al,03-rich scale. Ando 
et al. (1989) concluded that a critical con- 
centration of ca. 2.7A1 in Fe-A1 alloys is 
required for good carburization resistance at 
930 "C. They suggested that an incomplete 
and/or non-protective A1203 film forms at 
aluminum concentrations below this critical 
value. A drawback to the use of wrought alu- 
mina-formers such as 214 and 602CA is 
their relatively poor creep strength at the 
higher operating temperatures where car- 
burization is often a problem (T > 950 "C). 
Despite this, these alloys can be used effec- 
tively in carburizing applications involving 
lower temperatures and/or lower stresses. 

Silicon is generally recognized as the most 
effective alloying addition for increasing 
the carburization resistance of Fe-Ni-Cr 
alloys (Corish et al., 1987). Mitchell et al. 
(1998) showed that Fe-Ni-Cr steels con- 
taining at least 1.8Si form a continuous SiO, 
layer in low-Po, oxidizing and/or carburiz- 
ing atmospheres at 1050 "C. The SiO, layer 
provides excellent carburization resistance 
by blocking carbon dissolution. Silicon ad- 
ditions are also even found to be beneficial 
under carburizing conditions which pre- 
clude the formation of an SiO, scale. This 
is a consequence of silicon reducing both Nc 
and D, in the austenitic matrix of the alloy 
(see Eq. (5-10)). Addition of aluminum has 
also been reported to reduce D, and N,,  but 
not to the same extent as silicon (Smith 
et al., 1982). The reductions in both D, and 
N ,  are because of strong thermodynamic 
interaction between dissolved carbon and 
silicon or aluminum. According to Mitchell 
et al. (1998), addition of silicon reduces Nc 
to a greater extent than D,. There is, how- 
ever, a significant reduction in the creep 
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strength and weldability of austenitic alloys 
with a relatively high silicon content. For 
this reason, the maximum silicon content in 
the cast HK and HP grades is approximate- 
ly 2%. The silicon-modified grades are, 
moreover, often also modified by addition 
of 1-1.5Nb to improve creep strength 
(Schillmoller, 1991). 

The rate of carbon diffusion in the auste- 
nitic matrix of Fe-Ni-Cr steels can also be 
reduced by increasing the nickel content in 
the alloy. Grabke et al. (1976) reported that 
the product NcDc is minimum at an Ni : Fe 
mass ratio of 4 : 1 at 1000-1 100 "C. Further, 
in the 1970s Demel et al. showed that the 
diffusivity of carbon in Fe-15Cr-Ni alloys 
at 750-950°C decreases by up to almost 
two orders of magnitude when the nickel 
content is increased from 25 to 50% w/w. 
There is also a reduced tendency for car- 
bides to form in high-nickel alloys because 
nickel both reduces the chromium activity 
coefficient and is less soluble in M,,C, than 
in iron (Colwell and Rapp, 1986). Accord- 
ing to Kane (1986), however, these benefi- 
cial effects of nickel in improving carbur- 
ization resistance are fully realized only 
when an oxide barrier forms. In the absence 
of an oxide barrier, the beneficial effects are 
far outweighed by the massive damage the 
alloy will suffer. 

Addition of strong carbide-forming ele- 
ments such as Mo, V, and Mn typically 
reduce the depth of carburization attack 
(Corish et al., 1987; Mitchell et al., 1988). 
The presence of these elements in the alloy 
effectively increases NB in Eq. (5-10). 

Alloys often selected for carburization 
resistance are the cast high-chromium, high- 
nickel HK and HP steels typically modified 
with silicon and the wrought alloys 
800/800H, type-330 stainless steel, 600, 
601, HR-160 and HR-120. Type 310 stain- 
less steel has good carburization resistance 
up to 1000 "C, but is prone to 0 phase for- 

mation at the required service temperatures. 
HR-160 has been used successfully as trays, 
retorts, and other components in furnaces 
used for the carburization treatment of steels 
(Tillack and Guthrie, 1998). The limited 
fabricability of this alloy prevents its broad 
use in the refining and petroleum industries. 
The cast HK and HP grades are typically 
used in these industries because they best 
meet the requirements of high creep 
strength, carburization resistance, and rea- 
sonable cost. The carburization resistance 
of cast alloys is generally superior to that of 
wrought alloys (Mitchell et al., 1998). Coat- 
ings rich in Si, Al, and Cr, and combinations 
of these, have been tried, but rapid coat- 
ing-substrate interdiffusion at temperatures 
above 1000 "C precludes long-term resis- 
tance. 

Adjusting the composition of the process 
environment can also reduce the rate of car- 
burization attack. For instance, injecting 
steam into the environment reduces the car- 
bon activity and increases the tendency of 
oxide formation (Kane, 199 1). Alternative- 
ly, carburization attack in the absence of ox- 
ide-barrier formation can be reduced by in- 
troducing very small amounts of sulfur or 
sulfur compounds into the environment 
(Grabke et al., 1977). The sulfur is preferen- 
tially adsorbed by the alloy surface and 
thereby blocks the transfer of carbon into 
the steel. Corish et al. (1987) reported that 
at 1000°C an equilibrium Ps, of only 
1.4 x lo-'' atm was sufficient to significant- 
ly reduce the carburization rate of Fe-Ni-Cr 
steels. Higher sulfur levels were also found 
to reduce the extent of carburization, but 
overall corrosion was increased because of 
the growth of sulfide scales. The effect of 
H,S content on the carburization of alloy 
800 in CH,-H2-H2S mixtures at 900- 
I 100 "C is shown in Fig. 5-24. 
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ratio H , S / H ,  
Figure 5-24. Effect of H2S on the carburization of al- 
loy 800 in CH,-H2-H2S (carbon activity = l )  at 900, 
1000, and 1100°C. Total mass gain after 100 h as a 
result of carburization and sulfidation is plotted 
against H2S/H2 ratio; increasing the ratio reduces the 
extent of carburization but also results in sulfidation 
(Rahmel et al., 1998). 

5.6.3 Metal Dusting 

Metal dusting is a catastrophic form of 
carburization characterized by the disinte- 
gration of Fe-, Ni-, and Co-base alloys to a 
dust that contains metal particles, carbon, 
and possibly carbides and oxides. The dust- 
ing of high-temperature alloys is often lo- 
calized, leading to the development of pits 
and grooves as the alloy disintegrates. The 
occurrence of metal dusting has been report- 
ed in a variety of industries which use high- 
ly carburizing process environments, typi- 
cally those enriched with H, and CO. Such 
environments are found in chemical plants 
for the synthesis of hydrocarbons, metha- 
nol, ammonia, and nitric acid, and in plants 
producing iron ores. The thermodynamic 
and kinetic aspects of metal dusting have 
been reviewed by Hochman (1976) and 
more recently by Grabke (1998). 

Metal dusting tends to occur at tempera- 
tures of 480-850 "C, with a peak reaction 
rate at 650-730 "C, depending on alloy 

composition. An established criterion for 
metal dusting to occur is for the non-equi- 
librium carbon potential of the environment, 
defined here as uc*, to be greater than unity 
(note for carburization u,*Il). For an envi- 
ronment containing H2 and CO, the carbon 
potential can be defined by the reaction: 

CO+H2 w H,O+C (5-32) 

for which: 

(5-33) 

where Keq is the equilibrium constant for the 
reaction. An uc* value significantly greater 
than unity corresponds to a strong driving 
force for the reaction to proceed to the right 
and, hence, for carbon deposition to occur. 
The value of uc* decreases with increasing 
temperature for a given ratio of gas partial 
pressures in Eq. (5-33). It is for this reason 
that dusting does not tend to be a problem 
at temperatures above ca. 850 "C. 

Nearly all commercial alloys exposed to 
metal-dusting conditions show dusting at- 
tack after long exposure times (Grabke 
et al., 1993). With the iron-base alloys, 
metastable Fe,C forms as an intermediate 
phase which subsequently decomposes to 
graphite and metal particles. In nickel-base 
alloys, for which there is no nickel carbide 
phase, degradation commences with the 
oriented deposition of graphite on to the 
substrate followed by its directed inward 
growth (Pippel et al., 1998). Metal particles 
eventually 'burst' from the Ni-base matrix 
because of the inward graphite growth. 
Thus, irrespective of the base metal, a dust 
of graphite and metal particles is formed. 
The metal particles catalyze further carbon 
deposition and the dusting proceeds at an 
accelerated rate (Grabke, 1998). 

Similar to carburization, protection 
against metal dusting is possible mainly by 
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the formation of a continuous, well-adher- 
ent Cr203 layer. Thus, the resistance of 
austenitic alloys to metal dusting is im- 
proved by facilitating Cr2O3-scale forma- 
tion. Methods of doing this include (Grab- 
ke, 1998; Grabke et al., 1998a): 

- increasing the chromium content to 
>25%; 

- increasing the dislocation density direct- 
ly beneath the alloy's surface by grinding, 
machining, sand blasting, etc; and 

- reducing the grain size of the alloy. 

Grabke et al. (1998b) found that Ni-base 
alloys containing more than 50Ni have 
greater resistance to metal dusting than 
Fe-Ni-Cr alloys. They also found that Ni- 
base alloys containing 225Cr showed no ev- 
idence of metal dusting after 10 000 h expo- 
sure at 650°C. According to Parks and 
Schillmoller (1997), alloy resistance to met- 
al dusting can be ranked according to: 

Cr equivalence (wt.%) = 

= %Cr + 3 [%Si + %All 

This equation shows that addition of Si and 
A1 is highly beneficial to the metal-dusting 
resistance of an alloy. Alloys containing 
more than 1% Si or A1 and with a Cr equiv- 
alence >26% perform well under metal- 
dusting conditions (Parks and Schillmoller, 
1997). Thus, on the basis of the foregoing 
discussion, alloys such as 602CA, 601,617, 
and HR- 160 are good candidates for service 
in metal-dusting conditions. 

Control of metal dusting can also be 
achieved either by altering the gas atmos- 
phere to make uc* less than unity or by add- 
ing H2S, C,H,S2, or another sulfur-contain- 
ing compound to the atmosphere (Schnei- 
der et al., 1998). Some experimentation 
might be required to determine the optimum 
amount to add, but 140 ppm VIV is general- 
ly reported as being sufficient (Parks and 

(5-34) 

Schillmoller, 1996). Similar to its role in 
carburization, sulfur is preferentially ad- 
sorbed by the alloy surface and inhibits car- 
bon ingress. 

5.6.4 Nitridation 

Nitridation typically involves the forma- 
tion of internal nitrides. Alloys are general- 
ly susceptible to nitridation when exposed 
at elevated temperatures to reducing envi- 
ronments that contain ammonia. Such envi- 
ronments are found, for example, in the pro- 
cessing of nitric acid and nylon. As indicat- 
ed in Fig. 5-25 (Lai, 1990), the nitridation- 
resistance of an alloy generally improves 
with increasing nickel and cobalt content. 
Because the solubility of nitrogen is low 
in both nickel and cobalt, the metals have 
the effect of reducing the solubility of nitro- 
gen in iron (Wriedt and Gonzalez, 1961; 
Schenck et al., 1963). Under the usual con- 
ditions when nitridation occurs in reducing 
atmospheres, chromium content is not im- 
portant. Alloy 600, with 72Ni, is often used 
for nitridation resistance in the heat-treat- 
ment industry and occasionally in refining 
and petrochemical applications involving 
ammonia at temperatures above 350 "C (Til- 
lack and Guthrie, 1998). Other alloys resist- 
ant to nitridation would be 188, 230, and, 
for temperatures above ca. 980 "C, 214. It is 
important to note that aluminum forms the 
very stable nitride, AlN, and a significant 
amount of internal A1N is formed when al- 
loys (e.g. 601 and 617) contain I l A l .  

Nitridation can also occur by reaction 
with N, under reducing conditions. Tjokro 
and Young (1995) found that steels under- 
go slower internal nitridation when exposed 
to N, than when exposed to NH,. The dif- 
ference between the rates of nitridation in- 
creased with increasing Fe:Ni ratio in the al- 
loy; this was attributed to a higher effective- 
nitrogen activity (i.e., NN in Eq. (5-10)) re- 
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sulting from the Fe-catalyzed decomposi- 
tion of NH,. Irrespective the of nitriding en- 
vironment, however, Tjokro and Young 
found that nickel level was a major factor in 
reducing nitridation rates. 

5.7 Producers of 
High-Temperature Alloys 

A partial listing of companies producing 
and supplying high-temperature alloys is 
given below. The alloys referred to in this 
chapter and which are produced by a partic- 
ular company are given in parentheses. Each 
company produces a more extensive range 
of high-temperature alloys, and a complete 
listing can be found at the web addresses 
provided. 

Avesta Sheffield (253MA): www.avestu- 
sheffield. corn 

Carpenter Technology (309, 310,600, 625, 
7 18, Waspaloy): www.Cartech.com 

Haynes International (HR-120, HR-160, 
214, 230, 556, 625, 718, Waspaloy, X): 
www. haynesintl. corn 

Inco Alloys International, Inc. (330, 600, 
601, 617, 625, 718, 738, MA754, 800, 
800H, 800HT): www. incoalloys. corn 

Krupp VDM Technologies Corp. (330,600, 
601, 602CA, 617, 625, 718, 800H, 
800HT, 800L, X): www. kruppvdrn.de 

Rolled Alloys (253MA, 309,3 10,330,600, 
601): www. rolleda1loy.com 

Sandvik Steel (309, 310, 330): www.sand- 
vik. corn 
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Figure 5-25. Effect of Ni + Co content on the nitridation resistance of Fe-, Ni-, and Co-base alloys in an NH,- 
based environment at 650 and 980 "C (Lai, 1990). 
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6.1 Introduction 

Intermetallics are a unique class of mate- 
rial with a wide variety of interesting and 
useful properties for applications as diverse 
as resistors, magnets, superconductors, 
heating elements, structural alloys, and cor- 
rosion-resistant coatings. Depending on the 
exact definition used, there are hundreds to 
thousands of intermetallic phases, many of 
which have not been investigated for useful 
properties. An intermetallic can loosely be 
defined as a compound formed by the com- 
bination of two or more metal (or metalloid) 
elements, generally, but not always, falling 
at or near a fixed stoichiometric ratio and 
ordered on at least two or more sublattices 
(Westbrook 1960, 1967; Liu et al., 1990; 
Westbrook and Fleischer, 1994; Sauthoff, 
1995a; Sikka, 1996). 

Of interest for this chapter is the devel- 
opment and application of intermetallic al- 
loys for high-temperature use. High-tem- 
perature intermetallics have been vigorous- 
ly pursued since the early 1950s for the aero- 
space and power-generation industries. The 
primary driving force for this interest is a 
need for materials that can be used at high- 
er temperatures. As shown in Fig. 6-1, a 
simplified schematic plot of gas turbine 
cycle efficiency against turbine rotor inlet 
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Figure 6-1. Schematic plot of gas turbine rotor inlet 
temperature against efficiency (after Holcomb, 1995). 

temperature (RIT), the higher the RIT, the 
more efficient the process. RITs routinely 
exceed the maximum-use temperature of 
Ni-base superalloys, the material of choice 
in these applications, and substantial cool- 
ing airflow is needed. This extracts a penal- 
ty in terms of thermal efficiency. Materials 
which would enable higher operating tem- 
peratures, or reduced cooling requirements, 
would therefore result in significant gains 
in efficiency. 

The Ni-base superalloys generally melt 
in the 1300- 1400 "C range. Major research 
efforts have resulted in alloys which retain 
useful strength up to ca. 80-90% of their 
melting point, a remarkable achievement. 
Because of melting point limitations, how- 
ever, further significant increases in upper 
temperature operating-limit are precluded 
and new materials with much higher melt- 
ing points are needed to realize further in- 
creases in operating temperature, and thus 
efficiency. There is also interest in low den- 
sity, high-temperature structural alloys with 
superior specific properties compared with 
the Ni-base superalloys, in particular for air- 
craft applications, where weight savings can 
be converted into increased power and/or ef- 
ficiency. Intermetallic alloys can potential- 
ly meet both these needs. 

There are hundreds of binary intermetal- 
lics with melting points in excess of 1500 "C 
(Fleischer, 1987; Fleischer et al., 1991 a; 
Sikka, 1996). Some also have better specif- 
ic properties ( e g  are less dense) than the 
Ni-base superalloys. In addition, the long- 
range ordered superlattice structure of many 
intermetallics leads to reduced dislocation 
mobility and slower diffusion processes at 
elevated temperatures (e.g. Liu et al., 1990; 
Sikka, 1996), often resulting in excellent 
high-temperature strength and creep resis- 
tance. However, the same factors which lead 
to these excellent high-temperature me- 
chanical properties also contribute to the 
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‘Achilles Heel’ of most intermetallic com- 
pounds, severe brittleness, especially at am- 
bient temperatures. 

Overall, the success of intermetallic de- 
velopment efforts must be regarded as 
mixed. Replacement of Ni-base superalloys 
by higher-temperature and/or lighter- 
weight structural intermetallic alloys in 
highly demanding applications such as first- 
stage gas-turbine blades, disks, and vanes 
has not occurred. Furthermore, it is unlike- 
ly to occur in the foreseeable future. This is 
because of the often conflicting tasks of 
overcoming the room-temperature brittle- 
ness of intermetallics without degrading 
high-temperature strength, while maintain- 
ing necessary high-temperature oxidation 
and corrosion resistance. 

There are, however, several intermetallic 
success stories in less demanding interme- 
diate to high-temperature applications - 
MoSi, heating elements and NiAl-based ox- 
idation-resistant coatings, for example. Fur- 
ther, Ni3Al- and Fe3Al-based intermetallics 
are being commercialized for applications 
such as industrial heat-treatment equip- 
ment, forging dies, and hot gas filters. TiA1- 
based alloys are on the verge of commercial 
use in automotive and less demanding air- 
craft engine applications. In these applica- 
tions, intermetallics will probably be used 
increasingly. Such use might also contrib- 
ute to further development and refinement 
of intermetallic alloys, resulting in their in- 
troduction into continually more demand- 
ing, higher-volume industrial use as struc- 
tural components or coatings. 

This chapter begins with an overview of 
some key fundamental issues related to the 
high-temperature oxidation and corrosion 
resistance of intermetallics. It then proceeds 
with a review of the key oxidation-related 
and, where relevant, high-temperature cor- 
rosion-related issues and behavior of Ni- 
aluminides, Fe-aluminides, Ti-Aluminides, 

Nb-Aluminides, precious metal and exotic 
aluminides, Laves phases and in-situ com- 
posites, silicides, and beryllide intermetal- 
lics. Given previous excellent reviews of the 
oxidation of intermetallics (e.g. Aitken, 
1967; Doychak, 1994; Meier, 1996; Welsch 
et al., 1996), these sections emphasize the 
findings of recent studies. Areas in need of 
additional research, and issues that have al- 
ready been well explored or are unlikely to 
yield fruitful results, are noted. 

6.2 Oxidation Fundamentals 

This section presents a brief discussion of 
the establishment and maintenance of pro- 
tective oxide scales, with particular rele- 
vance to the design of oxidation-resistant 
intermetallics. The reader is referred to the 
reference books by Kubaschewski and Hop- 
kins (1962), Birks and Meier (1983), and 
Kofstad (1988a), and to the chapters ‘Fun- 
damentals of High-Temperature Corrosion’ 
by Schutze and ‘High-Temperature Corro- 
sion of Metallic Alloys and Coatings’ by 
Gleeson in this volume for a more detailed 
discussion of the fundamentals of oxidation. 

6.2.1 Protective Oxide Scale Formation 

During exposure to elevated tempera- 
tures in air, nearly all metals react to form 
oxides and, in some cases, nitrides. The con- 
version of a structural component from met- 
al to oxide can lead initially to a loss of load- 
bearing capacity and ultimately to failure. 
Dissolution of oxygen or nitrogen into a 
metal in advance of the oxidation front can 
also occur. In metals such as Ti, Nb, or Cr 
this results in extensive embrittlement and, 
as with conversion to oxide, can culminate in 
failure of the component. The rate at which 
these processes occur is a major factor in de- 
termining the lifetime of a component. 
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In some circumstances the oxide scale 
that forms will be protective. Such scales 
form a continuous layer over the surface of 
the metal and serve as a barrier between the 
metal and the environment. They grow 
(thicken) at such a low rate that conversion 
of sufficient cross-section of the metal to ox- 
ide to cause failure does not occur within an 
acceptable lifetime. Depending on the ap- 
plication, this lifetime can vary from as 
short as minutes in rocket applications to 
50000 h or longer in gas-turbine applica- 
tions. 

Long-term protection is generally asso- 
ciated with an oxide scale that grows by a 
diffusion-controlled process or processes so 
that the rate of oxide growth slows with re- 
action time as the diffusion distance (oxide 
scale thickness) increases. Such diffusion- 
controlled growth kinetics are referred to 
as parabolic oxidation. The diffusion-con- 
trolled process or processes typically in- 
volve either outward diffusion of a metal 
cation through the oxide to react with oxy- 
gen at the oxide-gas interface, or inward dif- 
fusion of an oxygen anion through the ox- 
ide to react with metal at the metal-oxide 
interface, or a combination of the two. 

Intermetallic alloys of interest for this 
chapter are intended for applications from 
ca. 600 to 1200 "C and higher. Under these 
conditions, there are essentially four oxide 
scales that can be protective - Cr203, BeO, 
Al,O, (a), and SiO,, although it is impor- 
tant to note that protection by B e 0  is often 
not a viable option because of its significant 
toxicity - see Section 6.10 for further de- 
tails. The parabolic growth rates for these 
and some other oxides of interest are shown 
in Fig. 6-2. It should be noted that these are 
schematic, order of magnitude, growth 
rates, because the rate of growth of a given 
scale can vary by several orders of magni- 
tude, depending on the exact nature of the 
alloy and conditions under which it forms. 

1300 1100 900 
Temperature ("C) 

Figure 6-2. Schematic order of magnitude growth 
rates for some oxides of interest for high-temperature 
intermetallics (after compilations by Yurek, 1987; 
Doychak, 1994; Meier, 1996; Welsch et al., 1996). 

The upper-use temperature for a given 
protective oxide depends on the alloy and 
the intended service conditions. Perkins 
et al. (1 989 b) estimated a generalized 
upper-use temperature for protective Cr,O,, 
A120,, and Si02 on the basis of the temper- 
ature at which the parabolic rate constant 
reaches lo-'' g2 cmP4 s-' (Table 6-1). This 
rate of oxidation corresponds to a weight 
gain of ca. 19 mg cm2 in 1000 h (for many 
applications this rate would be too high). 
From this criterion, Cr203 is estimated 
to have a maximum-use temperature of 
1 lOO"C, Al,O, of 1425 "C, and Si02 of 
1750°C (Perkins et al., 1989b). Welsch 
et al. (1996) estimate the maximum-use 
temperature for B e 0  to be in the range 

A complicating factor for Cr,O,- and 
Si0,-formers is volatility, especially in the 
presence of water vapor and/or in flowing 
environments such as those encountered in 
gas turbine applications. Opila and Jacob- 

1400- 1500 "C. 
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Table 6-1. Estimates of upper-use temperatures for protective oxides (compiled from the calculations of Perkins 
and Meier, 1989b and Opila and Jacobson, 1997). 

Oxide lo-'' g2 cm4 s-' oxide 
growth-rate criteria of 

Perkins and Meier (1989b) 

Static, isothermal 

bar oxide vapor pressure criteria (20.025 pm h-') of Opila 
and Jacobson (1997) for fuel-lean combustion environments 

(the primary volatile species at the given temperature is listed) 

PHlo = Po, = 0.1 bar PH20 = Po, = 1 .O bar 
oxidation Ptotal = 1 bar Ptotal = 10 bar 

Cr203 1100°C 
A1203 1425 "C 
SiO, 1750 "C 

1042 "C, CrO,(OH), 
1753 "C, AI(0H)Z 
1376 "C, SiO(OH), 

<527 "C, CrO,(OH), 
1449 "c, AI(OH), 
1072 "C, Si(OH), 

son ( 1997) have calculated oxide-volatility- 
limited upper-use temperatures in fuel-lean 
combustion environments in the presence 
of water vapor (Table 6-1). As can be seen 
from the table, the upper-use temperatures 
of Cr,O, and SiO, are significantly reduced 
under such conditions, especially in high- 
pressure environments containing water va- 
por (Opila and Jacobson, 1997). A major ad- 
vantage of Al,O,-formers is that they don't 
suffer from such limitations. (The protec- 
tive capacity of Be0 can also be severely 
compromised in the presence of water va- 
por. The reaction of Be0 with water vapor 
has been implicated in the accelerated oxi- 
dation and pesting of beryllides at interme- 
diate and high temperatures (Aitken and 
Smith, 1961, Perkins, 1963, Paine et al., 
1964a, b; Stuart and Price, 1964; see also 
Section 6.2.3). 

This chapter has been limited to intermet- 
allics which contain at least one of the four 
metallic base elements corresponding to 
these protective oxides: Cr/Cr,O,, Be/BeO, 
A1/Al2O3, and Si/Si02. An intermetallic 
that does not contain these elements will not 
have long-term oxidation-resistance at high 
temperatures. Whether or not an intermet- 
allic containing one of these elements will 
be oxidation-resistant depends on its ten- 
dency to establish a continuous, external 

layer of the protective oxide and to maintain 
this protective oxide layer. 

During the initial stages of oxidation 
at atmospheric oxygen pressures, oxides of 
all of the alloy component elements will 
form; this is known as transient oxidation. 
For aprotective Cr20,, BeO, A120,, or SiO, 
scale to form, it must be the most thermo- 
dynamically stable oxide of the base alloy 
components. Thermodynamic data for some 
metals/oxides of interest are shown in the 
schematic Ellingham diagram of Fig. 6-3. 
Under this constraint, if continuity of the 
protective oxide is established, the Po, at the 
alloy-scale interface is set below the oxide 
stability limit of the other alloy components. 
The other alloy components are then ther- 
modynamically barred from forming and 
only the protective oxide will continue to 
form. An example of a continuous, protec- 
tive scale suppressing transient oxidation is 
shown in Fig. 6-4. 

An intermetallic in which Cr, Be, Al, or 
Si pairs with substantial amounts (greater 
than a few at.%) of an element which forms 
a more thermodynamically stable oxide will 
not form a protective scale. For example, a 
protective A1,0, scale is possible on an 
Fe-A1 alloy, but not on a Y-A1 alloy. Note, 
however, that very small additions of reac- 
tive elements such as Y are often quite ben- 
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Figure 6-3. Schematic Ellingham diagram for some 
oxides of interest for high-temperature intermetallics 
(after compilations of Gaskell, 1981 and Doychak, 
1994). 

Figure 6-4. SEM (back-scatter mode) cross-section 
micrograph showing a continuous AI,O, scale sup- 
pressing the growth of more rapidly growing tran- 
sient oxides (27Nb-33Ti-40AI at.% after 15 min at 
1400°C in air; Brady et  al., 1992). 

eficial to oxidation-resistance of an alloy - 
see Section 6.2.2 for further details. 

Under ideal conditions, when a continu- 
ous layer has been established, the protec- 
tive Cr,O3, BeO, A1,0,, or Si02 will be the 
only oxide that will continue to form on the 

alloy as long as it remains the most thermo- 
dynamically stable. This is known as 
steady-state oxidation. Consumption of Cr, 
Be, Al, or Si to form the protective oxide 
can lead to compositional, and therefore ac- 
tivity, changes beneath the scale; this might 
eventually destabilize the protective oxide. 
As many intermetallics are line compounds 
or have limited solubility ranges, depletion 
can be a significant issue because a phase 
change and the associated changes in activ- 
ity, diffusivity, volume, etc., in the underly- 
ing alloy might result. It should be noted 
that, although not a desirable characteristic, 
line compounds are not necessarily exclud- 
ed from protective scale formation. MoSi,, 
a line compound, is generally considered the 
most oxidation-resistant intermetallic under 
high-temperature oxidizing conditions in 
air (Meier et al., 1992). Mechanical damage 
to the scale, for example cracking during 
thermal cycling, can also destabilize the 
protective layer if the environment regains 
direct access to the alloy and raises the lo- 
cal Po, to the level at which oxides of the 
other alloy components can form. 

Thermodynamics determine when a po- 
tentially protective oxide scale is possible 
but kinetic issues ultimately determine 
whether or not a continuous layer will form. 
Without continuity, optimum protective 
oxide scale formation is not achieved. These 
kinetic issues include factors such as the rate 
of growth of other component oxides on the 
alloy, solubility and diffusivity of oxygen in 
the alloy, diffusivity of the alloy compo- 
nents, in particular Cr, Be, Al, or Si, and the 
form and distribution of Cr, Be, Al, or Si in 
the alloy. These issues will be discussed in 
detail for the various intermetallics in Sec- 
tions 6.3-6.10. 

In many intermetallic alloy development 
efforts, it is not feasible to design the alloy 
metallurgically to form a continuous, pro- 
tective scale. The large additions of Cr, Be, 
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Al, or Si needed to promote protective scale 
formation often make the alloy brittle or de- 
press the melting point such that the alloy 
does not have sufficient strength in the tar- 
get temperature range. For some applica- 
tions, an oxidation-resistant coating might 
be a feasible solution, but generally only if 
the substrate alloy can be designed to have 
at least a moderate amount of ‘bare’ oxida- 
tion-resistance. 

Two caveats should be considered where 
protective coatings are concerned. First, for 
many intermetallics the selection of an ac- 
ceptable oxidation-resistant coating is not a 
trivial matter. For example, conventional 
MCrAlY coatings are not suitable for tita- 
nium aluminides because they interact with 
the substrate to form brittle phases which 
can severely degrade mechanical properties 
(refer for example to the review by Brady 
et al., 1996a). If coatings are expected to be 
required, new oxidation-resistant coating 
alloys often must be developed as a part of 
the overall intermetallic development ef- 
fort. Secondly, for some intermetallic alloys 
(e.g. a,- and orthorhombic-based titanium 
aluminides), oxygen or nitrogen embrittle- 
ment during elevated-temperature exposure 
in air, not oxidation-related scaling effects, 
is the key durability issue. Under these con- 
ditions, a single coating defect could enable 
oxygen ingress into the alloy, resulting in 
failure as a result of local loss of ductility. 
Early detection of such an occurrence would 
probably be difficult, and for many applica- 
tions it might not be an acceptable solution 
to coat an alloy which is susceptible to this 
form of environmental embrittlement. 

6.2.2 Reactive Elements 

6.2.2.1 Overview 

A key issue in the maintenance of protec- 
tive oxidation behavior is oxide-scale ad- 

hesion, especially because most real-world 
applications involve thermal cycling. The 
most effective means of improving oxide- 
scale adherence is the addition of a small 
quantity of rare-earth elements such as Ce, 
Hf, La, Y, Zr, etc. The addition of rare-earth 
elements can significantly improve oxide 
scale adherence, and might also slow the 
rate of growth of the protective oxide. Ad- 
dition of rare-earths is, therefore, an integral 
part of development efforts directed toward 
the production of intermetallic alloys with 
improved oxidation-resistance. 

The so-called rare-earth or reactive ele- 
ment (RE) effect was first patented in 1937 
by Pfiel(l937,1945). It was originally dem- 
onstrated for Cr203-forming alloys but has 
since been found to have a similar benefi- 
cial effect in A1203-forming alloys. SiO, 
scales have not been observed to be benefi- 
cially affected by a RE addition. No data for 
the effects of RE on Be0 scales were found 
in the literature. Because there are few 
Cr203-forming intermetallics, the remain- 
ing discussion will focus on A1203-formers. 

6.2.2.2 Effects on Oxidation 

Although the RE effect has been widely 
studied, no mechanistic explanation has 
gained wide acceptance. In general, reactive 
elements have two essential attributes - a 
high affinity for oxygen and sulfur (Smia- 
lek and Browning, 1986) and a large ion size 
relative to A1 (Pint and Alexander, 1998). 

The main effect of addition of RE is to 
improve A1203 (or Cr2O3) scale adhesion. 
The most widely observed RE effect in 
intermetallics is suppression of interfacial 
void formation which otherwise limits con- 
tact between substrate and scale (e.g. Gig- 
gins et al., 1974; Smialek, 1978; Hindam 
and Smeltzer, 1980). The literature on void 
formation has been reviewed recently (Pint, 
1997b), and it was concluded that the mech- 
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anism by which void formation is reduced 
is uncertain. If the voids form by a Kirken- 
dall-type mechanism, then the addition of a 
RE must alter the relative diffusion rates in 
the substrate, although no experimental ev- 
idence is available on this subject. 

Alternatively, indigenous sulfur might 
affect void formation by segregating to the 
interfacial region, thereby changing the 
interfacial energies and increasing the rate 
of void growth (Grabke et al., 1991a; Pint, 
1996). The most widely hypothesized effect 
of a RE addition is that they getter indige- 
nous sulfur, thereby preventing any detri- 
mental role of S at the metal-oxide inter- 
face. Inhibition of sulfur segregation by the 
addition of a RE is, however, no proof that 
formation of an RE sulfide is necessary to 
improve scale adhesion. An alternative ex- 
planation is that REs, which commonly seg- 
regate to oxide grain boundaries and to the 
metal-scale interface (Pint et al., 1993b, 
1998a; Schumann et al., 1995; Dickey 
et al., 1999a), reduce the driving force for 
sulfur segregation at these interfaces. The 
formation of a sulfide is not necessary for 
this inhibition to occur. 

Of sometimes secondary importance is 
the effect of a RE addition on the scale 
growth rate and microstructure. When an 
a-A1203 scale was studied on NiA1, the ad- 
dition of Zr was clearly shown to inhibit the 
outward transport of Al, resulting in growth 
primarily by inward 0 transport along scale 
grain boundaries (Pint et al., 1993a; Pre- 
Scott et al., 1995). This is comparable with 
growth mechanisms observed in other RE- 
doped A1203-formers (Reddy et al., 1982; 
Quadakkers et al., 1989). In a properly Zr- 
or Y-doped alloy, the growth mechanism 
change resulted in a reduction in the para- 
bolic rate constant by a factor of 2-4 (Pint 
andHobbs, 1994; Pint, 1996,1998). Thisef- 
fect can be easily masked by excessive RE 
additions, which increase the total weight 

gain owing to internal oxidation of the RE. 
It was recently demonstrated that the para- 
bolic rate constant could be reduced by an 
order of magnitude in NiAl and (Ni,Pt)Al 
by the addition of 0.05 at.% Hf, Fig. 6-5 
(Pint et al., 1998a). This seems, however, to 
be a limited applicability effect, because it 
is not observed to the same extent in alloys 
with higher Hf contents and with quaternary 
additions of 1 at.% Ta, Re, or Ti (Pint and 
Wright, 1998). 

Concomitant with a change in growth 
mechanism is a change in the scale micro- 
structure. There is a preferred growth direc- 
tion in a-A1203 such that, when the scale 
becomes thicker (>2 pm), a columnar grain 
structure with a fibrous texture (25" off the 
basal plane towards the prism plane) devel- 
ops in the scale (Lance et al., 1999). This 
columnar grain structure is observed in all 
RE-doped a-A1203 scales, particularly near 
the metal-scale interface, Fig. 6-6 (Golight- 
ly et al., 1979; Pint et al., 1996, 1998a; Pint, 
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Figure 6-5. Parabolic rate constants for a-A1203 on 
various NiAl compositions from 1000- 1300 "C. The 
addition of 0.05 at.% Hf reduces the rate constant by 
an order of magnitude compared with undoped NiAI. 
The rate at 1100 "C is extremely low because of the 
initial rapid formation of transient, cubic a-A1203 
which then transforms to slow-growing a-A1203. 
Adding more Hf results in a higher weight gain ow- 
ing to internal oxidation of Hf. 
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1997a), and is consistent with growth pre- 
dominantly by the inward diffusion of oxy- 
gen. 

Several effects have been attributed to 
REs which are not necessarily unique to the 
addition of REs and can cloud assessment 
and interpretation of RE effects. RE-rich 
precipitates (particularly with Ni and Fe) of- 
ten result in a finer alloy grain size. These 
precipitates also inhibit grain growth during 
annealing or extended exposure. A fine al- 
loy grain size, irrespective of whether it re- 
sulted from addition of RE or some other 
method, might promote A1203-formation by 
increasing the diffusivity of A1 in the sub- 
strate. A recent study comparing the critical 
A1 content of Fe-A1 alloys found no differ- 
ence between an A1203 dispersion and a 
Y203 dispersion (Pint et al., 1999b). The au- 
thors are not aware of any literature reports 
of a RE addition changing the critical A1 
content of an A1203 former. 

A second, indirect effect is that large do- 
pant ions generally stabilize the transient 
cubic A1203 phases (Schaper et al., 1983; 
Burtinet al., 1987; Ozawaet al., 1990). This 
is well-known in the field of catalysis for 
stabilizing 'y-A1203. It can also lead to prob- 
lems in interpreting the effect of addition 
of RE on the mechanism of oxidation. An 
RE addition which changes the scale from 
mixed-mode-growing a-A1203 to outward- 
growing 8-A1203 could be regarded as in- 

Figure 6-6. SEM secondary-electron 
images of scale cross-sections on (a) 
undoped NiAl after 100 h at 12OO0C, 
(b) Zr-doped NiAl after 500 h at 
1200 "C and (c) Y,O,-dispersed Fe,AI 
after 100 h at 1200 "C. The undoped 
scale (a) has a more equiaxed scale mi- 
crostructure with whiskers at the gas 
interface indicative of a contribution by 
the outward diffusion of Al. After addi- 
tion of reactive element (b) and (c), the 
grain structure is more columnar. 

creasing the amount of A1 transport (Pint 
et al., 1995). In fact, the effect of addition 
of RE on the growth of a-A1203 is to change 
the mixed-mode a-A1203 growth mecha- 
nism to predominantly inward growth by 
oxygen (Reddy et al., 1982; Quadakkers 
et al., 1989; Pint et al., 1993a). Transient 
Al,03 formation is discussed in detail in 
Section 6.3.2.1. 

6.2.2.3 Production of Alloys 
with RE Additions 

The type, amount and method of addition 
determine the extent to which RE doping 
improves oxidation behavior. Although ion 
implantation has been frequently used as a 
model system, several recent studies have 
shown that ion implantation of REs is se- 
verely flawed and does not produce effects 
comparable with RE alloy additions or ox- 
ide dispersions (Pint, 1994; Pint and Hobbs, 
1994; Schumann, 1995). Likewise, RE coat- 
ings are not as effective for long-term im- 
provement. The best performing Y coating 
on Ni3A1 spalled and was undetectable af- 
ter 700 cycles at 1100 "C (Jung and Kim, 
1998). The inability of coatings and surface 
modifications to have significant beneficial 
effects is explained by a model wherein 
RE ions are continuously diffusing outward 
from the substrate into the scale, eventual- 
ly becoming enriched at the scale-gas inter- 
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face (Pint and Hobbs, 1994; Prescott et al., 
1995; Pint, 1996; Pint et al., 1998b, c). The 
driving force for this diffusion is the oxy- 
gen potential gradient in the scale and the 
high oxygen affinity of REs. Without a con- 
tinuous supply of RE in the substrate, the 
beneficial effects are soon lost. 

Alloy or elemental addition of RE are the 
easiest and most widely used methods of 
producing alloys. RE oxide dispersions are 
also of interest because of the dual benefit 
of improving high-temperature mechanical 
properties (dispersion strengthening) and 
oxidation-resistance. Relatively few studies 
have looked at the oxidation behavior of ox- 
ide-dispersed aluminides (Pint et al., 1996; 
Mignone et al., 1998; Pint, 1998). Nickel 
aluminides show an improvement in oxida- 
tion-resistance with additions of Y,O, and 
ZrO, but not to the same extent as with, 
for example, alloy additions of Zr or Hf. 
The oxidation-resistance of Y,O3-dispersed 
Fe3AI is, however, superior to that of alloy 
addition of Y or Zr. 

Because of the high oxygen affinity of 
REs, it is necessary to optimize the addition 
to achieve the maximum effect without 
significant internal oxidation. Addition of 
Hf and Zr is best suited to ~ 0 . 0 5  at.%, 
La addition at lower levels, and Y addi- 
tion at somewhat higher levels (0.1 at.%) 
(Doychak, 1996; Pint, 1998; Pint and 
Wright, 1998). Data for cyclic oxidation 
at 1150- 1200 "C are shown in Fig. 6-7 
for several optimized NiAl substrates. It is 
worth noting that when properly doped with 
0.05 at. % Hf, NiAl was found to be the most 
oxidation-resistant substrate in a wide-rang- 
ing comparison of all types of Al,O,-former 
and RE-dopant (Pint and Wright, 1998). 

6.2.2.4 Applicability and Limitations 

Addition of a RE is primarily observed to 
be beneficial for substrates which already 

iAI+Zr 12OO0C, Ih cycles 

iAI+Hf 1 150°C, Ih cycles 
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Figure 6-7. Dependence of weight gain on time for 
different RE-doped NiAl compositions thermally cy- 
cled at 1150-1200°C. The positive weight gains in- 
dicate little A1,03 scale spallation during these tests. 
The exception is NiAl + Zr during 1 h cycles at 
1200 "C where the downward trend indicates that scale 
spallation has begun. In general the weight gains are 
lower for the Hf-doped materials because of a slower 
AI,O, growth rate. 

form a primary Al,03 scale, e.g. NiA1, 
Fe,Al, or FeA1. Substrates with problems 
forming Al,O, scales are not as significant- 
ly improved by RE additions. In general, 
addition of REs does not make alloys into 
good Al,O,-formers, it makes good A1203- 
formers into better Al,O,-formers, -particu- 
larly by improving the adhesion of the ex- 
ternal A1203 scale. 

For example, TiAl-based alloys, which 
are borderline A1,0, formers in air, are gen- 
erally not significantly improved by addi- 
tion of RE (e.g. Kasahara et al., 1996), al- 
though in pure oxygen under very limited 
conditions RE additions have been observed 
to improve their oxidation-resistance (e.g. 
Taniguchi et al., 1998). Likewise, although 
modest improvements are obtained, addi- 
tion of Y or Y203 to Ni3Al does not prevent 
the transient formation of Ni-rich oxide, 
the spallation of this transient oxide, or the 
oxidation problems associated with A1 de- 
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pletion, especially under long-term, high- 
temperature exposure conditions (Kuenzly 
and Douglass, 1974; Pint et al., 1999a). 
Even with Zr-doping, Ni-A1 alloys with 
less than 40 at.% A1 spall readily at 1200 "C, 
because of the formation of a mixed P-y' 
(NiAl-Ni,Al) structure (Doychak et al., 
1988). 

Although Y is one of the most often dis- 
cussed reactive elements, its applicability to 
intermetallics is limited because of its low 
solubility. This tends to lead to the forma- 
tion of Y-rich precipitates that can result in 
non-ideal behavior (e.g. Kuenzly and Doug- 
lass, 1974). Additions of Hf or Zr seem to 
be preferable. Adding too much RE can, 
however, be a problem when over-doping 
can lead to oxidation behavior worse than 
that of the undoped material (Doychak, 
1994; Pint et al., 1996; Pint, 1998), e.g. 
when REs are added to improve mechanical 
properties. Addition of 0.2 at.% Hf to NiAl 
(Darolia and Walston, 1997) can result in 
initial improvements in oxidation behavior 
but could result in significant oxidation prob- 
lems in long-term high-temperature oxida- 
tion because of internal oxidation of the Hf. 

Above ca. 1350 "C the effect of RE addi- 
tions on scale adhesion, growth rate, and 
microstructure seems minimal. Essentially, 
the A1203 scale grows so fast that the scale 
becomes thick enough to fracture and spall 
even with RE additions. For example, addi- 
tion of Zr to NiAl does not prevent inter- 
facial void formation at 1400 and 1500 "C 
(Pint and Hobbs, 1993). Below approxi- 
mately 900- 1000 "C, Al,O, scale growth 

rates are so low that the effects of RE addi- 
tions are minimal. 

6.2.3 Pesting 

Intermetallic alloys which form protec- 
tive oxide scales at high temperatures often 
have worse behavior at lower temperatures. 
Pesting is a dramatic intermediate-temper- 
ature oxidation phenomenon that seems to 
be limited to intermetallic alloys (including 
beryllides, aluminides, and silicides; no ex- 
amples of chromide pesting were found). It 
is a series of correlated processes that leads 
to disintegration of a susceptible alloy into 
small particles or powder (Fig. 6-8) (Meier 
et al., 1993). Pesting has been identified in 
a number of intermetallic alloys (summar- 
ized in Aitken, 1967 and partially repro- 
duced in Doychak, 1994), in particular, re- 
fractory metal line-compounds such as Mo- 
Si,, NbAl,, and ZrBe,,, are susceptible. 
Pesting has been described and reviewed 
many times (see, for example, Bartlett et al., 
1965; Berkowitz-Mattuck et al., 1965; 
Aitken, 1967; Fitzer, 1990; Grabke et al., 
1991 b; Berztiss et al., 1992; Meschter, 
1992; Chou and Nieh, 1993a; Doychak, 
1994, Grabke and Meier, 1995). Doychak 
(1994) has recently given the most instruc- 
tive review and critique of the phenomenon. 
Pesting will be generally discussed in this 
section, and is covered in more detail for 
NbAl, in Section 6.6.2, MoSi, in Section 
6.9.2.3, and ZrBe,, in Section 6.10.2. 

Aitken (1967) described the common fea- 
tures of pesting - it only occurs on exposure 

Figure 6-8. Example of pesting for 
MoSi, (McKamey et al., 1992). (a) as-cast, 
(b) 24 h, 500 "C, air, (c) 48 h, 500 "C, air. 
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to a reactive gas (typically, oxygen), it pro- 
ceeds rapidly after an incubation period, and 
the resulting disintegration is observed over 
a limited (intermediate) temperature range 
which varies depending on the specific al- 
loy system. Subsequent studies have now re- 
sulted in considerable understanding about 
pesting and there are several additional 
characteristics not previously described by 
Aitken. 

Pesting occurs under conditions of accel- 
erated oxidation when a protective BeO, 
A1,0,, or SiO, scale has not been estab- 
lished. This often occurs at lower tempera- 
tures (4 1000 “C) when both the diffusivity 
of the protective oxide alloy component 
(Be, Al, or Si) and the rate of formation of 
the protective oxide are so low that a con- 
tinuous scale cannot be established. Occa- 
sionally at high temperatures, protective 
scale development is also aided by the vol- 
atilization of other, fast-growing oxides that 
would otherwise disrupt establishment of a 
protective layer (e.g. Mo oxides on MoSi,). 
At lower temperatures, volatilization is 
slowed or does not occur. Consequently, re- 
action rates for intermetallics often actual- 
ly decrease as the temperature is increased 
beyond the accelerated oxidation regime. 
Because the establishment of a protective 
scale depends on the stabilities, reaction ki- 
netics, and, sometimes, volatilities of the 
various oxides, the temperature range of 
pesting susceptibility will be different for 
different intermetallic alloys. 

For the alloys studied most intensively, 
MoSi, and NbAl, (Grabke et al., 1991 b; 
Doychak, 1994), the accelerated reaction 
process has been associated with rapid oxy- 
gen ingress and internal oxidation by trans- 
port through non-protective Mo or Nb ox- 
ide product(s) or an oxygen-affected zone, 
such that a mixture of oxides or oxygen-sat- 
urated metal + oxides is formed. It is only 
after such a microstructure/morphology is 

established that characteristic pest disinte- 
gration will occur (Doychak, 1994). It re- 
sults from the action of stresses, either from 
formation of fast-growing voluminous 
oxides or from external sources, acting on 
the susceptible microstructural mix. Such 
stresses also contribute to the breakdown of 
any partially protective reaction products 
formed during the preceding accelerated ox- 
idation stage. The need to establish a sus- 
ceptible microstructure accounts for the ob- 
served incubation period. Accordingly, ac- 
celerated oxidation alone is not sufficient 
for pesting; stress must also be present. 

Disintegration of the alloy from oxide 
growth stresses and/or applied loads is fa- 
cilitated in systems of limited ductility and 
toughness, which is a characteristic of most 
intermetallics at intermediate temperatures. 
It therefore seems to be a combination of the 
presence of appropriate rapidly oxidizable 
elements together with restricted deforma- 
tion capability that makes intermetallic al- 
loys particularly susceptible to pesting. Be- 
cause processing defects such as pre-exist- 
ing cracks and pores (which are commonly 
observed in many intermetallics) provide 
sites for rapid oxygen ingress, growth of 
voluminous oxides, and stress risers, pest- 
ing is dependent on the starting integrity and 
porosity of the alloy (Berkowitz-Mattuck 
et al., 1965; Berztiss et al., 1992; Cook 
et al., 1992; McKamey et al., 1992; Mesch- 
ter, 1992; Chou and Nieh, 1993a). 

It should be noted that the term ‘pesting’ 
is sometimes erroneously used to describe 
other clearly different oxidation phenome- 
na. It is also often used more broadly, with 
respect to intermediate-temperature degra- 
dation in an oxidizing environment, than is 
justified by the present definition. For exam- 
ple, the end result of rapid degradation of an 
intermetallic alloy by internal or intergran- 
ular oxidation can seem to resemble that of 
pesting, but is certainly not the same as the 
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phenomenon described here. In this regard, 
Doychak, 1994 identified two types of en- 
vironmentally enhanced degradation at low 
to intermediate temperatures - disintegra- 
tion preceded by accelerated surface oxida- 
tion, and intergranular failure without accel- 
erated oxidation. He suggested, on the ba- 
sis of similar considerations as discussed 
above, that only the former is truly pesting. 
Unfortunately, this distinction is often not 
made because the intermediate-temperature 
oxidation-induced degradation of most 
intermetallics has not been studied in suffi- 
cient detail to enable examination of the re- 
spective mechanisms associated with the 
two categories (Doychak, 1994). 

6.3 Ni-A1 Based Intermetallics 

6.3.1 Overview 

Two intermetallic phases are of interest 
for high-temperature applications in the 
Ni-A1 system: NiAl (P, and Ni3A1 ( y'). The 
more Al-rich phases, NiAl, and Ni,Al, have 
relatively low melting points (Fig. 6-9) and 
poor mechanical properties, and thus are of 
limited interest. The Ni,Al, phase is stable 
only to ca. 700 "C and is also very brittle. 

A characteristic of NiA1, and to some ex- 
tent Ni,Al, is the ability to form a protec- 
tive Al,O, scale. The ease of formation of 
protective Al,O, is primarily because of a 
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Figure 6-9. Schematic phase diagram for Ni-A1 (Okamoto, 1993). A small overlap exists in the range of the 
Ni,AI phase field for protective A1,0, scale formation and room-temperature ductility (with further alloying ad- 
ditions). 
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combination of low oxygen permeability, 
relatively high A1 diffusivity (especially for 
NiAl), a clear thermodynamic advantage of 
A1,0, over NiO (see Fig. 6-3), and the rel- 
atively slow growth rate of NiO (Fig. 6-2) 
(Doychak, 1994 and Meier, 1996). Accord- 
ingly, NiAl intermetallics are the most wide- 
ly used oxidation-resistant coatings in gas 
turbines (Smialek et al., 1997). 

There has also been considerable interest 
in NiAl and Ni,Al as high-temperature 
structural alloys. NiAl alloys are particular- 
ly attractive because they combine lower 
density (=6 compared with 8-9 g ~ m - ~ ) ,  
higher melting point ( 1600-1 700 "C com- 
pared with -125O-140O0C), and two to 
fivefold higher thermal conductivity than 
Ni-base superalloys (Darolia et al., 1996; 
Sikka, 1996). Considerable effort has been 
devoted to developing NiAl as a structural 
material (see reviews by Miracle (1993), 
Noebe et al. (1993), and Noebe and Wals- 
ton (1997)). Because of low ambient tensile 
ductility (0-2%) and fracture toughness 
(generally less than 10 Mpa m1'2), poor im- 
pact resistance, and inadequate high-tem- 
perature strength and creep resistance, how- 
ever, the outlook for NiAl as a high-temper- 
ature structural material is poor (Sikka, 
1996; Noebe and Walston, 1997; Williams, 
1997; refer also to Section 6.8.5). The out- 
look for Ni3A1 as a structural material is 
much more promising. 

A comprehensive review of Ni-A1 oxida- 
tion was recently presented by Doychak 
(1994). Oxidation in the Ni-A1 system has 
also been reviewed by Meier and Pettit 
(1992), Meier (1996), Tortorelli and DeVan 
(1996), and Grabke, (1997). This section 
summarizes some key points relating to the 
oxidation behavior of NiAl and Ni3Al and 
updates these earlier reviews with some re- 
cent results. 

6.3.2 NiAl 

A considerable amount of work has been 
conducted on the oxidation behavior of 
NiAl because it is a single-phase, primary- 
A1203 former which is often considered a 
model alloy for oxidation studies. Whereas 
in many ways NiAl is a model material, a 
review of results also shows a few unique 
characteristics, especially with regard to its 
transient oxidation behavior. NiAl has also 
been an excellent matrix material for stud- 
ying the reactive element (RE) effect dis- 
cussed in Section 6.2.2. 

6.3.2.1 Transient Oxidation 

NiAl is particularly prone to the forma- 
tion of cubic or transition aluminas such as 
y-, 6-, and 8-A120, during oxidation. Fac- 
tors which promote the formation of these 
cubic A120, phases are oxidation tempera- 
tures below 1050 "C, environments contain- 
ing water vapor, and low oxygen partial 
pressures. Below 1000 "C, Ni-rich oxide 
phases have also been observed in the ear- 
ly stages of oxidation (Doychak et al., 1989; 
Doychak, 1994). Although the formation of 
transient aluminas was noted much earlier 
(Hagel, 1965; Kear et al., 1971), it has been 
re-emphasized by several more recent stud- 
ies (e.g. Doychak et al., 1989; Rybicki and 
Smialek, 1989) and in the past 10 years has 
been widely studied. The most notable fea- 
tures of the cubic aluminas are their higher 
growth rate compared with a-A1203 - de- 
termined by Rybicki and Smialek (1989) 
and' confirmed by Brumm and Grabke 
(1992) - their unusual morphology (Fig. 
6-10a), often with long blades or whiskers, 
indicative of an outward growth mechanism 
(confirmed by "0 tracer studies, e.g. Pint 
et al., 1995), and their epitaxial relationship 
with the substrate which is not found with 
a-A120, (Doychak et al., 1989; Yang et al., 
1998). 



246 6 High-Temperature Oxidation and Corrosion of lntermetallics 

Transformation to a-A1203 is generally 
observed to begin at the metal-oxide inter- 
face (Schumann, 1995; Yang et al., 1998)' 
thus the scale might have long whiskers or 
blades at the gas interface, indicative of cu- 
bic aluminas, but still consist almost entire- 
ly of a-A1203 beneath this outer layer (Pint 
et al., 1997). The phase transformation pro- 
duces a 8-13% volume reduction which 
results in scale cracking (Doychak, 1994) 
and apparent tensile stresses in the scale 
(Lipkin et al., 1997). Although there is con- 
siderable scientific interest in the various 
oxide phases, in the transformation mecha- 
nism, and in oxide morphology, there is no 
indication that this behavior affects long- 

Figure 6-10. SEM secondary 
electron plan-view images of 
the reaction product formed 
during oxidation in 1 atm 0, 
on (a) Y-implanted NiAI, 
50 h, 1000 "C, (b) undoped 
NiAI, 50 h, 1000 "C, (c) NiAl 
+0.11 at.%Zr,2h, 1200"C, 
(d) undoped NiAI, 2 h, 
1200 "C, (e) Ti0,-dispersed 
NiAI, 2 h, 1200 "C and (f) 
metal exposed after scale 
spallation from undoped 
NiAl after 100 h at 1200°C. 
In (f), the large smooth re- 
gions correspond to interfa- 
cial voids, whereas the other 
regions show grain imprints 
where contact was main- 
tained with the AI,O, scale. 

term oxidation performance (in particular 
oxide spallation) relative to other Al2O3- 
formers. In long-term tests, the transition 
aluminas eventually transform to the only 
stable Al,03 phase, a-A1203. 

Phase transformation from 8 to a results 
in an a-A1203 scale ridge network (Hindam 
and Smeltzer, 1980b; Doychak et al., 1989; 
Doychak, 1994) that, for the sake of clarity, 
is referred to as extrinsic (Fig. 6- 10 b, c). Ex- 
trinsic ridges form on any NiAl alloy that 
doesn't immediately transform to a-A1203 
(a 'delayed' phase transformation). Because 
the transition aluminas grow epitaxially, the 
ridge network varies with the orientation of 
the substrate. On a polycrystalline substrate, 
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the ridge height and spacing vary from grain 
to grain. It is, however, important to stress 
that the extrinsic ridge structure has not been 
found to affect spallation negatively or ben- 
eficially compared with alloys that do not 
form extrinsic ridges. 

In contrast with extrinsic ridges, intrinsic 
ridges form at the gas interface of all un- 
doped a-Al,03 scales as a result of the out- 
ward transport of Al, Fig. 6-10d (Pint et al., 
1997). At oxidation temperatures 2 1200 "C, 
undoped NiAl will typically have an intrin- 
sic rather than extrinsic ridge structure be- 
cause of more rapid transformation from 8 
to a. Additions of Ti, particularly as TiO,, 
seem to accelerate the phase transforma- 
tion from 8 to a and thereby eliminate the 
formation of the extrinsic ridge structure, 
Fig. 6-1Oe (Pint et al., 1997; Pint, 1998). 

Alloys with common RE dopants such as 
Hf and Zr retain the extrinsic ridge struc- 
ture, because these elements inhibit the 
transformation from 8 to a while suppress- 
ing the outward transport of Al. At temper- 
atures such as 1000- 1 100 "C, the ridge net- 
work is very evident with the ridges being 
as much as 2-3 times the thickness of the 
oxide between the ridges (e.g. Hindam and 
Smeltzer, 1980b; Doychaket al., 1988; Pre- 
Scott et al., 1995). At 1200 "C, the ridges are 
no less evident, but represent a small frac- 
tion of the total oxide thickness and thus 
play a much lesser role in the more rapid 
growth of a-Al,03 at this higher tempera- 
ture. 

6.3.2.2 Steady-State Oxidation 

Even without alloying, binary NiAl is 
highly oxidation-resistant. This is partly be- 
cause of a combination of a large reservoir 
of A1 (Fig. 6-9) and a relatively high A1 dif- 
fusivity, which limits the formation of low- 
er Ni-A1 phases at the alloy-scale interface. 
Few studies have looked at the failure (or 

breakaway oxidation) of NiAl because it re- 
quires very long times or extremely high 
temperatures, e.g. more than 3000 l-h cy- 
cles at 1200 "C (Barrett, 1989) or more than 
40 100-h cycles at 1300 "C (Pint and Wright, 
1998). Oxidative lifetime and spallation in 
general have been modeled empirically by 
Barrett (1989), Nesbitt et al. (1992) and 
Lowell et al. (1991) on the basis of a steady- 
state linear spallation rate. 

Although two studies have reported 
pesting or accelerated oxidation in NiAl 
(Brumm et al., 1994; Grabke and Meier, 
1995), the work was done in a sealed envi- 
ronment with very low oxygen partial pres- 
sures (c lo-'' atm). No accelerated or inter- 
nal oxidation problem has been recorded 
for oxidation of NiAl in flowing O,, air, 
H,-H,O, CO-CO, or any actual application 
where aluminide coatings are employed. 

Jedlinski and Mrowec (1987) reported 
that the oxidation of single-crystal NiAl re- 
sulted in slower growth of a-A1203 than 
polycrystalline NiAl. The absence of grain 
boundaries in the alloy was thought to favor 
the formation of a coarse-grained scale, 
which grew more slowly. From a fundamen- 
tal standpoint, further correlation of the ef- 
fect of grain size on oxidation behavior of 
NiAl is warranted. 

The growth mechanism of Al,03 on NiAl 
has been the subject of some controversy. 
Since the mid-l980s, several workers have 
examined the growth mechanism of A1203 
scales on NiAl (Young and de Wit, 1985, 
1986; Young et al., 1986; Van Manen et al., 
1987; Jedlinski and Borchardt, 1991; Jed- 
linski et al., 1992; Jedlinski, 1993). These 
studies used and correctly revealed 
problems with earlier marker studies (e.g. 
Hindam and Smeltzer, 1980a) which had er- 
roneously concluded that a-Al,O3 always 
grew by an inward diffusion mechanism. 
This was because the markers always 'float' 
on the surface of the A1203. 
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"0 studies are, however, difficult be- 
cause of complications associated with the 
A1203 phase transformations, which were 
neglected in many of the studies. When 
these results are interpreted in the light of 
the phase transformation and the RE effect 
on the phase transformation, there is a strong 
indication that cubic aluminas grow by an 
outward A1 transport mechanism. This cor- 
relates well with the whisker-blade mor- 
phology observed. 

Undoped a-A1203 grown at 1200°C on 
NiAl was found by Pint et al. (1993a) to 
grow by the combined outward transport of 
A1 and inward transport of oxygen. This 
study used "0 to determine the growth 
mechanism and glancing-angle X-ray dif- 
fraction to identify time and temperature 
conditions under which the oxide was fully 
transformed to a-A1203 before the second 
oxidant (either or l60) was employed. 
This result matches observations for un- 
doped a-Al,O, scales on FeCrAl (Quadak- 
kers et al., 1989) and NiCrAl (Reddy et al., 
1982) and better explains the more equiaxed 
scale grain structure generally observed 
for a-Al,O, formed on undoped NiAl (Fig. 
6-6a). If a-A1,03 grew predominantly by the 
outward diffusion of A1 (as suggested by the 
earlier studies), then the microstructure 
should reflect it, as for pure Cr where the 
gas-side Cr203 grains are columnar (Przy- 
bylski and Yurek, 1989; Cotell et al., 1990). 

It is also apparent from the scale micro- 
structure and the available diffusion data 
that transport of both A1 and oxygen must 
occur primarily along the scale-grain boun- 
daries. Lattice diffusion is too slow, and 
there are not sufficient cracks or disloca- 
tions to provide an alternative diffusion path 
(Pint et al., 1993a) This interpretation as- 
sumes that the cation and anion sublattices 
are sufficiently separate to enable counter- 
current diffusion without reaction on the 
grain boundary. 

The dominant scale-spallation mecha- 
nism on NiAl is the formation of interfacial 
voids (Giggins et al., 1974; Smialek, 1978; 
Hindam and Smeltzer, 1980b; Pint, 1997b). 
Both faceted and smooth voids are shown in 
Fig. 6-10f (the smaller grain imprints indi- 
cate where the substrate and oxide were still 
in contact). Because of the large amount of 
void formation, A1,0, scales on NiAl are 
not adherent when the scale thickness ex- 
ceeds ca. 1 pm. 

Increased void formation at alloy grain 
boundaries has been noted in NiAl (Kats- 
man et al., 1996) and in columnar-grained 
Ni-base aluminide coatings (Haynes et al., 
1999; Zhang et al., 1999). Despite the for- 
mation of interfacial voids, scale growth 
continues unabated as a result of A1 vapor 
transport across the void from the substrate 
to the scale (Hindam and Smeltzer, 1980b). 
It is generally assumed that these voids form 
as a result of a Kirkendall type effect (e.g. 
Meier and Pettit, 1992), but that interpreta- 
tion is still open to question. A Kirkendall 
mechanism suggests that the fluxes of Al, 
Ni and vacancies do not match in the 
substrate. It is, however, widely observed 
that RE additions suppress void formation 
(see Section 6.2.2) which suggests a major 
change in diffusivities as a result of dopant 
addition. Such a major change has not been 
confirmed, nor does it seem likely. 

An alternative hypothesis for the growth 
of interfacial voids is that indigenous sulfur 
plays arole in accelerating void growth (Grab- 
keet al., 1991a; Pint, 1996). Scale adhesion on 
NiAl has been improved by de-sulfurization 
(Sarioglu et al., 1996; Lee et al., 1998) which 
suggests that the interfacial segregation of in- 
digenous sulfur might affect the formation 
and/or growth of interfacial voids. Work on de- 
sulfurized NiAl has, however, been limited to 
1 100 "C. Whether NiAl can be de-sulfurized 
with the same success as Ni-base superal- 
loys (e.g. Smialek et al., 1994) is not yet clear. 
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6.3.2.3 Effect of A1 Content 

The Ni/A1 ratio is often considered im- 
portant because of a rapid change in defect 
structure, activity (Huang and Chang, 1998) 
and diffusivity (Shankar and Seigle, 1978) 
near NiAl stoichiometry and the improve- 
ment in ductility for Ni-rich NiAl (Russell 
and Edington, 1972). Doychak et al. (1988) 
studied Ni-rich Ni-A1 intermetallics and 
observed only a slight increase in steady- 
state oxide scale growth rate (a factor of 
< lo)  with decreasing A1 content over the 
range 26-50at.% Al. The effect of A1 
might, however, have been masked by the 
beneficial presence of Zr in these alloys. 
Brumm and Grabke (1993) observed that 
interfacial void formation was a strong func- 
tion of composition with Al-rich NiAl hav- 
ing reduced void formation. These experi- 
ments were, however, conducted on rela- 
tively thin scales. 

A recent study was conducted to assess 
the effect of A1 content on the cyclic oxida- 
tion performance of NiAl (Pint and Wright, 
1998). At I 100- 1200 "C, there was virtual- 
ly no effect of A1 content on the rate of spal- 
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lation (Fig. 6-1 l) ,  which correlates with the 
simple, linear spallation rate lifetime mod- 
el (Nesbitt 1989; Lowell et al., 1991; Nes- 
bitt et al., 1992). A Ni-55 at.% A1 alloy 
showed better adhesion after 100, 1-h cy- 
cles at 1 150 "C before undergoing heavy 
spallation, which does imply some benefit 
of a very high A1 content. This level of A1 
also made the alloy extremely brittle, how- 
ever. This work suggests that although the 
rate of void growth and/or formation might 
depend on A1 content, the void fraction 
formed at 1 100- 1200 "C on all undoped 
NiAl alloys between 47.5 and 52.5 at. % A1 
is sufficient to cause spallation. Thus con- 
trolling the A1 content in NiAl to exact stoi- 
chiometry is not critical in oxidation stud- 
ies. 

6.3.2.4 Alloying Additions 

Doychak (1 994) provides an extensive 
summary of the effects of ternary additions 
on the oxidation of NiA1. Reactive element 
additions such as Hf are most beneficial in 
improving the oxidation-resistance of Ni Al, 
and were discussed in detail in Section 6.2.2. 

Figure 6-11. Specimen weight 
change during 1-h cycles at 
1150 "C for a variety of Ni-A1 
alloys (at.%). Weight losses in- 
dicate scale spallation. Near 
stoichiometry there is very lit- 
tle effect on spallation for un- 
doped alloys. Alloys of 45 at.% 
A1 or below formed more Ni- 
rich oxides and a larger amount 
of spallation was observed. Ad- 
dition of Hf and Pt significant- 
ly improved scale adhesion 
during this test (data from Pint 
and Wright (1998) and Pint 
et al. (1998a)). 
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Although addition of Cr improves the hot 
corrosion resistance of NiAl, addition of Cr 
usually degrades oxidation-resistance at 
high temperatures (Smeggil, 1991; Ellis, 
1993; Prajitno et al., 1997), although it has 
also been reported that Cr accelerates the 8 
to a phase transformation (Brumm and 
Grabke, 1992; Klumpes et al., 1996). 

Addition of Ti up to 1 at.% has a slight 
beneficial effect on the oxidation behavior 
of NiAl, whereas addition of Re and Ta up 
to 1 at.% have a slightly negative effect 
(Pint and Wright, 1998), although addition of 
Re to Cr-containing NiAl alloys limits some 
of the negative effects of Cr on cyclic oxida- 
tion-resistance (Phillips and Gleeson, 1998). 

Platinum improves scale adhesion at 
1000- 1200 "C in cast NiAl alloys (e.g. Pint 
et al., 1998a; see also Fig. 6-1 1) and is used 
in commercial Pt-Aluminide coatings (Leh- 
nert and Meinhardt 1972; Smith and Boone, 
1990; Warnes and Punola, 1997). Interest- 
ingly, at 950°C a Pt layer approximately 
50 nm thick deposited on single-crystal 
NiAl did not improve scale adhesion and, in 
fact, inhibited the 8 to a phase transforma- 
tion (Roux et al., 1993). 

In high-activity Pt-modified aluminide 
coatings, where PtAl, is often observed in a 
(Ni,Pt)Al, matrix, the addition of Pt was not 
found to improve scale adhesion (Schaeffer 
et al., 1989). This is, however, inconsistent 
with observations after addition of Pt (and 
Rh) to Ni-, Co- and Fe-base A1203 formers, 
when an improvement in oxide adhesion 
was observed (Felten, 1976; Fountain et al., 
1976; Lowrie and Boone, 1977; Allam 
et al., 1980). Recent observations of low- 
activity Pt-modified aluminide coatings 
(single phase (Ni,Pt)Al, ~ 2 0 %  W/W Pt) re- 
vealed substantially better scale adhesion 
compared with a simple aluminide coating 
with a low (< 1 atom part per million bulk) 
sulfur content (Haynes et al., 1999; Zhang 
et al., 1999). 

Hanrahan et al. (1996) studied the effect 
of addition of 1-10 at.% Be on the oxida- 
tion of NiA1. Additions of Be did not result 
in formation of Be0 at any of the tempera- 
tures tested (800, 1000, 1200 "C). Rather, 
chrysoberyl (Be0-Al2O3) was the predom- 
inant phase formed. For all specimens test- 
ed at up to 7 at.% Be reaction kinetics were 
equal to or slower than those for undoped 
NiAl (short term c 100-h exposures only). 
This was attributed to the rapid formation 
of the chrysoberyl phase then nucleation of 
a-A120, at the scale-metal interface, rath- 
er than the formation of transient A1203 
phases. 

6.3.2.5 Other Corrosive Environments 

Although NiAl readily forms a protec- 
tive, continuous A1203 scale in most envi- 
ronments, under Type-I hot corrosion con- 
ditions, which involve a molten film of (typ- 
ically) Na2S0, in the temperature range 
825-950 "C (see, e.g., review by Rapp and 
Zhang (1994)), it would be expected that 
any Al,03 scale would be rapidly dissolved 
in the molten salt. Given no shift in the ba- 
sicity of the salt (to lower solubility levels) 
after dissolution of the scale, the rate of dis- 
solution of further Al,O, formed on the al- 
loy would not be expected to slow signifi- 
cantly, assuming that the SO2 and/or SO, 
liberated from the salt were removed from 
the reaction zone (as gas, or by the forma- 
tion of internal sulfides). As a result, Type-I 
hot corrosion of NiAl would be expected to 
result in intense, localized consumption of 
A1 . 

In burner rig tests at 913 and 982 "C with 
JP-5 fuel (plus 200ppm NaCl), Kaufman 
(1969) found that Ni-50.9A1 at.% suffered 
hot corrosion attack with the formation of a 
porous scale of NiO and A1203. Whereas 
NiAl was apparently considered relatively 
resistant, A1 was removed from the alloy 
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surface faster than it could be replaced by 
diffusion from the interior of the specimens, 
with the result that a layer of Ni3A1 was 
formed at the reaction front. Ni3A1 seemed 
to be even more susceptible to attack, and 
accelerated hot corrosion ensued. The vol- 
ume increase that accompanied the NiAl to 
Ni3Al phase-change led to void formation 
within the alloy, and cracking of any protec- 
tive scale with ingress of the molten salt. 
Addition of ca. 8-9 at.% Cr or Ti improved 
the resistance to hot corrosion, as did addi- 
tions of ca. 1.5 at.% Cr and 2-4 at.% of, for 
instance, Ti or Mo. 

Romeo and McKee (1975), using cru- 
cible tests and thermobalance exposures, 
found that the resistance of NiAl to hot cor- 
rosion was excellent, whereas y-Ni and 
Ni3Al were susceptible to attack, with Ni3Al 
being the worst. McCarron et al. (1976), 
found that NiAl was more resistant to hot 
corrosion than Ni3A1 in hot corrosion tests 
in a burner rig using 1 %  S fuel (plus 
125 ppm Na, as sea salt) with a specimen 
temperature of 87 1 "C. NiAl containing ca. 
8-9 at.% Cr was the most resistant alloy - 
minimal corrosion penetration was apparent 
after 800 h. A porous corrosion product was 
almost always formed, and internal sulfides 
were present. The beneficial effect of Cr was 
attributed to the stabilization of NiA1. 

Ellis (1993) described a three-phase 
mode of attack observed on NiAl in sodium 
sulfate-coated oxidation (thermobalance) 
tests at 900 "C in oxygen. The initial phase 
consisted of the formation of protective 
Al,03, and was only slightly influenced by 
preoxidation of the alloy. Phase I1 involved 
depletion of A1 in the alloy surface with the 
formation of Ni3A1, along with basic flux- 
ing of the Al,O, scale leading to rapid at- 
tack. Phase I11 involved rapid internal oxi- 
dation in the Ni3Al phase, with no reforma- 
tion of a protective scale because of the pres- 
ence of continuing basic fluxing conditions. 

Reducing the A1 content of the alloy from 
50 to 45 at. % A1 resulted in the elimination 
of Phase I and the immediate onset of Phase 
11-type attack. When, however, 2 at.% Cr 
was added to Ni-46A1 (or 5 at.% Cr to 
Ni-45A1), only Phase I behavior was ob- 
served throughout exposures up to 555 h. 

The effects of addition of Hf (0.5- 
0.8 at.%), Ti (1-5 at.%), Cr(up to 1 at.%), 
and Ga (0.04-0.13 at.%) on the hot corro- 
sion behavior of single-crystal NiAl were 
investigated by Nesbitt (1998) by use of a 
mach 0.3 burner rig at 900 "C. Synthetic sea 
salt was added to the fuel (fuel type not stat- 
ed) at a level that resulted in a concentration 
of 2 ppm wIw in the combustor exhaust. 
Metallographic examination of the speci- 
mens indicated that increasing the Ti level 
from 1 to 5 at.% increased the suscepti- 
bility to hot corrosion, whereas alloys with 
1-2 at.%Crand4-5 at.%Ti werelesssus- 
ceptible than even the lower-Ti alloys. The 
attack initiated as pits, but evolved to a ram- 
pant attack consisting of the rapid, inward 
growth of Al,O,. Na was observed only in 
trace amounts at the locations of attack, 
whereas Mg and Ca, were commonly detect- 
ed. Sulfides were not observed, and sulfur 
was only detected at or near the surface. 
There was a strong tendency for the attack 
to be localized; this was attributed to com- 
positional inhomogeneity in the samples. 

6.3.3 Ni3Al 

The mechanical properties of Ni3A1 are 
much more attractive than those of NiAl, 
particularly after the discovery that room- 
temperature ductility could be dramatically 
improved by addition of B (Aoki and Izu- 
mi, 1979) and control of alloy stoichiome- 
try (Liu et al., 1985), and that the dynamic 
oxygen embrittlement that occurs in the 
500 to 800°C temperature range (Liu and 
White, 1987; Horton et al., 1988; DeVan 
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and Hippsley, 1989; Takeyama and Liu, 
1992) could be mitigated by the addition of 
ca. 8 at.% Cr (Liu and Sikka, 1986; Liu, 
1988). Such Ni3Al alloys contain approxi- 
mately 15% VIV of the y-Ni phase, have 
room-temperature tensile ductilities in the 
range 10-50%, and can have high-temper- 
ature strength in excess of 250 MPa at 
1093 "C (Liu and Sikka, 1986; Sikka, 1996). 
The main drawback is inadequate creep re- 
sistance at high temperatures. 

The y' phase based on Ni3A1 is the pri- 
mary strengthening phase in the highest 
strength Ni-base superalloys. Attempts to 
improve the creep strength of Ni3A1 alloys 
to levels comparable with those of the y (Ni 
solid solution based) and y' superalloys, in- 
cluding oxide dispersions (Mason and 
Grant, 1995; Arzt et al., 1997; Klotz et al., 
1997), have not been successful. Therefore, 
Ni3A1 alloys are primarily considered as a 
replacement for stainless steels and Ni-base 
superalloys in intermediate temperature 
(less than 800 "C) applications. One attrac- 
tive application for Ni3A1 is as furnace ware 
in the heat-treatment industry; this takes ad- 
vantage of the excellent carburization resis- 
tance of Ni3A1 compared with convention- 
al alloys (Sikka, 1996). For certain high- 
temperature applications such as manufac- 
turing dies and molds, where creep resis- 
tance is not a major requirement, Ni3A1 al- 
loys also show great promise (Sikka, 1996). 

6.3.3.1 Transient Oxidation 

The reduced oxidation performance of 
Ni3A1 relative to NiAl is because of its low- 
er A1 content which is below that necessary 
for initial formation of an exclusive, exter- 
nal A1203 scale (Pettit, 1967). Instead, a 
transient Ni-rich oxide is formed (this is ob- 
served for A1 content up to approximately 
35 at. % (Tortorelli and DeVan, 1996). This 
layer is consistently found to contain NiO 

and NiA1,0, with more spinel at higher 
temperatures and longer exposure times 
(Kuenzly and Douglass, 1974; Cathcart, 
1985; Doychak, 1994). This observation 
was confirmed recently by cross-sectional 
TEM work on single-crystal Ni3A1 oxidized 
at 950- 1200 "C for short times (Schumann 
and Ruhle, 1994). 

At higher oxidation temperatures 
(1200 "C), the inner A1203 layer is colum- 
nar-grained a-A1203 with voids between 
the A1203 layer and the outer, Ni-rich layer 
(Doychak and Ruhle, 1989; Pint et al., 
1999a). At somewhat lower temperatures 
(950"C), the inner A1203 layer is a cubic 
A1203 such as y (Schumann and Ruhle, 
1994). At still lower temperatures, the out- 
er Ni-rich oxide predominates initially, fol- 
lowed by the formation of internal Al-rich 
oxides (see review of Tortorelli and DeVan 
( 1996) for example). 

6.3.3.2 Steady-State Oxidation 

When an inner, continuous, external 
A1203 layer forms, growth rates and trans- 
port mechanisms in Ni3Al are similar to oth- 
er A1203-formers, such as NiAl (Doychak, 
1994; Tortorelli and DeVan, 1996). With 
time, however, the consumption of A1 from 
the alloy to form A1203 reduces the A1 con- 
tent at the alloy-scale interface below the 
critical value necessary to form external 
A1203, and internal oxidation of A1 and for- 
mation of NiO begin to dominate (e.g. De- 
Van et al., 1991). In general, the steady-state 
behavior of Ni3Al can be divided into two 
temperature regimes, above and below ap- 
proximately 900 "C. While Ni3Al has shown 
good oxidation-resistance above 900 "C in 
the short-term testing typically reported in 
the literature, e.g. (Choi et al., 1996), in 
long-term exposure the low A1 content will 
result in severe limitations compared with 
other A1203-forming alloys. 
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In cyclic oxidation test at 1 100 "C, weight 
loss for Ni3Al was >20 mg cm-2 after 300 
1-h cycles (Jung and Kim, 1998). This is in- 
dicative of severe attack where an external 
A1203 scale can no longer be formed. Typ- 
ically, no weight loss was measured for NiAl 
after similar exposure with only a small 
amount of spalled A1203 (Pint and Wright, 
1998). Although numerous studies have 
characterized oxidation behavior at temper- 
atures of 900 "C and above, Ni3A1 has nei- 
ther appropriate mechanical behavior nor 
oxidation-resistance at these temperatures 
for most long-term structural applications. 

Below about 900 "C, the oxidation behav- 
ior of Ni3Al can be quite variable. Again, 
because of its low Al content, Ni3A1 has dif- 
ficulty forming a protective external Al,03 
scale. For example, PCrez and co-workers 
(PCrez et al., 1997, 1998b) note a transition 
to continuous A1203 formation in the 600- 
750 "C range, depending on the oxidation 
temperature and time, but only after a peri- 
od of internal oxidation of Al. At lower tem- 
peratures, a thick NiO layer and internal ox- 
idation of Al was observed; this is similar 
to other observations (e.g. DeVan et al. 
( 1991) and Tortorelli and DeVan (1996)). 

This type of oxidation behavior was mit- 
igated in fine-grained Ni3AI produced by a 
powder metallurgy (PM) process (PCrez 
et al., 1998a). Presumably because of the 
higher density of grain-boundary diffusion 
paths for Al (thus effectively increasing A1 
diffusivity), the finer-grained PM alloy 
formed a continuous Al,O, layer in less 
time. A similar fine-grain effect has been 
observed for a Ni3(A1, Cr) (16 at.% Al, 
8 at.% Cr) sputtered coatings (Wang, 1997), 
oxide dispersed Fe-A1 alloys (Pint et al., 
1999b) and low alloyed Fe-Cr-A1 alloys 
(Maloney and Yurek, 1989), suggesting that 
alloy grain size is a critical factor in deter- 
mining oxidation behavior of low Al-con- 
tent alloys such as Ni3Al. 

6.3.3.3 Alloying Effects 

The effects of ternary additions on the ox- 
idation-resistance of Ni3A1 have been exten- 
sively summarized by Doychak (1994). Ad- 
ditions of third elements with intermediate 
thermodynamic stability between Ni and Al, 
such as Cr, (Horton et al., 1988; Hippsley 
et al., 1990; Pan et al., 1991; Wang, 1997) 
or Si (Doychak, 1994; Yi et al., 1996), have 
been observed to improve oxidation behav- 
ior. The effect of Cr or Si on oxidation might 
be the result of a third-element getter effect 
(e.g., Stott et al., 1995) or some other type 
of synergism, such as increased A1 diffusiv- 
ity or activity. In general, the addition of Cr 
does not change the oxide microstructure 
significantly or result in the formation of a 
Cr-rich oxide, but it does slow the growth 
of the external, Ni-rich oxide (Hippsley 
et al., 1990; DeVan et al., 1991). Other ad- 
ditions such as B, Co, Fe, and Ti have little 
overall effect on oxidation behavior (Tani- 
guchi and Shibata, 1986, 1987; Doychak, 
1994; Choi et al., 1996). Reactive elements 
are generally only modestly effective for 
Ni3Al (see Section 6.2.2 for further details). 

Of primary importance is the beneficial 
effect of addition of ca. 8 at.% Cr (Liu and 
Sikka, 1986; Liu, 1988), primarily for Al, 
which eliminates the susceptibility of Ni3A1 
to dynamic oxygen embrittlement in the 
500-800 "C temperature range (Liu and 
White, 1987; Hortonet al., 1988, DeVan and 
Hippsley, 1989; Takeyama and Liu, 1992). 
This embrittlement results from oxygen 
penetration along grain boundaries, espe- 
cially at crack tips (Takeyama and Liu, 
1992). Crack growth studies have suggest- 
ed that it is associated with internal oxida- 
tion of A1 at grain boundaries, rather than 
adsorption of oxygen (DeVan and Hippsley, 
1989). When the temperature is increased 
above approximately 800-850 "C, a switch 
from internal oxidation to continuous Al,O, 
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scale formation occurs for Ni,A1 alloys. 
Inward oxygen penetration is essentially 
stopped by the continuous A1203 scale and 
dynamic oxygen embrittlement is prevent- 
ed. The mechanism by which addition of Cr 
negates dynamic oxygen embrittlement in 
Ni,Al is not well understood and is an area 
in need of future work. It is speculated that 
it is associated with the formation of protec- 
tive Cr203 films that reduce oxygen pene- 
tration at grain boundaries in the suscepti- 
ble temperature range where a continuous 
A120, scale is not formed (Hippsley et al., 
1990; Takeyama and Liu, 1992), although it 
should be noted that TEM studies by Hor- 
ton et al. (1988) showed that a continuous 
Cr,O, layer was not formed on a Ni,Al + 
Cr-based alloy during the initial stages of 
oxidation at 600 "C in air. 

6.4 Fe-A1 Based Intermetallics 

6.4.1 Overview 

The phase diagram for the Fe-A1 system 
(Fig. 6-12) indicates that whereas A1 has 

relatively low solubility in face-centered cu- 
bic (fcc) y-Fe, it is soluble up to approxi- 
mately 54 at.% (at 1092 "C) in body-cen- 
tered cubic (bcc) a-Fe. Six intermetallic 
phases have been identified: Fe3Al, FeA1, 
Fe2A1,, FeAl,, Fe2A1,, and FeAl, (Kuba- 
schewski and Schmid-Fetzer, 1992). Fe,Al 
(DO,) and FeAl (B2) have received the most 
interest and are the focus of this section. 

As illustrated in Fig. 6-13, there are 
several equilibrium phases near Fe,Al - a 
disordered solid solution (a); an Fe,Al with 
an imperfectly ordered B2 structure which 
transforms below approximately 550 "C to 
an ordered Fe,Al with the DO, structure; 
and the two-phase regions a + DO3, and 
a + B2. The most reliable equilibrium dia- 
gram is considered to be that of Okamoto 
and Beck (1971), whereas that of Oki et al. 
(1973) represents a metastable condition. 
The unit cells of the ordered B2 and DO, 
structures can be distinguished because the 
B2 superlattice is a bcc cell with Fe on one 
sublattice and A1 on the other, whereas the 
DO, superlattice consists of eight B2 super- 
lattices stacked to maximize the distance 
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Figure 6-12. Schematic Fe-A1 
phase diagram (Kubaschewski, 
1986; Kubaschewski and Schmid- 
Fetzer, 1992). Room-temperature 
ductility (with alloying additions) 
and protective A1,0, scale forma- 
tion overlap significantly. The 
key mechanical property consid- 
eration in Fe-Al-based alloys is 
the lack of high-temperature 
strength, not room-temperature 
ductility. 
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At. % Al 
Figure 6-13. Schematic of equilibrium phases near Fe,Al (Allen and Cahn, 1975). 

between the A1 atoms. Both the B2 and DO, 
crystal structures of Fe,Al are bcc-deriva- 
tive structures, with high crystal symmetries 
and slip behavior similar to a-Fe, whereas 
FeAl has the B2 structure. 

Whereas both Fe3Al and FeAl(e40 at.% 
Al) are intrinsically ductile, they are suscep- 
tible to embrittlement at room temperature 
in the presence of moisture. This phenome- 
non is because of the strong affinity of fresh- 
ly exposed surfaces of the alloys for oxy- 
gen. When water is the oxidant, this results 
in the release of hydrogen which can then 
enter the alloy. This problem has been mit- 
igated by microalloying with, for example, 
Cr, Zr, and C and by control of microstruc- 
ture (McKamey et al., 1991; Lynch and 
Heldt, 1994; Stoloff et al., 1994; McKamey, 
1996; Liu et al., 1998). 

Properties such as good resistance to ox- 
idation and corrosion (in particular sulfida- 
tion), low density (Fe3A1: 6.5 g ~ m - ~ ;  FeA1: 
5.6 g cm-,), inexpensive raw materials, 
and low content of strategic elements have 
driven the development of iron aluminides. 

Compositional optimization and processing 
developments have resulted in alloys with 
good tensile strength to 650 "C and room- 
temperature ductilities in the range 2-10% 
when produced on an industrial scale (10- 
20% room-temperature ductilities for labor- 
atory-scale wrought alloys) (McKamey 
et al., 1991; Maziasz et al., 1995; McKa- 
mey, 1996). Optimization via conventional 
strengthening mechanisms has resulted in 
FeAl-based alloys which are somewhat 
stronger, i.e. improved creep strength, than 
Fe,Al. In many applications cast and 
wrought iron aluminides (Fe,Al- and FeAl- 
based) have useable strengths comparable 
with type 300 stainless steels (Fe-18Cr- 
8Ni % w/w base). 

The maximum temperature at which iron 
aluminides have sufficient strength for 
structural application (600-650 "C) is sig- 
nificantly lower than temperatures at which 
they have maximum resistance to corrosion 
(>900"C). One approach to boosting the 
high-temperature mechanical properties has 
been the development of oxide dispersion- 
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strengthened (ODS) alloys. ODS-Fe3A1 has 
been shown to have creep strength similar 
to that of Inconel MA956 (commercial ODS 
FeCrAl alloy) at temperatures up to 1075 "C 
while retaining its excellent resistance to 
various forms of high-temperature corro- 
sion (Wright et al., 1998). An ODS-FeA1 
alloy, designated FeA140 Grade 3, is mar- 
keted by CEAKEREM, Grenoble, France 
for automotive and aerospace applications 
based on its high specific stiffness (to 
600°C) and its superior corrosion resis- 
tance, in particular sulfidation (to 1000 "C). 
The drawbacks of ODS are high cost and 
difficulty in joining. 

Fe,Al-based alloys have recently been 
developed for use as hot-gas filters in com- 
bustion and gasification environments (e.g. 
Tortorelli et al., 1998a), an application for 
which high-temperature strength is not a 
major issue. Iron aluminides are also candi- 
dates as coatings for protection against 
high-temperature corrosion under condi- 
tions where chromia-forming alloys are 
unsatisfactory. Coatings allow the benefits 
of their exceptional corrosion resistance, 
e.g. sulfidation, to be exploited in situations 
where the strength of the alloy is of secon- 
dary importance. 

Other potential advantages of iron alumi- 
nides as coatings are that they provide an 
excellent match in terms of coefficient of 
thermal expansion and have similar (some- 
what lower) thermal conductivity to the 
austenitic steels, which would be likely sub- 
strates requiring protection. A key issue is 
production of crack-free coatings. Guide- 
lines under development indicate that iron 
aluminide coatings should contain a mini- 
mum level of 25 at.% A1 for maximum sul- 
fidation resistance, although less than 
18- 19 at.% A1 is recommended for coat- 
ings deposited by weld overlaying, to pre- 
vent cracking (Banovic et al., 1997, 1998). 
Klower (1997) reports that an Fe-18.7A1- 

1.95Cr-0.03Hf at. % alloy has been suc- 
cessfully applied as an external cladding on 
an austenitic boiler tube steel by hot rolling. 

Given that Fe-A1 intermetallics were 
among the earliest intermetallics investigat- 
ed, a historical perspective of Fe-A1 alloy 
development will be presented. This is fol- 
lowed by a discussion of the oxidation be- 
havior of Fe3A1 and FeAl in air. Because of 
interest in their use in complex, corrosive 
environments, a detailed discussion of the 
'oxidation' behavior of iron aluminides in 
intermediate temperature (< 800 "C) envi- 
ronments containing species such as sulfur, 
chlorine, and carbon will also be presented. 

6.4.2 Historical Perspective 

Research on iron aluminides is not a re- 
cent development. Order-disorder in Fe-A1 
alloys was studied as early as 1908 (Gwyer, 
1908). Subsequent work by other investiga- 
tors indicated that alloys of iron containing 
up to about 52 at.% A1 consisted of a homo- 
geneous solid solution with interesting me- 
chanical properties. A comprehensive study 
of the physical properties of these alloys was 
reported in 1934 (Sykes and Bampfylde, 
1934) and, although they reported being 
able to hot-work alloys containing up to 
30 at. % A1 and to draw an Fe-22A1 at. % al- 
loy into wire, little interest was shown in 
these alloys until the 1950s, when the US 
defense industry was looking for high-qual- 
ity magnetic materials containing no alloy- 
ing elements considered to be strategically 
sensitive. 

Extensive work by Nachman and Bueh- 
ler (1 953) at the US Naval Ordnance Labor- 
atory resulted in successful production of a 
cold-worked material that could be pro- 
duced in thin sheets and as tape as thin as 
7.6 mm (0.3 mil). The resulting alloy nom- 
inally contained 28 at.% A1 (16% w/w Al) 
and was known as 16-Ailfenol. The excellent 
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high-temperature oxidation-resistance of 
this alloy led to further research to increase 
its high-temperature strength. Alloying ad- 
ditions of approximately 3 % wIw Mo result- 
ed in stress-rupture properties significantly 
better than those of type 403 stainless steel 
at 593 "C, and similar to those of types 3 16 
and 32 1 at 650 "C. This alloy was known as 
Thermenol (Nachman and Buehler, 1954). 
Further refinements included addition of 
0.05 to 0.10% wIw C and 0.2 to 0.4% wIw 
Zr to reduce grain growth (Nachman and 
Buehler, 1955, 1956; Buehler and Dalrym- 
ple, 1957, 1958). One potential application 
was as compressor blades in aircraft gas tur- 
bine engines (Sawyer and Pekarek, 1955; 
Johnson, 1957). The parallel development 
of stronger Fe-Cr- and Ni-Cr-Al-based al- 
loys such as A286 and Waspaloy prevented 
Thermenol from entering service, however. 

In subsequent years, the main thrust of re- 
search to develop near-Fe3Al-based alloys 
has been understanding the processing re- 
quirements necessary to enable the proper- 
ties of the alloys to be exploited, particular- 
ly routes to overcoming their limited ductil- 
ity at low temperatures, and the sharp drop 
in strength above approximately 600 "C. 
Major research efforts have been reported 
by the Ford Motor Co. (Justusson et al., 
1957; Wright Air Development Center, 
1957-59; Stoloff and Davies, 1964), Iowa 
State University (Leamy, 1967a, b; Leamy 
et al., 1967,1969; Leamy and Kayser, 1969; 
Marcinkowski et al., 1975), TRW (Culbert- 
son and Kortovich, 1986), Pratt and Whit- 
ney (Bordeau, 1987), and recently by the 
Oak Ridge National Laboratory (McKamey 
et al., 1986, 1988, 1990; Sikka et al., 1990). 
These mechanical property studies have 
been well summarized in several reviews 
and conference proceedings (Hardwick and 
Wallwork, 1978; McKamey et al., 1991; 
Schneibel and Crimp, 1994; McKamey, 
1996; Deevi et al., 1997). Very good resis- 

tance of these alloys to high-temperature ox- 
idation has been considered an inherent 
property. 

6.4.3 Thermodynamic and Kinetic 
Considerations in the Fe-AI-0 System 

Five oxides are possible in the Fe-Al-0 
system (Kubaschewski and Schmid- 
Fetzer, 1992) - FeO (560- 1424 "C); spinel 
structures between Fe304 and FeA1,04 
(Fe3,A1,0,, with 0 < x < 2 above 860 "C); 
Fe203; and A1203. For a cast, binary Fe-A1 
alloy, approximately 16-19 at.% A1 is 
needed to suppress internal oxidation and 
the growth of iron oxides at 800-900 "C so 
that the sole scale formed is A1203 (Toma- 
szewicz and Wallwork, 1978,1983). Calcu- 
lations of the activities of Fe and A1 in Fe-A1 
binary alloys at 1000°C (Steiner and Ko- 
marek, 1964), and recent measurements at 
1300 "C (Jacobson and Mehrotra, 1993) 
have indicated strong negative deviations 
from Raoult's Law. Extrapolation indicates 
that at 1300°C the activity of A1 in Fe3Al 
(XA, = 0.15) and in FeAl (XA, = 0.325) is re- 
markably low (0.01 and 0.06, respectively), 
with correspondingly high Fe activities 
(0.76 and 0.42, respectively). Nevertheless, 
differences between the thermodynamic 
stabilities of Al,03, Fe203, and Fe304 at 
1300 "C are sufficiently large that essential- 
ly exclusive A120, formation would be ex- 
pected both for Fe3Al and FeA1. 

6.4.3.1 Fe,AI 

The high-temperature oxidation behavior 
of Fe3Al-based iron aluminides has been 
well documented in recent years (Pint et al., 
1999c; Tortorelli and Natesan, 1999). The 
critical A1 concentration for exclusive 
A1203 formation is reduced by addition of 
Cr (Tortorelli and DeVan, 1992) or in- 
creased by addition of Ni (Tomaszewicz and 
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Wallwork, 1978). Metallurgical factors also 
can be important - binary ingot-processed 
alloys were found to require an A1 concen- 
tration for A120, scale formation approxi- 
mately 4 at. % greater than for oxide disper- 
sion-strengthened (ODS) Fe-A1 alloys at 
900°C (Pint et al., 1999~).  This reduction 
was attributed to the fine, oxide dispersion- 
stabilized grain size of the particular ODS 
alloys studied. 

The Fe,Al-based alloys of current inter- 
est typically contain at least 28 at.% Al, 
which is significantly in excess of the A1 lev- 
el required to ensure that an A1203 scale 
forms with only a minimum of base-metal 
oxides, thus, an essentially exclusive A1203 
scale forms under most conditions of expo- 
sure above about 500 "C (Hagel, 1965; To- 
maszewicz and Wallwork, 1978; DeVan, 
1989; Prescott and Graham, 1992; Tortorel- 
li and DeVan, 1992). The predominant sur- 
face product between 600 and 800 "C is re- 
portedly y-A1203 (Sakiyama et al., 1979), 
but other forms, such as 8-A1203, might al- 
so exist in this temperature range (Pint, 
1997a). Transition to the slower growing a- 
A1203 occurs at approximately 900 "C (Tor- 
torelli and DeVan, 1992; Renusch et al., 
1997). This is a lower temperature than oc- 
curs with 6-NiAl (Rybicki and Smialek, 
1989) (see also Section 6.3.2.1, Transient 
Oxidation, in the discussion of Ni-Al-based 
intermetallics for further details) and is pos- 
sibly because Fe203 or Cr203 acts as a pre- 
cursor template for the growth of a-A1203 
on Fe3A1 (Renusch et al., 1997). 

A characteristic feature of the oxidation 
behavior of Fe,Al is a tendency for scale 
spallation on cooling from reaction temper- 
ature. This is likely due to the very large dif- 
ference in the CTE of A1203 and Fe3A1 (Pint 
and Wright, 1998). Small alloying additions 
of reactive elements (RE) such as Zr or Y in 
ingot-processed alloys (Pint et al., 1999c) or 
of Y added as an oxide dispersion in pow- 

der metallurgically-produced alloys (Pint et 
al., 1996) have, however, been shown to im- 
prove resistance to scale spallation signifi- 
cantly, but not prevent it. 

Additions of Cr increase the oxidation 
rates of binary alloys based on Fe3A1 in iso- 
thermal tests to 200 h at 800-900 "C (De- 
Van, 1989; Tortorelli and DeVan, 1992a). 
Nevertheless, Fe3A1 alloys containing 
2-5 at.% Cr and various minor addition of 
RE have long-term oxidation performance 
that approximates that of FeCrAlY alloys 
and of RE-doped NiAl at 1000 and 1 100 "C 
but is inferior at 1200 and 1300°C (Pint 
et al., 1996, 1999~).  Without these oxygen- 
active elements, the oxidation rate is faster 
in air than in oxygen (particularly at 1000 
and 1100 "C) owing to internal nitridation 
beneath the A1203 scale (Pint et al., 1999d). 

6.4.3.2 FeAl 

FeAl, especially Fe-36 at.% A1 (Liu 
et al., 1993; Maziasz et al., 1995) and Fe-40 
at.% A1 (Okada et al., 1994; Pocci et al., 
1994; Moret et al., 1996), has received con- 
siderable attention because of its low den- 
sity, low raw material cost, excellent resis- 
tance to oxidation and to wear, and its good 
strength and high specific stiffness in the 
range 300 to 800°C. Much research effort 
has been focussed on improving its room 
temperature brittleness, high-temperature 
creep resistance, and weldability (see, for 
instance, Schneibel and Crimp, 1994). 

The definitive study of the oxidation be- 
havior of FeAl was conducted by Smialek 
et al. (1990a). In the temperature range 900 
to 1100 "C, the rate of oxidation of Fe-40A1 
doped with Hf, Hf + B, or Zr + B was some 
five times faster than expected for the for- 
mation of pure a-A1203 (Fig. 6-14). A tran- 
sition from high to low oxidation rates 
between 900 and 1000°C corresponded to 
the development of a predominantly a- 
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A1,0, scale, as was also observed for Fe,Al 
and NiAl + Zr (Rybicki and Smialek, 1989); 
similar morphological changes were also 
noted. 

Scale spallation in the form of fine dust- 
ing was only slight during cyclic oxidation 
exposure at 900 "C but increased with in- 
creasing temperature and was more exten- 
sive for the Zr-doped alloy than the Hf- 
doped versions, suggesting that the levels of 
RE doping were far from optimum. Rom- 
merskirchen et al. (1997) observed a simi- 
lar transition in the A1,0, scale formed on 
Fe-48A1 and Fe-40A1 at. % - only 8A120, 
was formed in He-1 % O2 at 800-850 "C, 
whereas in the range 900 to 1050 "C conver- 
sion to a-A120, occurred at a rate that in- 
creased rapidly with increasing tempera- 
ture. The scale that formed at 1100 "C was 
apparently exclusively a-A1203 and had 
the typical extrinsic ridge pattern (refer to 
Section 6.3.2.1 for a discussion of ridge net- 
work morphology on A1203). An increased 
tendency for scale spallation also was evi- 
dent at this temperature, with large voids 
formed at the scale-metal interface. The ex- 

Figure 6-14. Comparison of the rates of 
oxidation of Fe-40AI at.% doped with 
Hf, Hf + B, or Zr + B with those or the 
formation of pure a-Al,O, in the tem- 
perature range 900 to 1100 "C (Smialek 
et al., 1990a). 

tent of void formation in Fe-A1 alloys in- 
creased with increasing temperature and 
with increasing alloy A1 content from 15 to 
48 at.%. 

6.4.4 Other Corrosive Environments 

Because one of the major attributes of the 
iron aluminides is their excellent resistance 
to many forms of corrosive and abrasive at- 
tack, their behavior in environments other 
than air or oxygen is also of interest. The 
tendency of the iron aluminides to form con- 
tinuous A1203 scales with virtually no ex- 
ternal layer of transient oxides (of Fe or oth- 
er alloying elements) in all except severely 
reducing conditions suggests that the sus- 
ceptibility to attack by species other than 
oxygen will depend largely on the capacity 
of the environment to chemically react with 
or breach the A120, layer. In practice, a like- 
ly scenario for corrosive attack is that where 
access of the corrosive environment to the 
alloy substrate follows mechanical damage 
to the A1,0, layer. In this circumstance a 
process of repeated scale formation in the 
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damaged areas would be expected. Wheth- 
er or not the associated local depletion in A1 
continued until a sufficiently low level was 
reached, and further protection was not pos- 
sible, would depend on the specific chemi- 
cal and morphological nature of the local- 
ized attack. 

6.4.4.1 Sulfur-Containing Gases 

In many service environments, sulfur will 
co-exist with oxygen, carbon, chlorine, 
and/or hydrogen. Examples include flue 
gases from combustion processes which 
contain SO, and have high oxygen partial 
pressures, and syngas produced from gasifi- 
cation of coal, in which the sulfur partial 
pressure (Ps2) is high and Po* is low. Usu- 
ally, however, the oxygen potential is still 
sufficient to form Al,03 on Fe3Al and FeAl 
alloys. 

The specific conditions under which a 
protective Al,03 scale will remain thermo- 
dynamically stable can be determined from 
Ellingham-Pourbaix diagrams drawn for a 
specific gas temperature and pressure (and 
for given activities of the alloy components), 
such as that illustrated in Fig. 6-15. As long 
as the effective oxygen partial pressure ex- 
perienced by the alloy surface is to the right 
of the A1,S3-Al,03 phase boundary indicat- 
ed by a dashed line in Fig. 6-15, a protective 
A1203 scale would be expected to be the 
stable equilibrium corrosion product. 

The tendency of Fe3A1 to form an A1203 
scale at very low oxygen partial pressures 
in the presence of a significant sulfur activ- 
ity has been amply demonstrated (Setter- 
lund and Prescott, 1961; DeVan et al., 1989; 
Natesan, 1997; Schutze and Noth, 1998). 
Al,03 does not, however, form in pure sul- 
fur vapor or H,-H,S mixtures at oxygen 
partial pressures (Po2) lower than those in- 
dicated by the Al,03-Al,S3 phase bound- 
ary. Nevertheless, binary iron-aluminide 
alloys containing more than approximately 
31 at.% A1 have good resistance to sulfur 
vapor up to approximately 750 "C (Strafford 
and Manifold, 1972; Patnaik and Smeltzer, 
1985a; Smith and Smeltzer, 1987; Mrowec, 
1995). At 750 and 900 "C in sulfur vapor at 

Pa an Fe3A1 alloy containing 28% A1 
formed an external scale of A12S3 which 
controlled the rate of reaction; at sulfur pres- 
sures > 133 Pa reaction rates increased rap- 
idly with time above 800°C (Patnaik and 
Smeltzer, 1985b). 

In gaseous, combustion atmospheres, the 
oxidation rates for Fe3Al and FeAl are ap- 
proximately equal to those for mixed gases 
containing up to at least 1% SO, (Tortorel- 
li and DeVan, 1996; Natesan and Tortorel- 
li, 1997). In sulfidizing gases, the scale 
formed on the iron aluminides does not con- 
tain appreciable amounts of Fe or Cr spe- 
cies and this results in significantly better 
resistance at 600 to 800°C than that of 
A1203-forming FeCrAl alloys on which 

Figure 6-15. Superim- 
posed Ellingham-Pourbaix 
diagrams for the Fe-0-S 
and Al-0-S systems 
drawn for 600 and 700 "C 
and 1 atm total pressure 
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Figure 6-16. In sulfidizing gases iron 
aluminides are significantly more re- 
sistant than alumina-forming FeCrAl 
alloys. Sulfidizing environment (Po* = 
4 x 10-l' atm; pS,  = 9 x lo-' atm) at 
875 "C. For Fe-AI the transition to 
protective behavior occurred between 
18.7 and 22 at.% Al (data of Natesan, 
1997). 

Cr- and possibly Fe-sulfides can form, Fig. 
6- 16 (Natesan, 1997). Natesan (1 997) also 
demonstrated that the corrosion behavior of 
an FeCrAl alloy only approached that of 
FeAl in such an environment when it was 
pre-oxidized to form an exclusively A1,03 
scale. 

Fig. 6-17 shows the detrimental effect of 
Cr on the resistance of Fe,Al to sulfidation 
at 800 "C. DeVan (1989) reported that the 
maximum resistance to sulfidation was de- 
veloped in Fe-28A1 when the Cr concentra- 
tion was less than 2 at.% or, alternatively, if 
the A1 concentration was increased. On the 
other hand, Klower (1997) proposed that be- 
cause the alloy A1 content would probably 
be limited to approximately 18- 19 at. % by 
the need for good fabricability, an increase 
in the Cr content (to 9-10 at.%) would be 
desired to increase resistance to sulfidation 
attack (the protection coming from the 
formation of Fe(Cr,Al),O,-type spinels). A 
fully-heat treated ODS Fe-28A1-2 at.% Cr 
alloy has demonstrated low corrosion rates, 
matching those measured earlier for a sim- 
ilar composition produced by conventional 
ingot metallurgy techniques in a typical 
H,S-H,-H,O-Ar gas at 800 "C (Tortorelli 
et al., 1997). Pocci et al. (1994) reported 
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Time (h) 

Figure 6-17. The detrimental effect of Cr on the 
resistance of Fe,Al to sulfidation at 800°C in H,S- 
H,-H,O (Tortorelli and DeVan, 1994). 

that an Fe-40 at.% A1 alloy doped with Zr, 
C, and B suffered corrosion attack to a depth 
of 5 pm, compared with 15 pm for Alloy 
8OOH (Fe-20Cr-32Ni % w/w base) and 
25 ym for type 3 16L stainless steel after ex- 
posure for 500 h at 600 "C, 70 bar total pres- 
sure, to a simulated gasifier gas (Ps2= 
lop9 atm; Po,= atm; a, = 0.5). This 
same alloy was reportedly more than four 
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times more resistant than MA956 to a sulfi- 
dizing environment (H2-2% vIv H2S-CO,) 
after 500 h at 700 "C. 

The potential for using iron aluminide as 
a protective coating in severely sulfidizing 
conditions was demonstrated in exposures 
in a laboratory combustion rig designed to 
simulate flame impingement conditions on 
the furnace wall tubes of a coal-fired boiler 
(Tortorelli et al., 1998b). Weld overlay 
coatings on a low-alloy steel (T-22) were 
exposed for 50 h at 450-460 "C and a heat 
flux of 280-300 kW m-2 to a flue gas con- 
taining 6-9% vIv CO, 400- 1000 ppm SO2, 
and 600-800 ppm H2S. The Al-content of 
the coatings was approximately 25 at. %. 
Fig. 6-18 compares the loss of metal from 
the uncoated base alloy in an area adjacent 
to the coating, and clearly illustrates the pro- 
tection afforded. A well-recognized prob- 
lem with weld-overlay coatings is the need 
to avoid cracking of the coating on cooling 
or during service. It seems that coatings with 
A1 contents less than 18-19 at.% are much 
less susceptible to such cracking (Banovic 
et al., 1997). Although laboratory studies 
indicated that at least 25 at.% A1 was re- 

Figure 6-18. Example of the protection afforded to 
T-22 by a weld-overlay coating of Fe,AI after 50 h at 
450-460 "C in a simulated coal-fired boiler flame im- 
pingement test (Tortorelli et al., 1998). 

quired for resistance in severely sulfidizing 
gases (vIv: 5.4 H2S-79.4 H2-1.6-H20-bal- 
ance Ar; Ps2 = atm, Po* = atm) 
at 800°C (Tortorelli et al., 1995, 1996b), 
initial results from tests under conditions 
intended to simulate those in coal-fired 
boilers with low-NO, burners (0.1 H2S- 
3.0 H2-balance Ar at 500-700 "C; Ps2 and 
Po, ranging from lo-' atm and to lo-* 
and atm, respectively) indicated that 
above 500 "C overlay coatings containing 
approximately 18 - 19 at. % A1 had excel- 
lent corrosion resistance (Banovic et al., 
1998). 

There is an obvious need to also investi- 
gate other coating processes for production 
of crack-free, adherent coatings with the de- 
sired minimum Al-content. Fig. 6-19 illus- 
trates results for coatings applied by elec- 
trospark-deposition after exposure to a sul- 
fidizing gas mixture (with and without HCl) 
at 650 "C for 1000 h. These coatings also re- 
sulted in a significant improvement in per- 
formance compared with the uncoated sub- 
strate alloys, type 3 16 stainless steel and Al- 
loy 800 (Natesan and Johnson, 1995). 

The excellent sulfidation resistance of 
Fe,Al-based alloys has also led to their use 
in hot gas filters for combustion and gas- 
ification environments (Tortorelli et al., 
1998a). These filters are fabricated by an al- 
loy-powder-sintering process (Hurley et al., 
1996). Laboratory tests have confirmed that 
Fe,Al-based filters outperform other metal- 
lic filters (type 316 stainless steel) under 
simulated service conditions (June and 
Sawyer, 1998), and preliminary field tests 
are in progress. An ability to weld iron alu- 
minide filters into the filter vessel, their rel- 
atively light weight and ability to withstand 
impact loading are advantages compared 
with the ceramic-based filters currently 
used in such applications. 



6.4 Fe-AI Based lnterrnetallics 263 

0.4 Figure 6-19. Electrospark-deposited 
Fe,AI coatings resulted in a signifi- 
cant improvement in performance 
compared with the uncoated substrate 
alloys, type 3 16 and Alloy 800, in ex- 
posure to a sulfidizing gas mixture, 
with and without HCI, at 650 "C for 
1000 h (Po2 = 1.2 x atm, Ps, = 
5.2 x lo-" atm) (Natesan and John- 
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6.4.4.2 Chlorine-Containing Gases 

Because Fe and A1 form very volatile 
chlorides (FeCl,, FeCl,, AlCl, AlCl,), there 
is the potential for non-protective behavior 
of iron aluminides in chlorine-containing 
gases if conditions are favorable for the for- 
mation of chlorides instead of oxides. When 
a continuous layer of A1,03 can form, the 
progression of chorine-related corrosion de- 
pends on the relevant species gaining access 
to the alloy substrate, and/or conditions at 
the outer scale surface being favorable for 
direct reaction of the chlorine species with 
A1,0,. Practical experience is that Fe,Al 
has adequate corrosion-resistance in high- 
temperature gas mixtures containing ap- 
proximately 2% HCI (Natesan and Johnson, 
1995) and the presence of HCl in an 
H,S-H,-H,O environment only slightly de- 
grades the performance of these alloys. 

The addition of 5 at.% Cr (Cr also forms 
volatile chlorides) to Fe,A1 has been shown 
to improve its corrosion behavior signifi- 
cantly (compared with ca. 2 at.% Cr) in a 
combustion gas containing HCl, which is 
opposite to the effect found for Cr on the 

corrosion of Fe,A1 in H,S-H,-H20 en- 
vironments without HC1 (DeVan, 1989) 
(Fig. 6-17). Saunders et al. (1997) reported 
that Fe,Al-Cr alloys (28 at.% Al) per- 
formed well in an H,S-H,-H,O-HCl gas 
mixture at 450 and 550°C, whereas an 
Fe-16 A1-5% Cr at.% alloy suffered sub- 
stantial corrosion. Bakker (1998) has dem- 
onstrated the good resistance of Fe,Al- 
based alloys in an H2S-H,-H,O-HC1 envi- 
ronment but pointed out that significant deg- 
radation can occur upon cooling if the alloy 
surfaces become exposed to acidic conden- 
sates (downtime corrosion). It should be 
noted that downtime corrosion can lead to 
rapid attack of many of the alloys selected 
solely because of their resistance to high- 
temperature corrosion. 

6.4.4.3 Carbon-Containing Gases 

In carburizing environments, if the rela- 
tive partial pressures of oxygen and carbon 
favor A1,0, stability and the temperature is 
such that the kinetics of A1,0, formation en- 
able rapid coverage of the alloy surface, iron 
aluminides would be expected to have very 
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good corrosion resistance. As long as a con- 
tinuous layer of Al,O, can be maintained, 
ingress of carbon to the alloy will be effec- 
tively blocked, and neither carburization at- 
tack nor metal dusting would be possible. 
Results of a recent study comparing the 
carburization performance of FeAl with that 
of traditional heat-resistant alloys (Smith 
et al., 1996) demonstrated the superior per- 
formance expected when conditions are 
such that a barrier layer of A1203 can form 
and block carbide formation. Under condi- 
tions such that the carbon activity of the 
environment is greater than unity, how- 
ever, metal dusting of Fe3Al can occur 
(Grabke et al., 1993; Straub et al., 1996). 
Under these conditions, the addition of 
Cr (2-5 at.%) to Fe3AI has been shown to 
reduce the extent of metal loss significant- 
ly (Straub et al., 1996). Unfortunately, there 
are few data available from service experi- 
ence which could be used to make defini- 
tive statements about alloy performance in 
these environments. 

6.4.4.4 Molten Salts and 
Condensed Deposits 

Because A1203 is readily dissolved by 
molten salts such as alkali sulfates (Rapp 
and Zhang, 1994), the general expectation 
is that iron aluminides, as with all Al,O,- 
forming alloys, will not be particularly re- 
sistant to molten salt-related hot corrosion. 
Several authors have observed that such 
salts significantly increase the corrosion of 
iron aluminides in S02-containing mixed 
gases (Lee and Lin, 1990; Wu et al., 1992; 
Gesmundo et al., 1993). Hot corrosion 
mechanisms suggest that addition of Cr to 
Fe-A1 alloys should reduce corrosion rates 
in sulfate melts, and there is some limited 
evidence of this for iron aluminides (Lee 
and Lin, 1990). The solid-phase sulfidation 
of iron aluminides in contact with solid 

CaSO, surface deposits in fluidized-bed 
coal combustors is much less severe than 
that by molten alkali sulfates, and the resis- 
tance of an Fe3A1 alloy was good under such 
conditions (Natesan and Podolski, 1988). 

Laboratory corrosion studies on ash de- 
posit (Fe203, K2S04, Na2S04) and flue-gas 
compositions (14 % CO,, 10 % H20, 4 9% 
O,, balance N, with 0.25 % and 1 .O % SO2) 
typical of coal-fired boilers showed that af- 
ter 800 h at 650 and 700"C, Fe,Al-2 at.% 
Cr was more strongly attacked than stain- 
less steels whereas for Fe3Al-5 at.% Cr the 
weight change and thickness loss were of 
the same order as for type 347 stainless steel 
(Fe-18Cr-8Ni % w/w base + Nb) (Wheele 
and Blough, 1991). In field exposures for 
16 000 h in the superheater area of a 250- 
MW coal-fired boiler (620-730 "C), how- 
ever, an Fe,Al-5 at.% Cr aluminide per- 
formed surprisingly better than other candi- 
date alloys (Blough and Seitz, 1998) under 
conditions promoting molten salt-related 
corrosion (alkali-iron trisulfates). Prelimi- 
nary metallurgical examination showed that 
total wastage of iron aluminide was between 
a tenth and a half that of type 347 stainless 
steel and comparable with or better than 
that of the most resistant alloys (HR3C and 
Ta-modified type 3 10 stainless steel). In hot 
corrosion tests involving molten Na,SO, 
+ NaCl at 600"C, protective parabolic 
corrosion kinetics were observed for an 
Fe-40 at.% A1-Zr,B,C alloy during 100 h 
exposure, whereas in an Na2S04 + V,O, 
salt mixture, the kinetics seemed to be lin- 
ear (Pocci et al., 1994). This is obviously an 
area in which further work is needed. 

Corrosion of iron aluminides by a 
highly aggressive, oxidizing molten salt 
used in chemical air separation processes 
(NaN0,-KN0,-Na,O,) at 650 "C has been 
shown to proceed by oxidation and slow 
release of an Al-rich product layer into 
the salt. Alloys richer in A1 were significant- 



6.5 Ti-AI Based lntermetallics 265 

ly more resistant (Tortorelli and Bishop, 
1991). Such Fe-A1 alloys are relatively re- 
sistant compared with many other metallic 
materials, including stainless steels, Ni- 
base alloys, and refractory metals (Tortorel- 
l i  et al., 1989), particularly when the A1 con- 
centration exceeds 30 at. %. Fe'Al-based 
aluminides would be expected to have ex- 
cellent resistance to such nitrate salts at low- 
er temperatures ( ~ 6 0 0  "C), or in nitrate salts 
that do not contain Na202 (which severely 
increases the corrosivity of the melt). Pre- 
liminary results from exposure of FeAl to 
molten NaCl-Na2C03 (used as an oxidizer 
for waste disposal) at 900 "C showed corro- 
sion resistance to be significantly better than 
that of Inconel 600 (Ni-16Cr % w/w base) 
(Newcomb et al., 1995). 

6.5 Ti-A1 Based Intermetallics 

6.5.1 Overview 

The driving force behind development of 
Ti-A1 intermetallics is the potential weight 
savings. The density of Ti (4.5 g ~ m - ~ )  is ap- 
proximately half that of other base-metals 
of interest for structural applications such as 
Fe (7.87 g cmP3), Ni (8.9 g cm-')), and Co 
(8.9 g cm-')), and the density of A1 is only 
2.7 g ~ m - ~ .  In combination with good stiff- 
ness and strength, Ti-A1 intermetallics have 
the potential for component weight savings 
of approximately 50% compared with 
superalloys and steels (Kim and Froes, 
1990). The target application temperature 
range for Ti-A1 intermetallics is approxi- 
mately 600- 1000 "C, with most interest be- 
ing in the 600-800 "C range, because me- 
chanical properties and environmental re- 
sistance are limited at higher temperatures. 

Four binary intermetallic compounds are 
of interest in the Ti-A1 system - Ti3Al (a2), 
TiAl ( y), TiAI2, andTiA1, (Fig. 6-20). There 
are also two ternary intermetallic phases of 

Ductility A1,0, 

1700 1 

Ti 20 40 I50 so A1 
A t %  Al 

Figure 6-20. Schematic Ti-A1 phase diagram (after 
Kattner et al. (1992) and Zhang et al. (1997)). There 
is no overlap between protective A1,0, scale forma- 
tion in air and room-temperature ductility (with alloy- 
ing additions) in the Ti-AI system. The intermixed 
A1,0, + TiO, scale that forms on titanium aluminides 
can provide adequate protection from scaling up to ca 
750-800°C. 

interest - Ti2A1Nb, the basis for the ortho- 
rhombic class of titanium aluminides, and 
the cubic L1, t phases. Of these, alloys 
based on the y phase, with a minor volume 
fraction of the a, phase, show the most 
promise for engineering use (Williams, 
1997). Potential applications include air- 
foils in the compressor or low-pressure tur- 
bine in aircraft gas-turbine engines (Wil- 
liams, 1997) and turbocharger rotors and ex- 
haust valves in car engines (Sikka, 1996; 
Isobe and Noda, 1997) (refer also to the 
1995 Gamma Titanium Aluminides Pro- 
ceedings edited by Kim et al., 1995a). Or- 
thorhombic alloys have also received much 
attention for applications such as casings 
and static parts in aircraft gas turbine en- 
gines, but are not considered as promising 
as the y-based alloys (Williams, 1997). 

Environmental resistance is a key con- 
cern for Ti-Al-based intermetallics. Exam- 
ination of the elevated-temperature behav- 
ior of elemental Ti in oxygen- or nitrogen- 
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containing environments provides surpris- 
ing insight. Titanium is a strong oxide for- 
mer, a strong nitride former, and can dis- 
solve substantial amounts of oxygen (up to 
25-30 at.%), which can cause hardening 
and embrittlement (Wiedemann et al., 1987; 
Kofstad, 1988b). As will be seen, the key is- 
sues for the oxidation behavior of titanium 
aluminide intermetallics are: 

- the similar stabilities of Ti and A1 in oxy- 
gen, which can potentially make it diffi- 
cult to establish an Al,O, scale because 
of competition from TiO,; 

- the formation of Ti nitrides by air oxida- 
tion, which can provide some protection 
in certain circumstances but can also 
interrupt the formation of a continuous 
(protective) layer of A1203 during the in- 
itial stages of oxidation; and 

- the loss of ductility associated with dis- 
solution of oxygen by the alloy. 

Of the titanium aluminide intermetallic 
phases, only TiAl,, TiAl,, and certain z 
phase compositions can form a protective 
Al,O, scale over a wide range of temper- 
atures in air. They will be treated first, 
followed by the y, a,, and orthorhombic 
phases. 

6.5.2 TiAl, 

There have been very few studies of the 
oxidative or mechanical properties of the 
TiA1, phase. This is probably partly because 
of the omission of the TiA1, phase from 
some of the key phase diagram compilations 
of the 1960s and 1970s (Benci and Ma, 
1997). Complicating study of the TiA1, 
phase is the difficulty in producing high 
quality, single-phase material because TiA1, 
is a line compound which does not melt con- 
gruently (Fig. 6-20). Rather, it is trans- 
formed into other phases before reaching the 
liquidus. (It should be noted that the exact 

details of the high-temperature phase equi- 
libria surrounding the TiA1, phase are still 
somewhat uncertain; refer to Benci and Ma, 
1997 for further details.) 

The TiA1, phase is extremely brittle at 
ambient temperatures, although compres- 
sive plastic strain to failures of up to 5% 
have been reported at room temperature 
(Benci and Ma, 1997). The available oxida- 
tion data (Meier et al., 1989; Benci and 
Ma, 1997) suggest that TiAl, is capable of 
Al,O, scale formation at 800°C in air, at 
least in short term (ca. 100 h) exposure, but 
might be marginal for Al,O, formation at 
higher temperatures. Although no long- 
term (> 1000 h) studies of TiA1, oxidation 
were found, complicating the oxidative life- 
time of TiA1, is the potential to form a sub- 
scale layer of the TiAl phase because of a 
combination of the very limited solubility 
range of A1 in TiA1, (Fig. 6-20) and con- 
sumption of A1 from TiA1, to form Al,O,. 
Formation of an underlying subscale layer 
of the TiAl phase could hamper the forma- 
tion of Al,O, in air. Because of the combi- 
nation of brittleness and questionable oxi- 
dation-resistance, the outlook for the TiA1, 
phase in elevated-temperature structural ap- 
plications is considered poor. 

6.5.3 TiAl, 

The TiAl, phase is also extremely brittle 
at ambient temperatures (Yamaguchi et al., 
1987). It can form an Al,O, scale in oxygen 
(Umakoshi et al., 1989) and in air (Smialek 
and Humphrey, 1992). Anomalous high ox- 
idation rates were reported by Smialek and 
Humphrey (1992) for short exposure times 
or exposure below 1000 "C; these were at- 
tributed to internal oxidation of an A1 sec- 
ond phase. As is apparent from Fig. 6-20, 
TiAl, does not melt congruently and rapid 
cooling during casting can result in the for- 
mation of second phases such as Al. 
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The primary interest in TiAl, has been as 
an oxidation-resistant coating. It is usually 
the main phase formed during aluminizing 
of Ti alloys (including intermetallic a2, or- 
thorhombic, and y alloys) and is the source 
of the excellent isothermal oxidation-resis- 
tance imparted by the aluminizing treatment 
(refer, for example, to Streiff and Poize 
(1983), Subrahmanyam (1988), Mabuchi 
et al. (1989), Yoshihara et al. (1991), Smia- 
lek (1993), and Munro and Gleeson (1996), 
and the reviews of Taniguchi (1994) and 
Brady et al. (1996a)). There are, however, 
interdiffusion problems with TiAl, coatings 
on lower Al-containing substrates which 
can lead to breakaway oxidation owing to 
loss of Al. Also, as noted by Smialek (1993), 
TiAl, coatings are brittle and there are mis- 
matches between the coefficients of thermal 
expansion (CTE) of TiA1, coatings and 
intermetallic Ti-A1 substrates. This leads to 
cracking and a loss of protection (Fig. 6-21). 
The situation is expected to worsen under 
mechanical loading, especially fatigue 
(Kearns and Restall, 1989; Brady et al., 

Figure 6-21. Through-thickness cracks in a pack- 
aluminized Ti,AI + Nb alloy (Ti-25A1-11Nb at.%) 
after 200 I-h cycles at 982 "C in air (coating 'D' from 
Smialek et al. (1990b); micrograph courtesy of J. L. 
Smialek). 

1996a). It is, therefore, unlikely that TiA1, 
coatings can effectively protect convention- 
al Ti or Ti-A1 intermetallic alloys under 
conditions of thermal cycling and/or me- 
chanical loading. 

A possible exception might be the sput- 
tered (<5 ym thick) TiA1,-based gradient 
and multilayer coatings of Leyens et al. 
(1997a), which have been shown to improve 
the isothermal and cyclic oxidation-resis- 
tance of Timetal 1100, a near-a Ti-based al- 
loy. Timetal 1100 and similar high-temper- 
ature Ti alloys are limited to applications be- 
low about 520°C due to embrittlement by 
oxygen during elevated-temperature expo- 
sure in air. Although no degradation of fa- 
tigue life was observed by Leyens et al. 
(1997a) at 600°C in air as a result of the 
coating, no improvement in fatigue lifetime 
over uncoated material was achieved. 

6.5.4 zPhase 

The Al-Ti-X (X = V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, and others) zphases belong to a fam- 
ily of cubic L1, alloys. They are primarily 
based on the substitution of ca. 10 at.% of 
transition metal X for A1 in TiAl, (refer for 
example to reviews by Kumar (1990,1993), 
George et al. (1991), Mikkola et al. (1991), 
and Morris et al. (1993), and the schematic 
phase diagram shown in Fig. 6-22). They 
were the subject of intense study in the late 
1980s and early 1990s because of their com- 
bination of low density, softness at ambient 
temperatures, and potential for high-tem- 
perature oxidation-resistance because of 
their high A1 content. Although significant 
ambient compressive ductility was demon- 
strated, the lack of ambient tensile ductility 
has not been overcome and interest in these 
alloys for structural applications has waned 
in recent years. 

The Al-Ti-X z phases have a small to 
moderate range of A1 solubility (Fig. 6-22), 



268 6 High-Temperature Oxidation and Corrosion of lntermetallics 

Figure 6-22. Generalized schematic phase diagram 
of the Al-Ti-X t phases. Note that the nature of the 
two and three phase fields of t with the binary Ti-A1 
phases varies depending on the component X. 

although the solubility range of at least some 
tphase fields (X = Ni, Fe, Cr) shrinks with 
decreasing temperature (Mazdiyasni et al., 
1989; Nakayama and Mabuchi, 1993). Nev- 
ertheless, from the standpoint of oxidation 
even a small range of A1 solubility make the 
t phases more attractive than line com- 
pounds such as TiAl, and TiAl,. (The add- 
ed A1 solubility range might lessen the like- 
lihood of the formation of lower Al-contain- 
ing phases at the alloy-scale interface 
resulting from A1 consumption to form 
Al,O,). Oxidation studies indicate that t al- 
loys do indeed form protective Al,O,, with 
the best behavior reported for addition of 
X = Cr (Hirukawa et al., 1991; Parfitt et al., 
1991), Ni (Chen et al., 1992c), andFe (Chen 
et al., 1992~).  Addition of X = Mn (Hiru- 
kawa et al., 1991; Parfitt et al., 1991; Chen 
et al., 1992c), Mn + V (Parfitt et al., 1991), 
and Ag (Hirukawa et al., 1991) results in t 
alloys that are not as oxidation-resistant. 

Although there has been interest in 
Al-Ti-Cr z phase for oxidation-resistant 
coating applications, especially for the y 
phase (McCarron et al., 1993; Brady et al., 
1996a, Dewald and Mikkola, 1996; Leyens 
et al., 1997b; Parket al., 1997), theconcerns 
discussed for TiAl, coatings (in particular 

coating alloy brittleness and CTE mis- 
match) hold true for t-phase coatings also. 
Very recent work by Wood and Dewald 
(1998) found no adverse effect on high-cy- 
cle fatigue life for plasma-sprayed A1-Ti- 
Cr z-phase coatings on Ti-47A1-2Cr-2Nb 
(760 "C in air) and Ti6242S (535 "C in air). 
Future work on coatings in the area of t 
phases, and TiAl, for that matter, should em- 
phasize the effects of mechanical loading 
(ideally fatigue) on coating performance. 

6.5.5 y-TiAl 

Unlike the TiAl, and TiA1, phases, A1 is 
highly soluble in the yphase - approximate- 
ly 49-66 at.% A1 depending upon temper- 
ature (Kim and Fores, 1990; see Fig. 6-20). 
The oxidation behavior of the yphase is ex- 
tremely complex and can be significantly in- 
fluenced by seemingly secondary factors 
such as the presence of nitrogen (Choudhu- 
ry et al., 1976) or water vapor (Kremer and 
Auer, 1996, Brady et al., 1997a) in the oxi- 
dizing environment, surface preparation 
(Rakowski et al., 1996), impurity level 
(0.1 at.% range) additions such as P (Ike- 
matsu et al., 1991) or C1 (Kumagai et al., 
1996, Schutze and Hald, 1997), and micro- 
structure under some conditions (Gil et al., 
1993; Zhou et al., 1996) but not all (Yoshi- 
hara et al., 1995; Haanappel et al., 1997; 
Stroosnijder et al., 1997). The y phase is 
best viewed as borderline for protective 
Al,O, scale formation. 

In competition with Al,O, during the ox- 
idation of the y phase are the many oxides 
of Ti (Ti,O, Ti0,Ti203,Ti305,Tin02n-l, and 
TiO,), although in practice only TiO, forms 
in significant quantities near atmospheric 
pressure (Kofstad, 1988b). TiO, grows at a 
much faster rate than Al,O, (Fig. 6-2), and 
is generally not considered protective above 
ca. 500-600 "C. Under limited conditions 
in pure oxygen environments, the y phase 
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can form an A1203 scale (Choudhury et al., 
1976, for example). In air, however, y tita- 
nium aluminides form an intermixed 
A120,-Ti02 scale, which is protective only 
up to ca. 750-800°C depending upon the 
specific alloy composition and subsequent 
scale make-up. 

Two-phase alloys based on the y phase, 
with minor volume fractions of the a, phase, 
are currently considered to be among the 
most promising of intermetallics for near- 
term (5-10 years) use in aero-engine and 
automotive applications (Williams, 1997). 
Such alloys are generally in the Ti-(45- 
48)Al at.% range and are based on combi- 
nations of minor alloy additions ( 1-4 at. %) 
such as Cr or Mn and Nb (for example 
the Huang (General Electric), 1989 alloy 
Ti-48A1-2Cr-2Nb). Alloys (cast and hot 
extruded) with up to 3-5% tensile ductility, 
800 MPa tensile yield strength, and 30 MPa 
m"* fracture toughness at room temperature 
have been reported (Liu et al., 1996a). Sev- 
eral reviews of overall properties and alloy 
development status of y-based alloys, for 
example Kim and Froes (1990), Yamaguchi 
(1993), Huang and Chestnutt (1994), and 
Kim and Dimiduk (1997), and reviews spe- 
cifically dedicated to the oxidation behav- 
ior of y alloys, e.g. Taniguchi (1994), Rah- 
me1 et al. (1995), and Brady et al. (1996a), 
have recently been published. Although sig- 
nificant progress has been made in under- 
standing the often complex oxidation be- 
havior of the y phase, especially for binary 
TiAl alloys in air or oxygen, many outstand- 
ing issues remain. In particular, a mechan- 
istic understanding is needed of the role 
played by alloying additions in improving 
or degrading oxidation-resistance in air, of 
oxidation behavior in complex environ- 
ments such as humid (water vapor-contain- 
ing) air, and of the effect (and interaction) 
of exposure to elevated temperatures in air 
on mechanical properties. 

Two of the key fundamental issues for the 
oxidation of y-based titanium aluminides 
are thermodynamic considerations in oxy- 
gen and oxidation in the presence of both 
oxygen and nitrogen. They will be treated 
first, followed by discussion of the effects 
of alloying additions on oxidation-resis- 
tance and engineering considerations relat- 
ed to elevated-temperature exposure of y- 
based titanium aluminides in air. 

6.5.5.1 Thermodynamic Considerations 

The most stable oxide of Ti, usually T i0  
(depending upon temperature), is nearly as 
stable as A1203 at unit activities (see Fig. 
6-3). Therefore, the activities of A1 and Ti 
in a given alloy could conceivably deter- 
mine whether T i0  or Al,03 is the more 
stable oxide at that particular composition 
and temperature. Until recently it was be- 
lieved that TiO, not A1203, was the more 
stable oxide for the y +  a, two-phase field 
and, further, that A1,0, did not become 
more stable until the A1 content in the sin- 
gle-phase y field exceeded 50-55 at.% A1 
(Fig. 6-23a). Knowledge of the most stable 
oxide is critical for both understanding ox- 
idation behavior and for guiding alloy de- 
velopment efforts to improve oxidation-re- 
sistance, because protective A1203 scale 
formation cannot occur if A1203 is not the 
most stable oxide of the base alloy compo- 
nents. 

The view that T i 0  is the stable oxide for 
binary Ti-A1 alloys containing less than ca. 
50-55 at. % A1 was based on thermodynam- 
ic calculations by Rahmel and Spencer 
(1991) (700 "C, 900 "C, 1100 "C) and Luth- 
ra (1991) (800°C) (Fig. 6-23a). Similarcal- 
culations based on the recent measurements 
of A1 and Ti activity in the Ti-A1 system by 
Eckert et al. (1996) and Jacobson et al. 
(1999) also suggest that T i 0  is the more 
stable oxide. However, experimental deter- 
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mination of Ti-A1-0 phase equilibria show 
that A1203 is more stable than TiO, not just 
in the yand y + a, phase fields but for Ti-A1 
alloys containing as little as 1-25 at.% A1 
(Li et al., 1992; Zhang et al., 1992; Chen 
et al., 1995; Kelkar and Carim, 1995) 
(Fig. 6-23b). This is a critical finding be- 
cause it means there is no thermodynamic 
barrier to the formation of protective A1203 
in the Ti-A1 system as a whole, let alone for 
the y or y + a2 phase fields. 

Li et al. (1992) and Becker et al. (1992b) 
have explained the differences between 
the thermodynamically calculated Ti-Al-0 

Figure 6-23. Schematic partial Ti-AI-0 phase dia- 
grams (at.%) (Brady et al., 1996a). Two-phase fields 
are highlighted in gray: (a) calculated based on ther- 
modynamic activity data; (b) based on experimental 
phase equilibria studies (note that the exact position 
of the T i0  to AI,O, stability changeover varies from 
i 1 at.% Al to as high as 25 at.% A1 depending on the 
study). 

phase diagram (Fig. 6-23a) and the experi- 
mentally determined Ti-A1-0 phase dia- 
gram (Fig. 6-23b). They propose that oxy- 
gen solubility in the metal phases (in partic- 
ular a, and y), which was neglected in the 
thermodynamic calculations, plays a criti- 
cal role in stabilizing A120,. Thermody- 
namic modeling by Li et al. (1992) and Lee 
and Saunders (1997) suggests that when the 
oxygen solubility in these phases is consid- 
ered, the thermodynamically estimated 
Ti-Al-0 phase diagram can be optimized 
to match the experimentally determined 
Ti-Al-0 phase diagram. An experimental 
investigation to verify this hypothesis by 
measuring the effects of oxygen content on 
A1 and Ti activity in Ti-Al-0 alloys is cur- 
rently in progress (Hilpert et al., 1999). 

There is also recent experimental evi- 
dence that a new ternary Ti,Al@, phase (or 
phases) might exist (Dowling and Donlon, 
1992; Beye and Gronsky, 1993; Zheng 
et al., 1995a; Beyeet al., 1996; Chenget al., 
1996; Shemet et al., 1997a, b; Dettenwang- 
eret al., 1998;andCoplandet al., 1998a, b). 
This evidence comes primarily from char- 
acterization of the Al-depleted, oxygen-en- 
riched subscale region which is often ob- 
served to form during oxidation of the y 
phase. Termed by various oxidation re- 
searchers as the ‘Z’ or ‘X’ phase, its com- 
position falls in the range of Ti-(25- 
35)A1-(15-20)0 at.%. Chen et al. (1995) 
have reported a Ti-18A1-220 at.% phase 
during a phase equilibria study of arc-melt- 
ed Ti-Al-0 alloys. The existence of such 
Ti-A1-0 phase(s), with unknown thermo- 
dynamic properties, could also account for 
the discrepancies between the thermody- 
namically calculated and experimentally 
determined Ti-Al-0 phase diagrams 
(Zheng et al., 1995a). 

It is not yet clear whether the Z/X phase 
is stable (Shemet et al., 1997a) or meta- 
stable (Copland et al., 1998a, b), and further 
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work to clarify this region of the Ti-Al-0 
phase diagram, preferably using transmis- 
sion electron microscopy for phase identifi- 
cation, is needed. This is especially true for 
the 600- 1000 "C temperature range where 
application of y-based alloys is expected. 
Again, the key point to stress is that the ex- 
perimental Ti-AI-0 phase diagram studies 
clearly indicate that A1203 is the stable ox- 
ide for the y +  a2 and y phase fields and 
there is no thermodynamic barrier to the for- 
mation of a protective A1203 scale. Wheth- 
er there is a related kinetic limitation be- 
cause of the high level of oxygen needed to 
saturate the a2 and yphases for stability with 
Al,O, (Copland, 1998) is also not yet clear 
and is an area worthy of future work. 

6.5.5.2 The Nitrogen Effect 

Binary y alloys can form a continuous 
A1203 scale at temperatures up to ca. 
1000 "C in pure oxygen but do not form a 
continuous A1203 scale in air (Choudhury 
et al., 1976). Approximately60-70 at.% A1 
is needed for binary Ti-A1 alloys to form a 
continuous A1203 scale in air (generally cor- 
responds to the TiA1, and TiAl, phases), 
whereas only ca. 47-49 at.% A1 is needed 
in pure oxygen (Al-rich side of the y +  a2 
two-phase field) (Meier et al., 1989). (Note 
that Al,O, formation in oxygen is signifi- 
cantly influenced by surface preparation, 
with Al,O, generally observed on abraded 
surfaces but not on highly polished surfac- 
es. Detailed characterization and discussion 
of this effect is provided by Rakowski et al. 
( 1996).) 

Reduced oxidation-resistance of y alloys 
in air, as compared with pure oxygen, is 
commonly referred to as the 'nitrogen 
effect'. The nitrogen effect is significant be- 
cause most y-based alloys contain sufficient 
A1 for continuous A1203 scale formation in 
oxygen, a major consideration toward ex- 

tending the upper temperature limit of these 
alloys beyond the current 750-800 "C lim- 
itations but cannot form such a protective 
A1203 scale in air. Most engineering appli- 
cations will involve exposure to an air-based 
environment rather than a pure oxygen. 

The nitrogen effect has recently been the 
subject of intense, fundamentally-oriented 
study geared toward developing a mechan- 
istic understanding of this phenomenon 
(Meier et al., 1989; Becker et al., 1992b; 
Rakowski et al., 1995; Zheng et al., 1995 b; 
Dettenwanger et al., 1996; Grob et al., 
1997; Quadakkers et al., 1997; Detten- 
wanger et al., 1998; for example). Rakow- 
ski et al. (1995) proposed that the inability 
of binary y alloys to establish continuous 
A1203 scales between 800 and 900 "C in air 
is related to the formation of TiN during the 
initial stages of oxidation. Cross-section 
transmission electron microscopy (TEM) 
analysis of the scale formed on Ti-5OAl af- 
ter 1 h at 900 "C in air revealed an alternat- 
ing sequence of TiN and A1203 at the met- 
al-scale interface. It was postulated that the 
presence of TiN in this layer interrupted the 
establishment of a continuous A1203 scale. 
As oxidation proceeds, the TiN is subse- 
quently converted to TiO,. This process re- 
sults in the formation of an intermixed 
A120,-Ti02 scale, rather than a continuous 
Al,O, scale (refer to mechanism schematic 
diagram in Fig. 6-24). 

The Rakowski et al., 1995 mechanism 
provides a very plausible explanation of the 
nitrogen effect. It is clear that processes oc- 
curring at the alloy-scale interface during 
the initial stages of oxidation do play a crit- 
ical role in whether or not a continuous 
A1203 scale is established. A detailed under- 
standing of such behavior is yet to be 
achieved. 

Among the key details to be resolved 
is the role played by (and significance of) 
A1 depletion during oxidation. Lang and 
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Finally, it should be noted that although 
formation of Ti nitride is detrimental to the 
establishment of an Al,O, scale during the 
initial stages of oxidation, it might be some- 
what beneficial during long-term oxidation 
if a continuous Ti nitride layer is established 
(Locci et al., 1997; Quadakkers et al., 
1997). This effect has been linked to alloy- 
ing additions of Nb and is discussed in the 
next section. 

1 Week in Air 

Figure 6-24. Portions of the Rakowski et al. (1995) 
schematic mechanism of the nitrogen effect for binary 
y alloys at 800-900 "C in air. (A description is pro- 
vided only for the external scale). 

Schutze (1996,1997) have proposed that the 
Ti nitride at the alloy-scale interface is 
formed by the consumption of a2-Ti3Al nu- 
clei which form by depletion of A1 from the 
yphase when oxidized to Al,O,. This view 
is supported by the recent thermodynamic 
assessment of Zeng and Schmid-Fetzer 
(1996) who calculated that the P,, for nit- 
ridation of TiAl is four orders of magnitude 
higher at the Al-rich side of the yphase field 
than at the Al-lean side (Schmid-Fetzer and 
Zeng, 1997). Further study to fully elucidate 
the mechanistic details of the nitrogen ef- 
fect is needed, especially with regard to the 
effect of A1 content (most work to date has 
been performed only for binary TiAl alloys 
in the 48-50 at.% A1 range). The role of al- 
loying additions in influencing nitride for- 
mation at the alloy-scale interface should 
also be further studied. Of particular utility 
have been studies which include cross-sec- 
tion TEM analysis of the alloy-scale inter- 
face to characterize the effects of alloying 
additions on oxidation (Wallace et al., 1991 
and Lang and Schutze, 1997 for example). 

6.5.5.3 Effects of Alloying Additions 

It is well established that ternary and 
higher-order alloying additions can reduce 
the rate of oxidation of y-based alloys. Stud- 
ies of the effects of alloying additions on the 
oxidation-resistance of y-based alloys go 
back at least to the 1950s (McAndrew and 
Kessler (1956), for example). The reader is 
referred to the review by Aitken (1967) for 
a summary of research conducted in the 
1950s and 60s and the reviews of Doychak 
(1994), Welsch et al. (1996), and Taniguchi 
(1997) for a detailed compilation of more 
recent work. Several individual studies have 
also reported on the effects of a large num- 
ber of alloying additions on the oxidation- 
resistance of y-based alloys (Ag, Au, B, C, 
C1, Co, Cr, Cu, Fe, Hf, Mn, Mo, Nb, Ni,02, 
P, Pd, Pt, Si, Sn, Ta, V, W, Y, Zr), in partic- 
ular Choudhury et al. (1976), McKee and 
Huang (1992), Kim et al. (1995b), Schaef- 
fer et al. (1995), and Shida and Anada 
(1996). 

Despite the extensive literature on the 
subject, it is very difficult to make defini- 
tive statements about whether or not a 
given alloying addition is beneficial. This is 
because of the borderline Al,O,-forming 
nature of the y phase in combination with 
differences from study to study in the lev- 
els of the alloying addition, sample surface 
preparation, A1 content, impurity level, al- 
loy microstructure, and oxidizing condi- 
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tions (including time, temperature, presence 
of nitrogen or water vapor, thermal cycling). 
It must be stressed that alloying additions to 
yand y + a, alloys still do not result in con- 
tinuous A1,0, scale formation in air. Rath- 
er, a complex intermixed A1,0,-Ti02 scale 
continues to form, but the rate of growth of 
this scale is reduced. Exceptions are addi- 
tions of Cr (Perkins et al., 1987; Perkins and 
Meier, 1989; Berztiss et al., 1995; Brady 
eta].,  1997a, b, 1998a; Wang et al., 1997) 
and to some extent Fe (Brady et al., 1998b) 
at a level sufficient to form a two-phase 
y + Laves phase microstructure (generally 
>8-10 at.%). These alloys are capable of 
continuous Al,O, scale formation in air and 
will be covered separately in Section 6.8.6. 

In general, refractory additions of Nb 
(McAndrew and Kessler, 1956; Choudhury 
et al., 1976; McKee and Huang, 1992; Jain 
and Roessler, 1994; Kim et al., 1995b; 
Schaeffer et al., 1995; Shida and Anada, 
1996), Ta (McAndrew and Kessler, 1956; 
Schaeffer et a]., 1995), and W (Choudhury 
et al., 1976; McKee and Huang, 1992; Jain 
and Roessler, 1994; Shida and Anada, 1996) 
at a level of 1-4 at.% are considered most 
beneficial and are added to structural y + a, 
alloys such as Ti-48A1-2Cr-2Nb at.% 
to improve oxidation-resistance, although 
they may play a role in improving mechan- 
ical properties also (Kim and Froes, 1990; 
Yamaguchi, 1993; Huang and Chestnutt, 
1994; Kim and Dimiduk, 1997). Microal- 
loying additions (0.1 at.% range) of P (Ike- 
matsu et al., 1991) and C1 (Kumagai et al., 
1996; Schutze and Hald, 1997) have also re- 
cently been shown to be beneficial, although 
as far as we are aware they have not yet been 
intentionally incorporated into structural 
y + a2 alloys. Retallick et al. (1998) also re- 
port on improved oxidation-resistance via a 
phosphoric acid surface treatment, which is 
probably related to the ‘P effect’. Certainly, 
many other alloying additions have also 

been shown to be beneficial, but they also 
have not yet been incorporated into the 
structural y alloys currently under develop- 
ment. 

The mechanisms by which these small al- 
loying additions slow the rate of oxidation 
of y-based alloys are not well understood 
(Rahmel et al., 1995). Perhaps the most im- 
portant (and most widely studied) alloying 
addition for improved oxidation-resistance 
of y is Nb. Stroosnijder et al. (1996) and 
Sunderkotter et al. (1997a) provide a 
thorough discussion of the various mecha- 
nisms proposed to explain the beneficial 
effects of Nb. Among the more ‘popular’ 
explanations for the effects of addition of 
Nb are a reduction in TiO, growth rate by 
doping (Choudhury et al., 1976, Yoshihara 
and Miura, 1995), an increase in Al/Ti 
activity ratio to favor A120, scale forma- 
tion (Choudhury et al., 1976; McKee and 
Huang, 1992), a reduction in alloy oxygen 
solubility to prevent internal oxidation (Shi- 
da and Anada, 1994, 1996), and a modifica- 
tion of Ti nitride formation at the alloy- 
scale interface such that a continuous Ti ni- 
tride layer, which effectively locally enrich- 
es the alloy in Al, is formed (Becker et al., 
1992 b; Locci et al., 1997; Quadakkers et al., 
1997). 

The only mechanism that can seemingly 
be ruled out is the proposed effect of Nb on 
the Al/Ti activity ratio. Hilpert et al. (1997) 
have recently shown that Nb addition reduc- 
es the activity ratio in y-based Ti-Al-Nb al- 
loys, which would favor Ti oxide and nitride 
formation, not A1203 formation. These data 
actually support the contention that addition 
of Nb favors the establishment of a contin- 
uous Ti nitride layer, although it should be 
noted that very recent work by Locci et al. 
(1999) indicates that binary Ti-48A1 forms 
regions of almost continuous Ti-rich nitride 
after exposure at 704°C for 7000 h. All of 
the remaining mechanisms are possible, and 
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it is unlikely that one single mechanism is 
responsible for the beneficial effects of Nb 
(or for that matter any other alloying addi- 
tion to y), especially given the wide variety 
of oxidizing conditions studied and the even 
larger number of Nb-bearing y-based alloys 
of interest. 

Critical experiments are needed to delin- 
eate the conditions under which certain 
mechanisms predominate. This information 
could then provide the basis for future alloy 
development efforts to improve oxidation- 
resistance. To augment this, a greater base 
of fundamental information is needed, es- 
pecially with regard to scale transport pro- 
cesses and the effects of doping of multiple 
elements in TiO,, intermixed A120, and 
TiO,, and TiN. Fundamental properties data 
on y-based alloys are also needed, in partic- 
ular the effects of alloying additions on ac- 
tivity and diffusivity. It is promising to note 
that both activity (Eckert et al., 1996; Hil- 
pert et al., 1997; Jacobson et al., 1999) and 
diffusivity (Kroll et al., 1992, 1993; Dimi- 
trov et al., 1996; Sprengel et al., 1996; Kai- 
numa and Inden, 1997) measurement stud- 
ies are currently being pursued. 

6.5.5.4 Engineering Considerations 

Much recent oxidation-related research 
on y-based titanium aluminides has been de- 
voted (with good reason) to understanding 
the oxidation mechanism of simple binary 
y alloys, often at temperatures higher than 
the near-term use range of approximately 
600-800 "C. These studies provide aframe- 
work for understanding the oxidation be- 
havior of the more complex quaternary and 
higher-order structural y alloys. There are, 
however, a growing number of studies of po- 
tential structural y +  a2 alloys in the 600- 
800 "C range under long-term (> 1000 h) 
oxidizing conditions (Locci et al., 1997; 
Shida et al., 1997; Sunderkotter et al., 

1997b; Haanappel et al., 1998). On the ba- 
sis of data from these and other studies (Wal- 
lace et al., 1991; McKee and Huang, 1992; 
Schaeffer et al., 1995; Yoshihara et al., 
1995), it is estimated that the oxidation scal- 
ing limit for most current structural y-based 
alloys is in the range of 750-800°C. For 
example, Fig. 6-25 shows that the scale 
formed on Ti-48A1-2Cr-2Nb at. % after 
9000 h at 704°C in air is only ca. 15 pm 
thick. 

An additional issue of concern is the po- 
tential for embrittlement by oxygen during 
elevated-temperature exposure in air. Such 
embrittlement is a major limiting factor for 
a2- and orthorhombic-based alloys (see 
Section 6.5.6 for further details). For binary 
y-based alloys exposed at 900 "C (Schutze 
and Schmitz-Niederau, 1995; Dettenwang- 
er et al., 1996; Shemet et al., 1997b) and for 
at least one structural y alloy, Ti-48Al- 
1V-0.2C, after exposure near 800 "C 
(Dowling and Donlon, 1992) significant 
hardening and embrittlement during elevat- 
ed-temperature exposure in air does occur. 
(It should be noted that Ti-48Al-lV-0.2C 
is much less oxidation-resistant than Nb-, 
Ta-, or W-containing structural y alloys). 
This hardening and embrittlement is asso- 
ciated with the formation of an Al-depleted, 

Figure 6-25. Cross-section SEM micrograph of 
Ti-48A1-2Cr-2Nb at.% after 9000 h at 704 "C in air 
(Locci et al., 1997). 
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oxygen-rich layer at the alloy-scale inter- 
face consisting of oxygen-saturated a2 
and/or Z/X phase (see Section 6.5.5.1 for 
further details on Z/X phase). For the more 
oxidation-resistant y-based structural alloys 
(containing Nb, Ta, W, or similar additions) 
and especially at lower temperatures 
(700-800 "C range), however, such an Al- 
depleted, oxygen-rich layer is generally not 
observed (see Fig. 6-25 for example). 
Therefore, this mode of Al-depletion and 0- 
embrittlement is unlikely to be a major con- 
cern for most structural y-based alloys. 

The structural y-based titanium alumi- 
nides seem to be significantly more resis- 
tant to embrittlement during elevated-tem- 
perature exposure in air than a2 and ortho- 
rhombic classes of titanium aluminides. 
That said, oxygen impurity levels have been 
observed to affect both dislocation behavior 
(Morris, 1996) and mechanical properties 
(Kawabata et al., 1992; Morris, 1996) in y- 
based alloys. Fatigue studies also show an 
order of magnitude lower crack growth rates 
in vacuum than air at elevated temperatures, 
although the exact mechanism of this effect 
is not known (Rosenberger et al., 1997 pro- 
vide a thorough discussion of the key is- 
sues). Whether such effects are a major lim- 
iting factor for y-based titanium aluminides 
is not yet clear. The manner and extent to 
which the environment adversely affects the 
mechanical properties of y-based alloys 
during elevated-temperature exposure in air 
is not well understood and is a good area for 
future work. 

6.5.5.5 Other Corrosive Environments 

Ti-based alloys have long been known to 
be susceptible to hot-salt stress corrosion 
(e.g. Gray, 1973). Recent work (Nicholls 
et al., 1997) indicates that TiAl-based alloys 
suffer from accelerated hot-salt corrosion 
attack in the temperature range 650 to 

750"C, which is considered typical of the 
metal temperature that components would 
experience in gas turbine service. Hot cor- 
rosion tests for up to 100 h at 700"C, in- 
volving oxidation in air of samples coated 
with sea salt, indicated an increase in metal 
consumption rate by a factor of up to 20 
compared with air oxidation. The mecha- 
nism of hot corrosion described by Nicholls 
et al. (1997) involved interactions among 
the deposited salt, the predominantly TiO, 
scale and the alloy substrate to form vola- 
tile metallic halides, which were subse- 
quently oxidized (pyrohydrolyzed) to form 
non-protective oxides on the outer surface 
of the scale. In addition, the salt deposit be- 
came enriched in chlorides so that its melt- 
ing temperature was lowered, allowing it 
spread laterally over the surface and in- 
crease the area susceptible to attack. 

In chloride-free (Na,K),S04 melts at 
850 "C, Ti-5OAl (at.%), Ti48A1-2Cr- 
2Nb, and T-5OAl-1OCr had excellent resis- 
tance to corrosion (especially the last alloy, 
which formed an A1,0, scale - see also Sec- 
tion 6.8.6) in 100 h crucible tests (Tang 
et al., 1999). The addition of NaCl to the 
melt, however, resulted in severe corrosion. 

That the TiS2-Ti02 phase boundary lies 
at lower oxygen partial pressures for a giv- 
en sulfur partial pressure (or at lower sulfur 
partial pressures for a given oxygen partial 
pressure) than does the CrS-Cr203 phase 
boundary, suggests that TiAl-based alloys 
may provide protection in environments 
that are more sulfidizing than can be toler- 
ated by Cr20,-forming alloys. This was 
demonstrated by Schutze and Noth (1998), 
who showed that a Ti-50.5A1-2.5Cr (at. %) 
alloy in the form of an air plasma-sprayed 
coating on low-alloy steel provided excel- 
lent resistance to attack at 700°C in a 
simulated coal gasification environment 
(PO2=4.2 x bar, and Psz= bar). A 
further factor adding to the effectiveness of 
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this coating was the similarity of the coef- 
ficients of thermal expansion of the coating 
(1 1 x lop6 K-') and the low-alloy steel sub- 
strate (13 x K-'). 

6.5.6 q-Ti,Al and Orthorhombic 
Ti,AINb 

As with the yphase, A1 has a wide range 
of solubility, from 22 to 39 at.%, in the a2 
phase (Kim and Froes, 1990; see Fig. 6-20). 
Although Al,O, is the thermodynamically 
stable oxide for the Ti,Al phase (see Sec- 
tion 6.5.5.1 and Fig. 6-23b), continuous 
A1203 formation does not occur in either 
air or oxygen. Rather, an intermixed 
TiO, + A120, scale is formed (refer, for ex- 
ample, to Welsch and Kahveci (1989) and 
Rakowski et al. (1993)). 

In terms of environmental resistance, the 
key difference between the a2 and y phases 
is oxygen solubility. Oxygen is much more 
soluble in the a, phase than in the yphase 
(Fig. 6-23b). The maximum solubility of 
oxygen in the cr, phase is generally report- 
ed be in the 11 - 12 at.% range (Li et al., 
1992; Zhang et al., 1992), although Kelkar 
and Carim, 1995 recently reported a maxi- 
mum solubility of 22 at.%. In contrast, that 
in the y phase is reported to be only 
1-2 at.% at the Al-lean side of the yphase 
field (Li et al., 1992; Zhang et al., 1992) and 
nearly zero at the Al-rich side (Kawabata 
et al., 1992). Atom probe measurements by 
Huguet and Menand (1994) indicate an even 
lower maximum oxygen solubility in the y 
phase, in the range of 300 atomic parts per 
million, with no effect of A1 content from 
Ti-46A1 to Ti-52A1 at.%. The high oxygen 
solubility in the a, phase leads to extensive 
oxygen dissolution into the alloy ahead of 
the alloy-scale interface; this hardens and 
embrittles the alloy (Balsone, 1989; Welsch 
and Kahveci, 1989; Rakowski et al., 1993; 
Ward et al., 1993). From an engineering 

standpoint, oxygen dissolution and embrit- 
tlement rather than scaling is the major lim- 
iting factor in terms of environmental resis- 
tance for both a, and orthorhombic based 
alloys (Smialek et al., 1995; Meier, 1996). 

The high solubility of oxygen in the a2 
phase might also contribute to its inability 
to establish a continuous Al,O, scale, al- 
though internal oxidation is generally not 
observed; this is especially true at tempera- 
tures below 1000- 1100 "C (Meier et al., 
1989; Rakowski et al., 1993). Wallace et al. 
(1994) did report internal oxidation of 
Ti-25A1-11Nb at.% after exposure at 
900 "C in oxygen, but not in air. The inter- 
nal oxide was extremely fine, which sug- 
gests the use of TEM for characterizing the 
metal-scale interface regions of oxidized a, 
alloys in future studies. A mechanism by 
which A1203 scale formation would be ad- 
versely affected by high oxygen solubility, 
in the absence of internal oxidation, is not 
readily apparent and is also a potential top- 
ic for future study. 

The physical and mechanical metallurgy 
of a, alloys has been reviewed by Kim and 
Froes (1990) and a2 and orthorhombic al- 
loys by Banerjee (1994), for example. Sin- 
gle-phase a2 alloys have little to no ambi- 
ent ductility. The engineering a, alloys are 
two-phase with a p-Ti or p2 (ordered P, sec- 
ond phase. These alloys are typically based 
on Ti-(23-25)A1-(8-18) Nb at.% whereNb 
acts to stabilize the /3 (or p2) phase. Other /3 
stabilizers such as Mo, V, and Ta can also 
be added. At room temperature, tensile duc- 
tilities from 2-10% elongation and fracture 
toughness in the 13-30MPa m1'2 range 
have been reported (Kim and Froes, 1990). 
At higher Nb (p  stabilizer) concentrations 
(ca. 15-30at.% Nb), the Ti2A1Nb ortho- 
rhombic phase is stabilized (Banerjee et al., 
1988; Nandy and Banerjee, 1997). Alloys 
based on the orthorhombic phase have a 
better combination of strength, toughness, 
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Figure 6-26. Schematic partial Ti-Al-Nb phase dia- 
gram (at.%) showing relevant phase equilibria for a2 
and orthorhombic-based titanium aluminides (after 
900°C isotherm of Ward, 1992). 

and creep than those based on the a, phase 
(Rowe 199 1 a, b) and have supplanted a, al- 
loys in many development efforts (Wil- 
liams, 1997). The relevant phase equilibria 
in  the Ti-Al-Nb system are shown in Fig. 
6-26. 

6.5.6.1 a, Alloys 

Studies of the oxidation behavior of a, 
based alloys have primarily focused on two 
issues - the effects of nitrogen in the oxi- 
dizing environment (Rakowski et al., 1993; 
Wallace et al., 1994; Akai et al., 1996; Roy 
et al., 1996a) and the effects of alloying ad- 
ditions on oxidation rate (Khobaib and Vahl- 
diek, 1988; Koo et al., 1994; Qiu et al., 
1995; Sun et al., 1995; Roy et al., 1996b). 
There have also been several studies of the 
oxidation behavior of engineering a,-based 
alloys containing quaternary and higher-or- 
der alloying additions (Wallace et al., 1992; 
Schaeffer, 1993, Tomasi and Gialanella, 
1995; Vaidya et al., 1998). 

a, Alloys generally have better oxida- 
tion-resistance in air than in oxygen (Ra- 
kowski et al., 1993; Wallace et al., 1994; 
Akai et al., 1996; Roy et al., 1996a). This is 
attributed to the formation of a continuous 
TIN barrier layer (often accompanied by 
underlying A1 enrichment in the alloy) at the 
alloy-scale interface which is then postulat- 
ed to slow oxygen dissolution into the alloy 
(a major contributor to overall weight gain) 
(Rakowski et al., 1993; Wallace et al., 
1994). Akai et al. (1996) also proposed that 
the oxidation rate of TiN is highly depen- 
dent on Po, and that oxidation is slow under 
the low Po, conditions present at the alloy- 
scale interface, thus providing increased 
protection. 

In addition to significantly improving 
ambient ductility (Blackburn and Smith 
(1981), for example), the addition of up to 
about 10- 13 at.% Nb also improves oxida- 
tion-resistance (Khobaib and Vahldiek, 
1988; Rakowski et al., 1993; Koo et al., 
1994; Sun et al., 1995; Roy et al., 1996a, b). 
It has been proposed that this improvement 
in oxidation-resistance by Nb results both 
from doping, to slow TiO, growth in the 
mixed TiO, + A1,0, scale (Rakowski et al., 
1993; Roy et al., 1996a), and by favoring of 
nitride layer formation at the alloy-scale 
interface (Rakowski et al., 1993; Qiu et al., 
1995; Roy et al., 1996b). Addition of Si and 
Cr is reported to improve oxidation-resis- 
tance further (Koo et al., 1994; Qiu et al., 
1995), whereas the addition of V or Mo has 
been reported to be neutral (Wallace et al., 
1992) or detrimental (Schaeffer et al., 1993 
- V only; Sun et al., 1995). 

Data on the long term (> 1000 h) oxida- 
tion behavior of a,-based alloys are not 
available in the open literature. The upper 
temperature limit of engineering a, alloys 
from the standpoint of oxidation scaling rate 
is estimated to be ca. 700 f 50 "C. As men- 
tioned previously, however, embrittlement 



278 6 High-Temperature Oxidation and Corrosion of lnterrnetallics 

h 

by oxygen dissolution is the major limiting 
factor. On the basis of Ward et al. (1993) a,- 
based alloys are limited to applications be- 
low approximately 550 "C. 

800OC in Air 0 Ti-48AI-2Cr-2Nb 
Ti-22Al-ZONb-2Ta-IMo 

6.5.6.2 Orthorhombic Alloys 

The oxidation and embrittlement be- 
havior of orthorhombic-based alloys has 
been studied recently by Brindley et al. 
(1995) , Cerchiara et al. (1995), Rosenber- 
ger (1995), Dary and Pollock (1996), Dobbs 
(1997), Dobbs et al. (1997), Kumpfert and 
Leyens (1997), Warrier et al. (1998), and 
Leyens (1998). No oxidation data could be 
found for single-phase orthorhombic mate- 
rial (a potential topic of interest for future 
work). In general, for the ternary ortho- 
rhombic-based compositions Ti-(20-25) 
A1-(20-28)Nb at.%, which can also con- 
tain significant volume fractions of the 
a, and/or /3//3, phases (refer to Fig. 6-26), 
the oxidation-resistance at ca. 800 "C and 
below in air is less than that for Nb-modi- 
fied a, alloys (composition range Ti-25A1- 
(5- 1 l)Nb at.%) (Brindley et al., 1995; Cer- 
chiara et al., 1995; Meier, 1996; Jha et al., 
1997; Kumpfert and Leyens, 1997; Leyens, 
1998). The degradation of oxidation-resis- 
tance with the high levels of Nb needed to 
form the orthorhombic phase has been 
linked to the formation of Nb oxide reaction 
products which are not protective in the 
600-800 "C temperature range of interest 
for these alloys (Cerchiara et al., 1995; 
Meier, 1996). In addition to TiO, and A1,0, 
(which are also the primary oxidation prod- 
ucts formed on a, based alloys), Brindley 
et al. (1995), Kumpfert and Leyens (1997), 
and Leyens (1998) report the formation of 
AlNbO, (also not protective at 600-800 "C) 
by orthorhombic-based alloys. 

As with the a2-based alloys, orthorhom- 
bic-based alloys also suffer from oxygen 
embrittlement during elevated-temperature 

exposure in air (refer in particular to Dary 
and Pollock (1996), and to Brindley et al. 
(1993, Cerchiara et al. (1993, Rosenber- 
ger (1995), Meier (1996), and Leyens 
(1998)). Although it was initially thought 
that orthorhombic-based alloys were more 
resistant to embrittlement than a2-based al- 
loys, more recent work has shown that this 
is generally not so (see review by Meier 
(1996) for further details). Attempts to im- 
prove the oxidation-resistance of ortho- 
rhombic-based alloys have been successful, 
particularly with Ta addition (Godavarti 
et al., 1992). The orthorhombic-based al- 
loy Ti-22Al-20Nb-2Ta-lMo at.% was 
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Figure 6-27. Unpublished data of Brindley (1996) 
(reported in Brady et al. (1996a)) showing that al- 
though the oxidation-resistance of the orthorhombic- 
based alloy Ti-22Al-20Nb-2Ta-1 Mo at. % is superi- 
or to that of Ti-48A1-2Cr-2Nb at.% at 800 "C in air, 
it still suffers from extensive hardening during elevat- 
ed-temperature exposure in air. (a) Cyclic oxidation 
data; (b) Knoop microhardness data (25 g/15 s). 
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reported by Brindley (1996) (in Brady 
et al. (1 996 a)) to have oxidation-resistance 
superior to that of the y-based alloy 
Ti-48A1-2Cr-2Nb at. % at 800 "C in air 
(Fig. 6-27a). It is, however, interesting to 
note that despite superior oxidation-resis- 
tance, Knoop microhardness measurements 
revealed extensive hardening of the ortho- 
rhombic-based Ti-22A1-20Nb-2Ta- 1 Mo 
whereas no hardening was observed for 
Ti-48A1-2Cr-2Nb (Fig. 6-27b). This result 
suggests that for orthorhombic-based al- 
loys, and probably a,-based alloys also, ef- 
forts to raise the environmentally-limited 
upper-use temperature of these alloys 
should focus on additions that reduce em- 
brittlement tendencies (oxygen solubility is 
one possibility) instead of oxidation rate. 

6.6 Nb-A1 Based Intermetallics 

6.6.1 Overview 

The driving force behind the develop- 
ment of Nb-A1 intermetallics can be viewed 
as a major part of the overall (thus far large- 
ly unsuccessful) effort to develop niobium 
as a high-temperature (> 1000 "C) structural 
material for long-term use in aerospace and 
power generation applications. (It should be 
noted that silicide-coated Nb alloys contain- 
ing minor alloying additions such as Hf, Zr, 
Ti, W, and C are successfully used in aero- 
space propulsion system applications for 
short term exposure between 1100 and 
1500 "C, see the review by Wojcik (1998), 
for example). Niobium has a high melting 
point (2468 "C), good low- and high-tem- 
perature mechanical properties, and has 
the lowest density of the refractory metals 
(8.58 g cm-,, compared with 10.3, 16.7, 
19.3 for Mo, Ta, W, respectively) (e.g. re- 
view by Briant (1994)). The major draw- 
back of Nb is poor oxidation-resistance 

above ca. 400 "C, primarily because of 
the formation of porous, non-protective 
Nb,O, and susceptibility to embrittlement 
by oxygen- (and possibly nitrogen-)penetra- 
tion during elevated-temperature exposure 
in air (refer to reviews by Stringer (1973), 
Kofstad (1988c), and Perkins and Meier 
(1990)). The addition of A1 to Nb, in the 
hope of forming a continuous, protective 
A120, scale, was, and still is, one of the ma- 
jor avenues investigated for improving the 
oxidation-resistance of Nb. 

There are three intermetallic phases of 
interest in theNb-A1 system: Nb,AI, Nb,Al, 
and NbAl, (Fig. 6-28). Of these phases on- 
ly NbAl, is capable of A1,0, scale forma- 
tion in oxygen or air at near atmospheric 
pressures (Svedberg (1976), for example), 
but only under very limited exposure con- 
ditions. Alloying efforts to promote Al,O, 
scale formation in Nb-A1 base alloys over 
a wide range of temperatures have been un- 
successful, although protective Al,O, scale 
formation in air has been demonstrated at 

c- Ductility *- 
-'"' I I 

At.% A1 

Figure 6-28. Schematic binary Nb-A1 phase diagram 
(after Cervant and Ansara (1997) and Colinet et al. 
(1997)). There is a wide gap in protective A1203 
scale formation and room-temperature ductility in 
the Nb-AI system. (Note that binary NbAI, is only 
capable of AI20, scale formation under limited time 
and temperature conditions.) 
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high-temperature only (> 1200- 1400 "C) in 
NbAl, + Laves phase Nb-Al-Cr base alloys 
(Hebsur et al. (1989), Doychak and Hebsur 
(1991) - see Section 6.8.6 for further de- 
tails) and for alloys based on the Nb-Ti-A1 
system in the approximate composition 
range Nb-25Ti-50Al at. % (Perkins et al. 
(1989a), for example). Because of the large 
number of studies of high-temperature oxi- 
dation in the Nb-Ti-A1 system (Wukusick, 
1963; Perkins et al., l988,1989a, b; Perkins 
andMeier, 1991;Chenet al., 1992a, b, 1993; 
Allouard et al., 1993; Brady et al., 1993; 
Steinmetz et al., 1993; Zhang et al., 1993; 
Yang and Gleeson, 1994; Bannykh et al., 
1995; Kekareet al., 1995; Brady et al., 1999), 
it will be treated as a separate sub-section. 

There has recently been a resurgence of 
interest in Nb-base alloys, primarily for 
intermediate temperature (600-800 "C) 
applications. These alloys are based on the 
@-Nb(Ti) or ordered @ ( r C j 2 )  phase, but can 
also include significant quantities of the 
Nb,Al phase (Jackson and Jones 1990; Ban- 
nykh et al., 1993; Sikka et al., 1993; Hor- 
spool et al., 1997; Wheeler et al., 1997; Ye 
et al., 1998). Typical compositions are in the 
general range Nb-(20-40)Ti-(5 -20)Al 
at. % and Cr and/or V or Hf are often added 
also. Although excellent mechanical prop- 
erties have been demonstrated, for example 
from 4-33% room temperature tensile el- 
ongation depending on composition and mi- 
crostructure (see Ye et al. (1998), or the re- 
view by Hanada (1997), for further details), 
the rate of oxidation is generally near the 
range of that for pure Ti (Cockeram et al., 
1995b). Additionally, these alloys also suf- 
fer from oxygen embrittlement during ele- 
vated-temperature exposure (Roos et al., 
1997; Sikka and Loria, 1997). These factors 
are speculated to limit long-term use of this 
class of Nb-base alloys in structural appli- 
cations (uncoated) to below about 500- 
700 "C. 

There has also been recent interest in 
Nb-A1 compounds as sulfidation-resistant 
coatings (Grzesik et al., 1995; Mitsui et al., 
1996; Kai and Huang, 1997). Rates of sul- 
fidation are generally low for refractory 
metals such as Nb - see the review by Mrow- 
ec (1995), for example. It is, however, un- 
certain whether such alloys will be effective 
in combined oxidizing/sulfidizing environ- 
ments because of inadequate oxidation-re- 
sistance. 

It is instructive to note that Stringer 
(1973) expressed pessimism about the de- 
velopment of oxidation-resistant refractory 
metal alloys (Nb, Ta, Mo, W) and that Mei- 
er (1996) opines that "attempts to protect 
Nb-base compounds by the selective oxida- 
tion of A1 or Si are fruitless". Although we 
are not quite that pessimistic, it is clear that 
successful development of oxidation-resist- 
ant Nb-A1 intermetallics for high- temper- 
ature structural applications will certainly 
require a truly radical, new approach. 

The oxidation behavior of the inter- 
metallic phases NbAl,, Nb,Al, and Nb3A1 
will be reviewed, followed by a discussion 
of high-temperature oxidation in the Nb- 
Ti-A1 system. 

6.6.2 NbAl, 

The high-temperature oxidation behavior 
of NbAl, has been extensively studied 
(Svedburg, 1976; Perkins et al., 1988, 
1989a; Hebsur et al., 1989; Steinhorst and 
Grabke, 1989). The reader is also referred 
to the review by Aitken et al. (1967) for a 
summary of work conducted in the 1950s 
and 60s on NbAl,, much of which was 
culled from limited distribution reports. 
The NbA1, phase is brittle at ambient tem- 
peratures and alloying efforts to improve 
the low-temperature mechanical properties 
have not proven successful (refer, for exam- 
ple, to Schneibel et al. (1988) and reviews 
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by George et al. (1991) and Sauthoff 
(1995 b)). 

Although NbAl, initially forms a contin- 
uous A1,0, scale in the 1000-1400°C 
range, because NbAl, is a line compound 
(Fig. 6-28), and (presumably) A1 diffusion 
is somewhat low, A1 consumption to form 
A1,0, results in the formation of a layer of 
the Nb,A1 phase at the alloy-Al,O, inter- 
face. The Nb,Al phase is not capable of 
maintaining the A1,0, scale, and oxidizes 
primarily to form AlNbO, and Nb,O,, 
which are not protective. (It is not entirely 
clear whether the AlNbO, is formed direct- 
ly from the oxidation of Nb,Al or by a 
solid-state reaction between Nb,O, and 
A1,0, .) When the Nb2A1 layer is consumed 
this cycle is repeated, resulting in the for- 
mation of a scale consisting mainly of alter- 
nating layers of Al,O, and AlNbO, (Perkins 
et al., 1988; Steinhorst and Grabke, 1989). 
At lower temperatures (approximately 
650- 1000 "C range), NbAl, suffers from 
pesting, a catastrophic intermediate temper- 
ature degradation observed in oxidizing en- 
vironments (Aitken, 1967; Steinhorst and 
Grabke, 1989; Grabkeet al., 1991b; Fujiwa- 
ra et al., 1993; Doychak, 1994; see Section 
6.2.3 for further details). 

Hebsur et al. (1989) and Hebsur and 
Stephens (199 1) demonstrated that addition 
of Cr to NbAl,, to produce a two-phase 
NbAl, + Laves phase microstructure (Doy- 
chak and Hebsur, 1991), was effective at 
promoting long-term A1,0, scale formation 
at high temperature (see Section 6.8.6 for 
further details). These alloys, however, 
were brittle at ambient temperatures and re- 
mained susceptible to pesting (Raj et al., 
1992; Doychak et al., 1991). 

Lever (1962) (as reported in Aitken 
( 1967)) examined many alloying additions 
in an attempt to prevent pesting of NbAl,. 
Addition of Ag, Bi, Cu, Si, and Sn resulted 
in excess A1 in the microstructure (NbA1, + 

A1 two-phase field - see Fig. 6-28) which 
slowed the rate of oxidation and inhibited 
pesting. Steinhorst and Grabke (1989) inter- 
preted the beneficial effect of a small con- 
centration of excess Al, =1 at.%, in terms 
of preventing subscale A1 depletion to form 
Nb2A1 during A1 consumption to form 
A1,0,. They also note, however, that larger 
concentrations of A1 result in A1 phase pre- 
cipitation at grain boundaries. This resulted 
in increased oxidation kinetics because of 
'bursting' at the grain boundaries from the 
volume expansion associated with the selec- 
tive oxidation of the A1 phase to form A1,0,. 
Al-rich NbAl, alloys are not suitable for 
high-temperature use because the A1 phase 
melts at 660 "C. Large additions of Ti were 
found to inhibit pesting without the forma- 
tion of the A1 phase, but move the alloy mi- 
crostructure outside the NbAl, phase field. 
These alloys are discussed below in Section 
6.5. 

The outlook for NbAl, as an oxidation- 
resistant high-temperature structural alloy 
or coating is poor. Recent alloy develop- 
ment efforts related to NbAl, have been di- 
rected towards its incorporation as a minor 
phase in a multiphase alloy (see review by 
Sauthoff (1995~) and also Section 6.8 for 
further details). 

6.6.3 NbZAI 

There have been few studies of the me- 
chanical or oxidative properties of the 
Nb2Al phase. A1 is soluble in the phase over 
a large range of concentration; the same is 
true for ternary additions such as Ta and Ti 
(among others). The available data suggest 
that binary Nb,Al has good high-tempera- 
ture strength but is extremely brittle at am- 
bient temperatures and remains brittle up to 
at least 1000- 1200 "C (Anton and Shah, 
199 1 ; Fleischer, 1994). Oxidation-resis- 
tance of Nb2Al is also poor (Anton and 
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Shah, 1991) because of the formation of 
Nb,O, and mixed Nb-A1 oxides such as 
AINbO, (Svedberg, 1976). 

The inability of single-phase Nb2A1 to 
form continuous Al,O, has not been rigor- 
ously determined. Thermodynamic stability 
is unlikely to be a major issue because in 
oxygen Nb is much more noble than Al (see 
Fig. 6-3). The solubility of oxygen and ni- 
trogen in Nb is, however, significant. It is 
likely that the inability of Nb2A1 to form 
A1,0, results from kinetic factors related to 
high oxygen and/or nitrogen solubility. Per- 
kins et al. (1988, 1991) have conducted a 
classical Wagner internal/external oxida- 
tion approach to the oxidation of Nb-Al- 
base intermetallics in general, and report 
internal oxidation in two-phase Nb,AI + 
TiAl Nb-Ti-A1 alloys. Brady et al. (1999) 
report extensive internal oxidation and nit- 
ridation in single-phase Ti-modified Nb2AI 
exposed at 1200 "C in air (Fig. 6-29). 

6.6.4 NbSAl 

As with Nb,Al, the Nb3A1 phase has good 
high-temperature strength but is extremely 
brittle below ca. 1000 "C (Anton and Shah, 
199 1 ; Sauthoff, 1995 d; Hanada, 1997). 
Although Al is only moderately soluble in 
Nb,Al (=5 at.%), elements such as Ti, 
Mo, and V are appreciably soluble (25- 

Figure 6-29. SEM back-scatter-mode cross-section 
micrograph of Ti-35A1-40Nb at.%, a Ti-modified, 
nearly single-phase oalloy, after 1 h at 1200 "C in air 
(Brady et al., 1999). 

10 at. %), which is beneficial from the stand- 
point of alloy development (Shah and An- 
ton, 1992). Although the Nb3A1 phase has 
been the subject of recent high-temperature- 
alloy development efforts because of the ex- 
istence of a two-phase field with the ductile 
fl-Nb solid solution phase (Fig. 6-28) (refer 
to reviews by Shah and Anton (1992), 
Sauthoff (1995d), and Hanada (1997)), the 
primary interest in Nb,Al has been for low- 
temperature superconducting applications. 

The oxidation-resistance of the Nb,A1 
phase is poor (Svedberg, 1976; Anton and 
Shah, 1991) because of the formation of 
Nb,O, and mixed Nb-A1 oxides (Svedberg, 
1976). There have been few detailed stud- 
ies of the oxidation behavior of Nb,Al 
and/or Nb,Al+ Nb solid solution alloys 
(Tomizuka et al., 1993; Kim and Knowles, 
1997). These studies indicate a susceptibil- 
ity to internal oxidation and extensive oxy- 
gen penetration into the alloy. The outlook 
for structural Nb,Al-based alloys for long- 
term, high-temperature applications is con- 
sidered poor because of their inadequate en- 
vironmental resistance 

6.6.5 Nb-Ti-A1 

Interest in the Nb-Ti-A1 system for high- 
temperature applications seems to have 
originated from the work of Lever and 
Wukusick (1961) and Wukusick (1963) (key 
results are summarized in the reviews of 
Aitken (1967) and Perkins and Meier 
(1990)) which showed that large quantities 
of Ti inhibit pesting of NbAI,. The alloys of 
interest generally fall in the range of the CF 

(Nb,Al)-y (TiAI)-fl (Nb,Ti) phase fields 
(Perkins et al., 1988, 1989a, b; Perkins and 
Meier, 1991; Allouard et al., 1993; Brady 
et al., 1993, 1999; Steinmetz et al., 1993; 
Bannykh et al., 1995); protective A1,0, 
scale is formed above approximately 1200- 
1400°C in air and non-protective Ti0,- 
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based scale (but not pesting) at lower tem- 
peratures (see Figs. 6-30 and 6-31). There 
has also been interest in the yTi-Al-Nb sin- 
gle-phase field and in the y + (Nb,Ti)Al, 
two-phase field (Wukusick, 1963; Chen 
et al., 1992a, b, 1993; Zhang et al., 1993; 
Yang and Gleeson, 1994; Kekare et al., 
1995). With these alloys A1203 scale is ei- 
ther not formed or is not formed over a suf- 
ficiently wide range of temperatures. 

Perkins et al. ( 1  989a) found that a mini- 
mum of ca. 44 at.% A1 (Nb:Ti approximate- 
ly  1 : 1) was needed in ternary Nb-Ti-A1 al- 
loys to promote protective A1203 formation 
at 1400 "C in air. Optimum behavior was ob- 
served in a narrow composition region cen- 
tered around Nb-25Ti-50Al at.%. Addition 
of3-5 at.%Crand4-6 at.%V(forNband 
Ti) was found to reduce the minimum 
amount of A1 needed for Al,O, scale forma- 
tion to ca. 38 at.%, by reducing the solubil- 
ity and diffusivity of oxygen in the alloy. 
The alloys were reported to fall within the 
0 + y two-phase field at the lower tempera- 
tures where non-protective Ti0,-based 
scale formation was observed and the sin- 
gle-phase p field at the higher temperatures 
where protective Al,03 scale formation was 
observed (the p phase field moves toward 
the Al-rich corner of the Nb-Ti-A1 system 
with increasing temperature - Figs. 6-30 
and 6-32). Addition of 5-10 at.% Si was 
also found to be beneficial, but only in short 
term 10-20 h exposures at 1100 "C (Perkins 
and Meier, 1991). Breakaway oxidation was 
observed after longer times. The Si also em- 
brittled the alloys and reduced their melting 
points (Perkins and Meier, 1990). 

The inability to establish an A1203 scale 
on Nb-25Ti-50Al at.% and related alloys 
below 1200- 1400 "C results, at least in part, 
from internal attack in the two-phase o+ y 
microstructure stable at these temperatures 
(Perkins et al., 1991; Bradyet al., 1999). On 
the basis of a study of Nb-Ti-A1 alloys with 

Ti 

Figure 6-30. Schematic 1200 "C Nb-Ti-Al isotherm 
(at.%) (Hoelzer and Ebrahimi, 1991). 

Figure 6-31. SEM back-scatter-mode cross-section 
micrographs of the Perkins et al. (1989a) alloy 
Ti-25Nb-50A1 at.% after 3 h oxidation in air show- 
ing transition to continuous A1203 formation with in- 
creasing temperature (Brady et al., 1992). (a) 1200 "C; 
(b) 1400°C. 
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Ti Figure 6-32. Schematic 1400 "C Nb-Ti-A1 
isotherm (at.%) (Brady et al. (1993), after 
Kattner and Boettinger (1992)). Approxi- 
mately 244 at.% A1 at Nb: Ti = 1 : 1 is need- 
ed to form A1,0, above = 1400 "C (Perkins 
et al., 1989a). The alloy Nb-25Ti-50A1 
at.% is marked by the arrow. 

L 

I 
Nb (Ti, Nb)A13 

addition of small amounts of Cr and V, Per- 
kins et al. (1988, 1989a) speculated that the 
transition to A1203 scale formation at high 
temperature results from increased A1 dif- 
fusivity in the alloy, owing to transforma- 
tion of the microstructure from o+ y to P. 
It is, however, not clear if the microstruc- 
ture in the Al,03-forming temperature 
range consists solely of the Bphase. The re- 
sults of Brady et al. (1993) suggest that, at 
least for ternary Nb-25Ti-50A1, the yphase 
was the primary component of the micro- 
structure at 1400 "C, a temperature where 
A1203 scale formation was observed (Fig. 
6-32). Therefore, increased A1 diffusivity 
associated with transformation of the micro- 
structure to the Pphase might not be respon- 
sible for the transition to protective A1203 
scale formation above 1200- 1400 "C. 

A detailed mechanistic understanding 
of the transition to protective Al,03 scale 
formation at high-temperature in 0-y-P 
Nb-Ti-A1 alloys has not been achieved. It 
will probably require data on the solubility 
and diffusivity of oxygen and A1 in the o, y, 

Al 

and Bphases in the 1000- 1400 "C range and 
detailed knowledge of the phase boundaries 
(refer to Hellwig et al. (1998) for a critical 
review of phase equilibria in the Nb-Ti-A1 
system at 1000 and 1200 "C). From an alloy 
development perspective, irrespective of 
the extent to which the P phase is respon- 
sible for the transition to protective A1203 
scale formation with increasing tempera- 
ture, it is important to note that attempts to 
stabilize the @ phase in this composition 
range (ca. 40-50 at.% Al) to lower temper- 
atures have not proven successful (Perkins 
and Meier, 1991). Further, A1203 scale for- 
mation is not supported by o + y alloys. Fi- 
nally, although o+ y alloys have some po- 
tential for high-temperature strength and 
creep resistance (Guilherme de Aragao and 
Ebrahimi, 1996), they are brittle at room 
temperature (Ebrahimi et al., 1993). The 
outlook for an oxidation-resistant, high- 
temperature structural alloy based in the 
Nb-Ti-A1 system is, therefore, considered 
poor. 
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6.7 Precious Metal, Exotic, and 
Miscellaneous Aluminides 

6.7.1 Pt-AI Intermetallics 

Few studies have examined the oxidation 
behavior of Pt-A1 intermetallics because of 
the costs associated with the high Pt content 
(e.g. PtAl is approximately 88% w/w Pt). 
There are two primary areas of interest in 
the study of Pt-A1 intermetallics: 

- their use as a model system to study oxi- 
dation fundamentals (Felten and Pettit, 
1976; Sheasby and Jory, 1977; Pint et al., 
1998a), especially the effect of Pt which 
is used commercially in Pt-modified alu- 
minide coatings (Lehnert and Meinhardt, 
1972; Streiff et al., 1987; Smith and 
Boone, 1990; Warnes and Punola, 1997; 
Haynes et al., 1999; Zhang et al., 1999); 
and 

- application as a probe or sheath material 
where an external A1,0, layer is benefi- 
cial compared with pure Pt either as an 
insulating layer for a liquid metal wire 
probe (Nanko and Maruyama, 1997; 
Nanko et al., 1998) or to prevent the vol- 
atilization of PtO, in high-temperature 
oxidizing environments. 

The addition of small amounts of Pt to 
improve scale adhesion is discussed in Sec- 
tion 6.3.2.4. 

The transition from internal to external 
AI,O, formation in the Pt-A1 system occurs 
at approximately 7 at.% A1 for oxidation 
in air from 1100-1400°C (Nanko et al., 
1998). This critical A1 content is significant- 
ly lower than for Ni- and Fe-aluminides, in 
part because of the exceptionally high no- 
bility of Pt in oxygen. Pt oxide also tends to 
volatilize leaving A1,0, as the only con- 
densed oxide phase (qualitatively similar to 
the behavior of Mo/Mo03 in MoSi, - see 
Section 6.9 for further details). 

When an external A1,0, layer forms on a 
Pt-A1 alloy, the A1,0, growth rate and mi- 
crostructure are very similar to that formed 
on NiAl, including the formation of faster- 
growing cubic A1,0, phases in short times 
(1 5 min at 1200 "C; Felten and Pettit (1 976)) 
or at low temperatures. Felten and Pettit 
(1976), noted weight losses during oxida- 
tion at 1200-1400°C for Pt-33A1 at.%; no 
weight losses were, however, noted for 
oxidation of PtAl at 1200°C (Pint et al., 
1998a; Dickey et al. 1999a). Because of the 
large number of line-compound phases in the 
Pt-AI system, consumption of A1 to form 
A1,0, can induce phase changes to lower Al- 
containing phases such as Pt,Al, forming 
Pt,Al (Felten and Pettit, 1976) or PtAl form- 
ing Pt,Al, (Dickey et al., 1999a, b). 

The adhesion of oxide scales on PtAl,, 
Pt,AI,, and PtAl is very good compared with 
on Ni and Fe aluminides. This has been at- 
tributed to the rough meral-oxide interface 
(Felten and Pettit, 1976) but might also be 
a result of a reduced tendency to nucleate 
and/or grow interfacial voids compared 
with the other aluminides (Dickey et al., 
1999b; Haynes et al., 1999). During l-h cy- 
cles at 1 150 and 1200 "C the Pt,Al, layer 
which developed on PtAl beneath the A1,03 
scale was observed to crack and subsequent- 
ly fill with oxide (Pint and Wright, 1998; 
Dickey et al., 1999b). This resulted in high- 
er than normal weight gains but little scale 
spallation. The scale adhesion on PtAl was 
substantially improved and the scale growth 
rate reduced by addition of Zr (Dickey et al., 
1999a). 

6.7.2 Ir-AI Intermetallics 

The oxidation behavior of iridium alumi- 
nides has been investigated from 1300 to 
1800 "C by Lee and Worrell (1989, 1990) 
and Chou (1990). The system was consid- 
ered as a possible coating composition be- 
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cause of its high melting temperature, and 
is also of interest as a model system where 
the CTE of the substrate is almost identical 
to that of Al,O,, and so thermal stresses 
generated during cooling are minimal. As 
a result, good Al,O, scale adhesion was 
observed even at high temperatures 
(> 1500 "C). It was determined that to form 
an external Al,O, scale, 55 at.% A1 was re- 
quired because of the vaporization of iridi- 
um oxide. This level of A1 results in the for- 
mation of an 1r2A15 phase with IrAl. Some 
improvements in oxidation behavior were 
noted on addition of Si (Lee and Worrell, 
1990). 

6.7.3 Ru-A1 Intermetallics 

Ruthenium aluminide is of interest be- 
cause of its combination of room-tem- 
perature toughness and high-temperature 
strength (Fleischer et al., 1991 b; Wolff 
et al., 1997). The high-temperature oxida- 
tion-resistance of near stoichiometric RuAl 
is, however, not as good as that of some 
aluminides, and many of the additions 
which improve its mechanical properties 
further degrade its high-temperature-oxida- 
tion-resistance. High raw materials cost is 
also a major issue for many potential appli- 
cations. 

There is also concern with Ru-A1 based 
alloys because of the volatile Ru oxides. At 
temperatures up to 1100 "C oxidation be- 
havior seems to be typical of that of alumi- 
nides - A1,0, formation then spallation 
when the oxide is of sufficient thickness. At 
1300 "C, problems have been observed with 
internal oxidation. Addition of B, which im- 
proves ductility, has a detrimental effect on 
oxidation-resistance; in particular, internal 
oxidation is increased. Addition of Cr has a 
beneficial effect on oxidation behavior as 
does addition of REs (Fleischer, 1992). 

6.7.4 Co-A1 Intermetallics 

Very few studies have been conducted on 
the oxidation behavior of CoAl (Hutchings 
andLoretto, 1978; Barrett andTitran, 1992). 
It seems to form an Al,O, scale similar to 
that of NiAl and spa11 in a similar manner. 
No careful study has been made of Al,O, 
scale microstructure or growth rates, nor is 
information available about the effect of 
adding a RE. 

6.7.5 V-A1 Intermetallics 

The oxidation behavior of vanadium is 
very poor and one strategy for improvement 
was the addition of A1 to form an external 
Al,O, scale. Addition of up to ca. 45 at.% 
A1 and ternary addition of Cr and Ti did not 
overcome the significant problem that V,O, 
melts at =690 "C (Keller and Douglass, 
1991). This melting results in catastrophic 
oxidation at temperatures of 700- 1000 "C. 

6.8 Laves Phases and 
In-Situ Composites 

6.8.1 Overview 

Laves phases are topologically close- 
packed AB, type intermetallic compounds 
in which the B atoms are smaller than the A 
atoms (refer to reviews by Livingston 
( 1992, 1994) and Kumar ( 1997)). There are 
hundreds of binary (e.g. NbCr,) and ternary 
(e.g. NbNiAl) Laves phases, many of which 
have very high melting points. For example, 
the review of Livingston (1994) identifies 
at least 20 Laves phases with melting points 
in excess of 2000°C (e.g. TaCr,). Such 
Laves phases show promise for high-tem- 
perature strength and creep resistance, and 
are therefore of interest for high-tempera- 
ture structural applications. They are, how- 
ever, extremely brittle at ambient tempera- 
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tures (fracture toughness in the 1-2 MPa 
rn”, range). 

Although it is highly unlikely that a duc- 
tile, single-phase Laves phase alloy for 
high-temperature structural applications 
will ever be produced, polyphase alloys, al- 
so referred to as ‘in-situ’ composites, com- 
bining a Laves phase for high-temperature 
strength and more ductile phase(s) for am- 
bient toughness might be possible. It should 
be noted that in-situ composites are not lim- 
ited to Laves phase-containing alloys. Rath- 
er, the term ‘in-situ composite’ refers to a 
diverse group of materials of composition 
selected such that two or more phases are 
combined in an attempt to produce a mate- 
rial with overall properties superior to those 
of either single-phase component. The re- 
maining discussion will be confined to con- 
sideration of Laves phase containing in-si- 
tu composites, because of the recent inter- 
est in this class of alloy for high-tempera- 
ture use. 

Bhandarkar et al. (1975) have demon- 
strated improved creep strength in a ferritic 
steel via incorporation of TaFe, Laves- 
phase particles without embrittling the al- 
loy at ambient temperatures. Recent work 
by Anderson et al. (1995) showed that 
NbCr, precipitates can be used to produce 
high strength, high conductivity Cu-based 
alloys, also without embrittling the alloy 
at ambient temperatures. Although these 
alloys were targeted for low to intermedi- 
ate temperature applications (below 600- 
800 “C)  rather than high-temperature appli- 
cations, they do validate the possibility of 
dispersing a Laves phase in a ductile matrix 
to impart strength without irrevocably de- 
grading ductility. 

Few detailed studies have been per- 
formed on the oxidation behavior of Laves 
phases. Much of the available oxidation data 
is of a ‘screening’ nature, produced as part 
of an overall assessment of the potential of 

a given system for further development. Al- 
though these screening studies often report 
that Laves phases have ‘good’ oxidation-re- 
sistance, careful scrutiny reveals this is of- 
ten not so. This discrepancy usually results 
from comparison of the oxidation behavior 
of Laves phases with the oxidation behav- 
ior of other ‘exotic’ intermetallics examined 
in the screening study, rather than a compar- 
ison with known protective Cr,O3-, BeO-, 
Al,03- or Si0,-forming alloys. 

Laves phases other than those based on 
Cr, Be, Al, or Si, (to form Cr,O3, BeO, 
A1203, or SiO, protective scales) are not ex- 
pected to have long-term oxidation-resis- 
tance at high temperatures. Although there 
are no binary silicide Laves phases (Living- 
ston, 1994), several ternary silicide Laves 
phases do exist, for example, Mo(Co,Si),, 
but will not be addressed in this review. (For 
details on MoSi, oxidation, see Section 6.9). 
Several Be-containing Laves phases are dis- 
cussed in Section 6.10. 

Many of the Laves phases that are rich in 
Cr or A1 are paired with elements that have 
similar or greater thermodynamic stability 
in oxygen (HfCr, and HfAl, for example). 
A protective oxide scale cannot form if it is 
not the most thermodynamically stable ox- 
ide of the base alloy components. Further, 
Laves phases tend to be line compounds or 
of a limited solubility range (Thoma and 
Perepezko, 1995). This lackof extended sol- 
ubility can lead to the formation of less ox- 
idation-resistant phases beneath the scale 
which, when consumed, disrupt the contin- 
ued formation of a protective scale. As far 
as we are aware, there is no binary Laves 
phase capable of long-term protective 
Cr,03 or A1,0, scale formation over a wide 
range of temperatures. Some recent studies 
have, however, shown that oxidation-resist- 
ant Laves phases are achievable by alloying. 

Alloying can significantly extend the sol- 
ubility range of Laves phases (Thoma and 
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Perepezko, 1995). Moreover, most binary 
and ternary Laves phases can incorporate 
substantial amounts of Cr, Al, or Si (Living- 
ston, 1994). For example, the TiCr, Laves 
phase can hold upwards of 40-42.at.% Al, 
which results in the formation of a protec- 
tive Al,O, scale in air, especially when 
paired with the yTiAl or t(L1, TiA1, + Cr) 
phases in a two-phase alloy (Brady et al., 
1995, 1997a, b, for example). The key to the 
development of structural Laves phase con- 
taining alloys for high-temperature applica- 
tions will probably lie in the successful pair- 
ing of such oxidation-resistant Laves phas- 
es with an oxidation-resistant ductile matrix 
phase. Such alloys will probably require 
sustained long-term development efforts 
and might, in fact, not be achievable. 

Attempts to develop Laves phases for 
high-temperature structural applications are 
not new. For example, Kubaschewski and 
Schneider (1949) reported a study of the ox- 
idation-resistance of Cr refractory-metal 
systems in the range of the NbCr, and TaCr, 
Laves phases. More likely in the near term 
is development of new oxidation-resistant 
coating alloys based on Laves phases. For 
example, current candidate oxidation-re- 
sistant coatings for the y +  a, class of tita- 
nium aluminide include Ti(Cr,Al), Laves 
phase containing alloys (McCarron et al., 
1993; Brady et al., 1996a; Leyens et al., 
1997b; Tang et al., 1997; Brady et al., 
1998 a). 

The oxidation-resistance of selected sin- 
gle-phase Laves compounds will be re- 
viewed first, followed by a discussion of 
Laves-phase-containing in-situ composites 
based on Nb, Cr, NiAl, TiAl, and NbAl,. 

6.8.2 Single-Phase Laves Alloys 

Literature data on the oxidation-resis- 
tance of single-phase Laves alloys are quite 
sparse. Alloy development screening stud- 

ies by Svedberg (1976) and Anton and Shah 
(1991, 1992) indicated non-catastrophic ox- 
idation at 1200 "C in air for NbCr,. Zhou 
and Hobbs (1993) reported a combination 
of short-term oxidation and sulfidation re- 
sistance in nearly single-phase NbCr, at 
900 "C. Brady and Tortorelli (1998) have 
studied NbCr, and TaCr, as part of an alloy 
development effort devoted to Cr-NbCr, 
and Cr-TaCr, in-situ composites (see Sec- 
tion 6.8.4). In general, a layered Cr-rich/Nb- 
or Ta-rich non-protective scale was formed 
(Fig. 6-33), although after very limited time 
and temperature exposure conditions con- 
tinuous Cr203 was formed on NbCr, and 
TaCr,. The layered scale formation was at- 
tributed to repeated cycles of Cr-depletion 
and Nb (or Ta) enrichment in a manner anal- 
ogous to the Al,O,-AlNbO, scales formed 
on NbAl, (refer to Section 6.6 for further 

Figure 6-33. SEM (secondary-mode) cross-section 
micrograph of Cr-31Ta at.%, a nearly single-phase 
TaCr, alloy, after 168 h at 950°C in air. A similar 
layered scale was formed on Cr-31Nb at.% (Cr,Nb) 
after 24 h at 950 "C in air (Brady and Tortorelli, 1998). 
More recent characterization indicated extensive 
nitridation beneath the layered scales formed on both 
Cr-31Ta and Cr-31Nb. 
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details). Extensive nitridation beneath the 
layered scales formed on the NbCr, and 
TaCr, Laves phases was also observed (Bra- 
dy and Tortorelli, 1998). 

Grabke et al., 1992 as part of an alloy de- 
velopment effort devoted to NiAI-NbA1,- 
NbNiAl in-situ composites (see Section 
6.8.5) studied the oxidation of the ternary 
NbNiAl Laves phase. The rate of oxidation 
was intermediate between those of NbA1, 
(worse) and NiAl (best) at 1200°C in 
He-0.13 bar 0, and became quasilinear 
(non-protective) after an initial parabolic 
period. A complex multilayered scale con- 
sisting of layers of Al,O, and layers of var- 
ious mixed NiO, Nb205, Ni2A104, AINbO,, 
and NiNb,O, phases was formed. Depletion 
of Al was observed underneath the scale. 
The mechanism was inferred to be similar 
to that of NbAI, with regard to repeated cy- 
cles of A1 depletion and the subsequent for- 
mation of a layered scale. 

6.8.3 Nb-NbCr, In-Situ Composites 

A two-phase field exists between the Nb 
solid solution phase and the NbCr, Laves 
phase in the Nb-Cr system (Fig. 6-34). (Re- 
fer to Thoma and Perepezko ( 1992) for spe- 
cific details of the Nb-Cr system). This sit- 
uation is analogous to the Nb-A1 system 
where a two-phase field exists between the 
Nb solid solution phase and the Nb,Al 
phase. Unlike the Nb-Nb,Al phase equilib- 
ria (Fig. 6-28), however, the Nb-NbCr, 
phase equilibria involves an eutectic reac- 
tion (Fig. 6-34). The existence of an eutec- 
tic reaction is advantageous because it pro- 
vides greater opportunity for the formation 
of a wide variety of microstructures through 
proper control of processing conditions 
(Mazdiyasni and Miracle, 1990). 

Nb-NbCr, in-situ composites have been 
the subject of several recent alloy-develop- 
ment efforts (refer, for example, to Bewlay 

+Cr-XCr,+ + X-XCr,- 

Cr X=Nb,Ta,Zr,Hf 
Increasing X- 

Figure 6-34. Generalized schematic Cr-X phase di- 
agram (at.%) for X = Nb, Ta, Zr, and Hf. Eutectic re- 
actions exist for producing in-situ composites based 
on CrFF or X,, (ss =solid solution) phases and the XCr, 
Laves phase. Note that the specific details of the phase 
diagrams (eutectic compositions, eutectic tempera- 
tures, solid solution ranges, etc., vary depending on 
XI. 

et al. (1994), Shah et al. (1995), Chan 
(1996) , Chan and Davidson (1996), Jack- 
son et al. (1996), and to Chen et al. (1998). 
The Nb solid solution phase is ductile and 
provides a potential source of ambient 
toughness while the NbCr, phase provides 
a potential source for high-temperature 
creep strength. Ambient fracture toughness 
in the range 20 MPa rn”, has been achieved 
for Nb solid solution matrix Nb-NbCr,- 
based in-situ composites (with addition of 
Ti) and ca. 8 MPa m”, for NbCr, matrix- 
based Nb-NbCr,-based in-situ composites 
(refer to review of Chan and Davidson 
(1996) for further details). 

Few studies of Nb-NbCr, alloy oxidation 
have been conducted. Mixed Nb and Cr 
oxides, instead of a protective Cr203 scale, 
are formed. Mayo et al. (1960) report 
rapid non-protective oxidation kinetics for 
Nb-(25-50)Cr at.% at 1100°C in air. They 
also note accelerated oxidation kinetics in 
air as opposed to pure oxygen or pure nitro- 
gen. Screening tests by Takasugi et al. 
( 1993) conclude that the oxidation-resis- 
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tance of Cr-(39-49)Nb at.% is 'quite good' 
at 1000 "C, although this conclusion seems 
to be based on comparison with Nb3Al, 
which is not oxidation-resistant, rather than 
an oxidation-resistant Cr203- or A1203- 
forming alloy. The weight gains reported by 
Takasugi et al., 1993 are high and indicative 
of non-protective behavior. Jackson et al. 
(1995) report oxidation screening of a series 
of high-temperature intermetallic com- 
pounds of the type M2A1, M3Al, MCr,, and 
M,Si3. They conclude that although the 
NbCr, Laves phase-based alloys (with ad- 
dition of Ti) have the best oxidation-resis- 
tance of the alloys examined, the rate of 
oxidation was still quite high and noted that 
protective coatings will be needed. 

Perhaps a more important consideration 
than oxidation scaling rate is the potential 
for oxygen embrittlement of the Nb solid so- 
lution phase. Mayo et al. (1960) report ex- 
tensive hardening in Nb-35Cr at. % after ex- 
posure at 1100°C in air. Although recent 
studies specifically addressing this issue 
could not be found in the literature, the Nb 
solid solution phase in these alloys (as with 
all Nb solid-solution alloys) is expected to 
be extensively embrittled during elevated- 
temperature exposure in air (refer to Section 
6.5.6 and Section 6.6 for further details 
of elevated-temperature oxygen embrittle- 
ment). Despite the gains made in ambient 
mechanical properties, the outlook for this 
class of in-situ composite in long-term, 
high-temperature structural applications is 
highly questionable, because of inadequate 
oxidation-resistance and susceptibility to 
elevated-temperature embrittlement in air. 

6.8.4 Cr-XCr, Type In-Situ Composites 

The Nb-Cr system also contains a 
NbCr2-Cr eutectic reaction (Fig. 6-34), af- 
fording the possibility of producing a 
Cr-NbCr, in-situ composite with a soft Cr 

solid solution phase as the matrix (Takeya- 
ma and Liu, 1990; Bewlay et al., 1994; Liu 
et al., 1996b; Aoyama and Hanada, 1997; 
Kumar and Liu, 1997; Yoshida and Takasu- 
gi, 1997). Similar opportunities exist in the 
Cr-ZrCr, (Mazdiyasni and Miracle, 1990), 
Cr-HfCr, (Mazdiyasni and Miracle, 1990; 
Ravichandran et al., 1996), and Cr-TaCr, 
systems (Mazdiyasni and Miracle, 1990; 
Brady et al., 1997c, 1998~).  

The major rationale behind the selection 
of a Cr solid-solution phase matrix is the po- 
tential for improved oxidation-resistance 
owing to the formation of a protective Cr203 
scale. The drawback is that although the am- 
bient ductility of Cr can be appreciable in 
limited circumstances, under most condi- 
tions it is quite brittle at room-temperature 
(refer, for example, to Morinaga et al. 
(1995) or the review by Scully and Brandes 
(1967)). Further, Cr is extensively embrit- 
tled by nitrogen during elevated-tempera- 
ture exposure in air (review by Scully and 
Brandes ( 1967)), although that embrittle- 
ment can be limited by additions (e.g. RE 
dispersions such as Y203) which improve 
the adherence and overall protectiveness 
of the Cr2O3 scale (Lawn et al., 1978). Al- 
though Cr solid solution matrix in-situ com- 
posites has potential for oxidation-resis- 
tance, a definite advantage over the Nb- 
NbCr, in-situ composites, they might suffer 
from nitrogen embrittlement during elevat- 
ed-temperature exposure in air and will 
probably require an oxidation-resistant 
coating for long-term, high-temperature ap- 
plications (no greater than 1000- 1100 "C; 
possibly lower) because of limitations of 
Cr2O3 scales in high-temperature use (see 
Section 6.2.1 and Table 6- 1 for further de- 
tails). 

The ambient fracture toughness of 
Cr-XCr,-type in-situ composites are cur- 
rently significantly less than that achieved 
by Nb-NbCr, based in-situ composites. 
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Ravichandran et al. (1996) report an ambi- 
ent fracture toughness of 7 MPa m112 in the 
Cr-HfCr, system (Cr-5.6Hf at.%), with an 
increase to 9- 13 MPa ml', at 200 "C. Bra- 
dy et al. (1998~) report preliminary results 
indicating ambient fracture toughness of 
up to 10-12 MPa m1'2 in Cr-TaCr,-based 
alloys with proprietary alloying additions. 
Although these fracture toughness values 
are a significant improvement over single- 
phase Laves alloys, they are still well be- 
low the 20 MPa m112 range reported for 
Nb-NbCr,-based in-situ composites. This is 
probably partly because of the difficulty in 
ductilizing the Cr solid-solution matrix in 
Cr-XCr, type alloys, compared with the Nb 
solid-solution matrix in Nb-NbCr,. 

Few oxidation studies have been per- 
formed on Cr-XCr,-type in-situ composite 
alloys. Of the X elements currently under 
consideration, Hf and Zr are significantly 
more active in oxygen than Cr, and Nb and 
Ta are marginally more active (see Fig. 
6-3). Such oxygen-active elements as Hf 
and Zr are expected to result in extensive 
internal oxidation (and perhaps nitridation) 
of the alloy during elevated-temperature 
exposure in air. The consequence of this 
is illustrated in Fig. 6-35, which shows the 
catastrophic oxidation-induced failure of 
a Cr-ZrCr, based alloy coupon after six- 
cycle, 120-h screening at 1100°C in air. 
Although Mazdiyasni and Miracle (1990) 
report 'good' oxidation behavior for Cr- 
HfCr, in 24-h isothermal oxidation screen- 
ing exposure at 800°C or 1200°C in air, it 
is probable that the alloy was internally 
oxidized and would catastrophically fail in 
a manner similar to that observed for the 
Cr-ZrCr,-based alloy during longer-term 
and/or cyclic exposure conditions. (Note 
that very minor ( 9 1  at.%) additions of ac- 
tive elements such as Hf or Zr can be quite 
beneficial - see Section 6.2.2 for further de- 
tails.) 

Figure 6-35. Optical macrograph showing the cata- 
strophic oxidation-induced failure of a Cr-ZrCr,- 
based alloy after six-cycle, 120-h screening exposure 
at 1100°C in air. Note that the coupon was initially a 
solid 1-cm diameter, I-mm thick disk (Brady, 1997). 

The thermodynamic situation for Cr- 
NbCr, and Cr-TaCr, in oxygen is not as 
straightforward as that for the Hf- and 
Zr-containing Cr-XCr, type alloys. At unit 
activity, both Nb and Ta are more active 
(stable) in oxygen than Cr, but the differ- 
ence is only small. Component activities in 
these alloys will, therefore, determine 
whether or not it is possible to form a con- 
tinuous protective Cr,O, scale. If the Nb (or 
Ta) activity is sufficiently less than that of 
Cr, then the slight stability advantage of Nb 
(or Ta) oxides over Cr203 at unity activity 
is overcome and protective Cr203 scale for- 
mation is possible. (Hf and Zr are so much 
more active than Cr in oxygen that it is high- 
ly unlikely that their activities could be suf- 
ficiently low for Cr203 to be the stable ox- 
ide on the alloy). Definitive statements can- 
not be made because detailed information 
on component activity in Cr-XCr,-type al- 
loys is not available. 

The oxidation behavior of Cr-NbCr, 
based alloys has been studied recently by 
Tortorelli and DeVan (1992), Liu et al. 
(1996b), Tortorelli and Pint (1997), and Bra- 
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10 I I Figure 6-36. Cyclic oxidation 
screening (six-cycle, 120 h) at 
1100°C in air showing the superior 
behavior of Cr-TaCr,-based alloys 
over Cr-NbCr,-based alloys (Brady 
et al., 1998~) .  

dy and Tortorelli (1998). These studies show 
the formation of continuous Cr,O3 overly- 
ing Cr-Nb rich oxide. This behavior is in 
accordance with the thermodynamics of the 
pure elements which show Nb to be slight- 
ly more active in oxygen than Cr. Although 
the oxidation rates at 950 "C were near the 
broad range reported for non-reactive-ele- 
ment-doped Cr,O, , they were still several 
orders of magnitude too fast to be consid- 
ered fully protective. At 1 100 "C, non-pro- 
tective oxidation and extensive subscale 
embrittlement resulted from a six-cycle, 
120-h oxidation screening in air (Brady and 
Tortorelli, 1998). 

Preliminary work by Brady and Tortorel- 
li (1998) suggests that Cr-TaCr, alloys have 
oxidation-resistance superior to that of 
Cr-NbCr, alloys, at least under short-term, 
cyclic-oxidation conditions at 1 100 "C in air 
(Fig. 6-36). With microalloying, including 
addition of RE, such alloys have short-term 
( ~ 2 0 0  h) oxidation kinetics in the range re- 
ported for superalloys such as Waspaloy, 
which forms a somewhat protective Cr,O3- 
based scale (Fig. 6-37). It is important to 
note that this kinetic behavior, although 
promising, is still several order of magni- 
tude faster than that of oxidation-resistant, 
reactive-element-doped Cr203-forming al- 
loys such as MA754 (Fig. 6-37). Further, the 

h 
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Figure 6-37. TGA data at 950°C in air. Data for 
Cr-8Ta at.% alloys from Brady et al. (1998~);  Was- 
paloy (nominal Ni-19Cr-13.5C0-4.3Mo-3Ti-2Fe- 
1 SA1 % w/w based) data extrapolated from Chen 
et al. (1997); MA754 (Ni-20Cr-0.5Y,03 % w / w )  
1000°C data of Pint and Hobbs (1990). 

scales formed on the Cr-TaCr, alloys 
showed indications of Ta-rich oxide and ni- 
tride formation underlying the Cr,O3. It is, 
therefore, not yet clear whether the oxida- 
tion-resistance of these alloys can be main- 
tained during long-term (> 1000 h) expo- 
sure. 

6.8.5 NiAl-Based In-Situ Composites 

NiAl-based in-situ composites, in partic- 
ular those fabricated by directional solidifi- 
cation (DS) processing, have been of inter- 
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est as a means of overcoming the low am- 
bient fracture toughness and lack of high- 
temperature creep strength of NiAl (refer to 
reviews by Sauthoff (1995c), Noebe and 
Walston (1997), Yang (1997), and recent 
work by Johnson et al. (1995), Zeumer and 
Sauthoff (1997a, b, 1998), and Locci et al. 
(1998), and Section 6.3). These alloys are 
generally two- or three-phase, and consist 
of a NiAl matrix with a NiAlX Laves phase 
(typically NiAlNb or NiAlTa) for high-tem- 
perature strength. They usually contain re- 
fractory metal phases such as Mo, Cr, and 
Re for strength and enhanced fracture 
toughness (Darolia and Walston, 1997, 
Noebe and Walston, 1997). Heusler and sil- 
icide phases have also been examined in 
place of the Laves phase as a source of high- 
temperature strength, in particular in single- 
crystal NiAl alloys (Darolia and Walston, 
1997). (Such single-crystal alloys are more 
properly classified as precipitate-strength- 
ened rather than in-situ composite). 

Significant improvements in mechanical 
properties over that of single-phase NiAl 
have been achieved. DS eutectics contain- 
ing NiAlX Laves phase and a refractory 
metal phase have room-temperature frac- 
ture toughness in the range 15-20 MPa 
m”2, compared with <lOMPa m1’2 for 
NiAl (Noebe and Walston, 1997). (Two- 
phase NiAl + NiAlX Laves-phase alloys 
generally have ambient fracture toughness 
less than or equal to that of NiAl). The creep 
strengths of the DS eutectics, although 
superior to that of NiAl, still fall short of 
that of single-crystal superalloys, however, 
and alloying efforts to mitigate this have not 
proved successful (Noebe and Walston, 
1997). Further, economic issues relating to 
processing (in particular inadequate solid- 
ification rates) are also a major concern 
(Noebe and Walston, 1997). It is not clear if 
these limitations (and others such as aniso- 
tropic properties as a result of the DS lamel- 

lar microstructure - see Yang (1997), for ex- 
ample) can be overcome. 

There have been few detailed oxidation 
studies of NiAl-based in-situ composites. 
Single-phase NiA1, particularly with RE ad- 
dition, is extremely oxidation-resistant and 
forms a protective A1203 scale. There is, 
therefore, potential in NiAl based in-situ 
composites for excellent oxidation-resis- 
tance. 

Grabke et al. (1991 b, 1992) reported 
NiAl + a-Cr, NiAl + NbNiAl (Laves phase), 
and NiAl-NbNiAl-NbAl, alloys (made by 
a combination of vacuum melting and pow- 
der processing techniques) between 700- 
1400°C in He-0, mixtures. The NiAl + a- 
Cr alloys had oxidation-resistance inferior 
to that of NiA1. A120, scale formation was 
observed for the two-phase NiAl + NbNiAl 
alloys at 1200 “C, but they were less oxida- 
tion-resistant at lower temperatures, espe- 
cially when the volume fraction of the Laves 
phase exceeded 25-50%. Three-phase al- 
loys containing 46 % v/v NiAl + 39% v/v 
NbAl, + 15 % v/v NbNiAl formed a protec- 
tive A1203 scale without the formation of 
Al-depleted phases beneath the scale and 
were highly oxidation-resistant. Zeumer 
and Sauthoff (1997a, 1998) report excellent 
oxidation-resistance for DS NiAl + TaNiAl 
two-phase alloys, comparable with that of 
MCrAlY coatings, during cyclic oxidation 
at 1000°C for 4000 h. 

It is uncertain whether eutectics which 
contain a sufficient volume fraction of re- 
fractory metal phase for appreciable ambi- 
ent fracture toughness (15-20 MPa ml’, 
range) can be oxidation-resistant. Takaha- 
shi and Dunand (1995) report no adverse ef- 
fect of 10% v/v Mo or W dispersoids in NiAl 
during short-term (5 h) exposure at 900°C 
in flowing air, although they note that DS 
eutectics containing a similar volume frac- 
tion of refractory metal might be less oxi- 
dation-resistant because of an uninterrupt- 
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ed path for oxidation in a lamellar structure. 
(Longer-term exposure is needed to confirm 
the benign nature of the refractory disper- 
soids. It is expected that such dispersoids 
might accumulate in or underneath the 
A1203 scale and degrade oxidation-resis- 
tance). 

The oxidation literature is sparse with re- 
gard to studies of the oxidation of multi- 
phase alloys and the effects of microstruc- 
ture (review by Gesmundo and Gleeson 
(1995)). In this regard, oxidation studies of 
NiAl-based in-situ composites (and in-situ 
composites in general) present an excellent 
opportunity for improved fundamental 
understanding of multiphase alloy oxida- 
tion. (Refer, for example, to recent work by 
Castello et al. (1998) on Ni-A1-Cr3C2 in-si- 
tu composites and work in the mid to late 
1970s on Ni3Al-Ni3Nb and related in-situ 
composites by Smeggil and McConnell 
(1974), Smeggil (1975), Stringer et al. 
(1978), Wood et al. (1979), and Fountain 
et al. (1979)). From an engineering stand- 
point, as long as the refractory metal phase 
in NiAl-based in-situ eutectics does not suf- 
fer from oxygen or nitrogen embrittlement 
during elevated-temperature exposure in air 
(no studies addressing this issue were 
found), then oxidation-resistant coatings 
might be a reasonable option if the oxida- 
tion behavior of the alloy is borderline pro- 
tective. 

6.8.6 y-TiAl + Ti(Cr,Al), and 
NbAI3 + Nb(Cr,Al), In-Situ Composites 

Perkins and Meier, 1989 discovered that 
addition of at least 8- 10 at.% Cr to Ti-A1 
reduced the amount of A1 needed for A1203 
scale formation in air from approximately 
60-70 at.%Altoaslittleat33 at.%Al.This 
‘Cr effect’ has been the subject of recent 
studies by Berztiss et al. (1995), Brady et al. 
(1997a, b), and Wang et al. (1997). Interest 

in this system stems from the potential of 
such alloys as oxidation-resistant coatings 
for the y +  a, class of titanium aluminides 
(McCarron et al., 1993; Brady et al., 1996a, 
1998a; Leyens et al., 1997b; Tang et al., 
1997). 

The Perkins and Meier (1989) protective 
A1,03 formation boundary plotted on a 
schematic Ti-Al-Cr phase diagram (Brady 
et al., 1995, 1996a) shows that the key to 
the oxidation-resistance of these alloys is 
the Ti(Cr,Al), Laves phase (Fig. 6-38). (The 
work of Klansky et al. (1994) and Jewett and 
Dahms (1996) implied that this phase is a 
binary TiCr, Laves phase with A1 substitut- 
ing for Cr). Both two-phase y(or t) + Laves 
phase alloys and single-phase Ti(Cr,Al), 
Laves phase alloys (containing only ca. 
40-42 at.% A1 at the junction of the Laves 
phase + y two-phase field) form protective 
A1203 scale under long-term isothermal and 
cyclic oxidation conditions at temperatures 
up to at least 1000°C in air (Fig. 6-39). Bra- 
dy et al. (1997a, b) attributed the A1203- 
forming ability of the Ti(Cr,Al), Laves 
phase in part to a combination of low oxy- 
gen permeability and a high A1 to Ti activ- 
ity ratio, owing to equilibrium with Al-rich 

70AI, 30Ti, OCr 40Cr, 30AI, 30Ti - Perkins and Meier, 1989 Alumina Formation Boundary 

Figure 6-38. Schematic partial 800- 1000°C phase 
diagram showing region of AI,O, scale formation dis- 
covered by Perkins and Meier (1989) (from Brady 
et al. (1996a)). 
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Figure 6-39. Cyclic oxidation data showing excel- 
lent long-term oxidation behavior of y + Laves phase 
Ti-Al-Cr alloys such as Ti-SIAl-12Cr at.% (I-h 
cycles, 1000°C in air). (Ti48A1-2Cr-2Nb at.% data 
of McKee and Huang (1991); Ti-5IAl-12Cr data 
of Brady et al. (1996b)). McCarron et al. (1993) 
also showed excellent cyclic oxidation-resistance for 
Ti-44A1-28Cr at.% after more than 2000 1-h cycles 
at 900 "C in air. 

y phase; this is consistent with earlier spec- 
ulation by Perkins et al. (1987) and Berztiss 
et al. (1995). Activity data for y +  Laves 
phase Ti-Al-Cr alloys is presented in Ja- 
cobson et al. (1999). 

Hebsur et al. (1989) and Hebsur and Ste- 
phens (1991) demonstrated, in a similar 
manner to the Ti-Al-Cr system, that addi- 
tion of 4- 10 at.% Cr to NbAl, (with minor 
amounts of Si, W, and Y) significantly im- 
proved high-temperature oxidation-resis- 
tance such that a protective Al,O, scale was 
formed. This is in contrast with binary 
NbAI,, which initially forms but does not 
maintain A1203, presumably because of A1 
depletion at the alloy-scale interface to 
form the Nb2Al phase (refer to Section 6.6 
for further details). Doychak and Hebsur 
( 199 1) found that the improved oxidation- 
resistance was associated with the forma- 
tion of an intermetallic AlNbCr phase at the 
alloy-scale interface, identified in the Doy- 
chak (1994) review as a C14 Laves phase, 
insteadof the Nb,AI phase (Fig. 6-40). Sim- 
ilar behavior is observed in y + Laves phase 

Figure 6-40. SEM (back-scatter-mode) cross-sec- 
tion micrographs showing similar behavior for 
NbAI, + Laves phase and TiAl + Laves phase alloys. 
(a) Nb-67.5Al-7Cr-OSY-0.25W at.% 500 1-h cy- 
cles at 1200°C in air (Doychak et al., 1993); (b) 
Ti-50A1-15Cr at.% after a 100 h isothermal exposure 
at 1000 "C in air (Brady et al., 1997b). 

Ti-Al-Cr alloys, in which the Ti(Cr,Al), 
Laves phase is formed at the alloy-scale 
interface instead of the Ti,AI and/or Z/X 
phases observed in the oxidation of binary 
TiAl (refer to Section 6.5.5 for further de- 
tails). Despite the relatively low A1 content 
of the Laves phase (approximately 40- 
42 at. % Al), speculated by these authors to 
be of the type Nb(Cr,Al),, an alloy consist- 
ing primarily of this phase was found by 
Doychak and Hebsur (1991) to be capable 
of A1,0, scale formation at 1200°C in air. 

In both the y + Laves phase and NbAI, + 
Laves phase alloys, the y or NbAI, phases 
act as an A1 reservoir for the Laves phase 
which contributes to the capacity of the 
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alloys to maintain Al,O, scale formation 
during long-term exposure. Both individu- 
ally and in combination, the NbAl, and 
Nb(Al,Cr), Laves phases are brittle (Choi 
et al. (1993) report ambient fracture tough- 
ness in the range 1-2 MPa ml', for the 
Al,O,-forming alloy Nb-68A1-7Cr-0.5Y- 
0.25W-0.21B at.%). The Ti(CrAl), Laves 
phase is also quite brittle (Klansky et al., 
1994; Brady et al., 1995). The TiAl phase, 
however, is capable of limited ambient duc- 
tility and was utilized as a matrix in the 
y +  Laves phase alloy Ti-51Al-12Cr at.% 
to improve ambient toughness for coating 
applications (Brady et al., 1996a). 

Brady et al. (1997a) speculated that the 
excellent oxidation-resistance of alloys 
containing the Ti(Cr,Al), and Nb(Cr,Al), 
Laves phases might represent a new group 
of materials, not an isolated phenomenon. 
Al,O,-scale formation was observed at 
1000°C in air in the Ti-Al-Fe system for 
Ti-53A1-11Fe at.% (Brady et al., 1998b). 
The alloy consisted primarily of the y-TiAl 
phase and an intermetallic phase thought to 
be Ti(Fe,Al), Laves phase. The possibility 
of alloying binary Laves phases with large 
quantities of A1 opens the possibility of 
many new oxidation-resistant alloys, espe- 
cially when paired with an Al-rich (ideally) 
ductile phase. Such alloys might be of 
interest as oxidation- and wear-resistant 
coatings. 

6.9 Silicides 

6.9.1 Overview and 
General Considerations 

Silicides have long been considered for 
high-temperature service because of their 
potentially high strength, certain attractive 
physical properties (including, for example, 
low density and good electrical and semi- 

conducting characteristics) and, when pro- 
tective SiO, can form, oxidation resistance 
(Sauthoff, 1995e). The major drawback of 
silicides is their generally poor ductility, 
which has hampered their development for 
use as high-temperature structural compo- 
nents (Williams, 1997). Consequently, sili- 
cides have been considered as matrices for 
intermetallic matrix composites (Shah et al. 
(1992) and Petrovic (1993) for example). 
The use of silicides is, however, currently 
limited to heating elements (MoSi,) and 
corrosion-resistant high-temperature coat- 
ings (Fitzer and Schlichting, 1981; Kircher 
and Courtright, 1992; Mueller et al., 1992; 
Petrovic, 1993; Vilasi et al., 1993; Sauthoff, 
1995e). 

To be oxidation resistant, a particular sil- 
icide must develop a dense, continuous Si02 
surface layer. SiO, provides excellent pro- 
tection to the underlying material because it 
is normally quite stable and grows very 
slowly in many high-temperature environ- 
ments (see, for example, Kofstad (1988a), 
Meier et al. (1992), Jacobson (1993), and 
Doychak (1994) and refer also to Figs 6-2 
and 6-3). Although in dry oxidizing envi- 
ronments, the parabolic growth rate of SiO, 
is even lower than that of Al,O, above ca. 
900- 1200 "C, this rate can increase by a fac- 
tor of 2-8 in the presence of water vapor or 
certain impurities such as Na or A1 (Deal 
and Grove, 1965; Opila, 1994). 

Given the large negative free energy of 
formation of SiO,, many silicides (generi- 
cally denoted M,Si,; x ,  y 2  1, M = metal) 
will form SiO, upon exposure to oxygen- 
containing environments, even at low par- 
tial pressures of oxygen and moderate sili- 
con activities. Jiang et al. (1986) have pre- 
dicted from thermodynamic considerations 
of the most Si-rich M,Si, silicides, where 
M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, 
Tc, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, or Pt, 
that, with the exception of those based on Zr 
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and Hf, the silicides are all at least capable 
of forming protective SiO, at temperatures 
greater than 900°C. Of course, kinetic con- 
siderations ultimately determine whether or 
not a protective SiO, scale will form. 

During transient oxidation of silicides, 
oxides of the metal may also form, and these 
oxides have a wide range of volatilities. For 
example, MOO, has a high vapor pressure 
in equilibrium with condensed oxide phas- 
es of Mo (the W-0  system is similar), 
whereas the partial pressures of gaseous ox- 
ides of Ta and Nb are negligible (Berztiss 
et al., 1992). If the vapor pressure of the 
metal oxide is high, it will volatilize, which 
encourages the formation of a continuous 
SiOz scale. This process is favored as the 
oxidation temperature is raised. If volatil- 
ization does not occur, the metal oxide at 
least temporarily coexists with the growing 
SiO, and can disrupt its protective capacity 
(see for example Glushko et al., 1977; 
Meschter, 1992; Melsheimer et al., 1997a). 

Silicides based on Mo and Ti have been 
the subject of the greatest number of high- 
temperature oxidation studies and are treat- 
ed in detail. Summaries of work on V,Si,, 
Cr,Si, and Fe and Ni silicides are then pre- 
sented. 

6.9.2 MoSi, 

6.9.2.1 Overview 

The principal compounds in the Mo-Si 
system are Mo,Si, Mo,Si, and MoSi, (see 
Fig. 6-41). Of these, the disilicide, with a 
C 1 1 b (tetragonal) crystal structure, has been 
the subject of the most intense study. It has 
fair elevated-temperature strength (Petrov- 
ic, 1993; Sauthoff, 1995e), but it is the com- 
bination of its normally excellent oxidation- 
resistance above 1000 "C and advantageous 
electrical properties that have led to the 
widespread use of MoSi, as heating ele- 
ments in furnaces operating up to 1700°C. 
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Figure 6-41. Schematic binary Mo-Si phase diagram (Gokhale and Abbaschian, 1986). 
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MoSi, is also quite brittle, which has pre- 
vented its use in structural applications. 
Composites based on MoSi, have been in- 
vestigated (see for example Petrovic, 1993; 
Meier, 1996), however sufficient toughness 
and high-temperature-strength for long- 
term, high-temperature structural applica- 
tions, without compromising oxidation-re- 
sistance, is yet to be achieved. 

6.9.2.2 High-Temperature Oxidation 

Rates of air oxidation of MoSi, over a 
wide temperature range are shown in Fig. 
6-42 (Meier and Pettit, 1992). The shaded 
band includes weight changes recorded for 
600- 1400 "C and represents oxidation be- 
havior associated with the formation of an 
external SiO, scale. Such SiO, imparts ex- 
cellent protection to MoSi, at elevated tem- 
peratures (except at very low oxygen partial 
pressures) (Meier et al., 1993). The oxides 
of Mo form quickly but are volatile and do 
not persist in any significant concentration 
as condensed surface products. 

In the lower part of the temperature range 
represented by the band in Fig. 6-42, a SiO, 
layer forms but does not completely seal off 
the MoSi, surface, enabling species such as 
MOO, to be removed as gaseous products. 
At temperatures greater than ca. 1000°C, a 
continuous SiO, layer forms (Meier, 1996). 
Interestingly, despite the differences in the 
scaling process across this temperature 
range, kinetic data can be extrapolated down 
to 600°C fairly accurately. This is because 
the oxidation rate constants are not signifi- 
cantly affected by the retention or loss of 
Mo oxides (Berztiss et al., 1992). Devia- 
tions from the stoichiometric composition 
of MoSi, also do not significantly affect this 
process at 1000- 1400 "C because very lit- 
tle difference between oxidation rates for 
Mo- and Si-rich MoSi, have been reported 
(Melsheimer et al., 1997a). 

Berztiss et al. (1992) and Doychak 
(1994) have presented thorough reviews of 
the nature of the scales formed on MoSi, at 
high temperatures. The oxide scale that 
forms on MoSi, at 600- 1000°C consists of 

Figure 6-42. Isothermal 
oxidation data for MoSi, 
(Meier and Pettit, 1992). 
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SiO, with some Mo-containing oxides. 
These Mo oxides can result in pores (vola- 
tilization of MOO, inclusions) and lamina- 
tions that result in a less protective SiO, 
scale than that formed at temperatures above 
ca. 1000 "C. The doping of SiO, with Mo al- 
so changes the defect equilibria of the scale, 
but little effect on SiO, growth rate has been 
observed (Melsheimer et al., 1997b). Even 
with some incorporation of Mo oxides, rea- 
sonable protection is afforded by the Si0,- 
rich scales formed at 600-1000°C as oxi- 
dation weight gains are suppressed relative 
to those measured at lower temperatures 
where little Si02 forms (see Fig. 6-42). In 
many cases, the less stable oxides are tran- 
sitory and steady-state growth of almost 
pure SiO, occurs after longer periods (Berz- 
tiss et al., 1992; Doychak, 1994). 

At temperatures > I000 "C, protective 
SiO, formation on MoSi, is the dominant 
oxidation process, but there are discrepan- 
cies between reported activation energies 
and the form of the SO,. For example, 
Glushko et al. (1977) and others (see Beck- 
er et al. (1992a)) reported a-tridymite for- 
mation at 1100 "C and cristobalite between 
1200 and 1400 "C, whereas there are other 
reports of amorphous SiO, up to 1700°C 
(see Berztiss et al., 1992). Recently report- 
ed in-situ X-ray diffraction measurements 
of MoSi, oxidized in air showed that SiO, 
exists as a-tridymite between 1000 and 
I200 "C, but at 1300 "C, the structure 
changed to cristobalite after 4 to 5 h (Mels- 
heimer et al., 1997a). At 1400"C, the in- 
situ XRD measurements showed cristobal- 
ite as the product from the earliest stages of 
oxidation. After rapid cooling from these 
oxidation temperatures, XRD indicated that 
no phase changes occurred on the respective 
MoSi, surfaces. After slow cooling from 
oxidation temperatures between 1100 and 
I350 "C, however, cristobalite was identi- 
fied on all specimens. 

If the SiO, layer is completely dense, 
there should be no oxides of Mo at the 
scale-metal interface because the partial 
pressure of oxygen set by the Si-SiO, equi- 
librium is below that necessary for their 
formation. In such circumstances a layer 
of Mo5Si3 can form under the scale as sili- 
con is preferentially oxidized (MoSi, is a 
line compound -Fig. 6-41). Such a sublay- 
er is sometimes, but not always, observed 
(Berztiss et al., 1992; Doychak, 1994; Mels- 
heimer et al., 1997a). In the same set of 
in-situ XRD experiments used for SiO, 
characterization, Melsheimer et al., 1997a 
showed that Mo5Si3 formed under the scale 
at the same oxidation temperatures where 
a-tridymite was detected (1000- 1200 "C), 
whereas the disappearance of significant 
amounts of Mo5Si, coincided with the ap- 
pearance of cristobalite at the higher tem- 
peratures. 

The decrease in Mo5Si3 above 1200°C 
was probably because of the beginning of 
significant evaporation of MOO, through 
the SiO,, which also coincided with the 
SiO, transformation from tridymite to cris- 
tobalite. These correlated observations led 
to the conclusion that transport of oxygen 
and MOO, are faster in cristobalite (Mels- 
heimer et al., 1997a). The reason for the 
transport and evaporation of MOO, was 
thought to be the low solubility of Mo 
oxides in SiO, (Melsheimer et al., 1997a). 

6.9.2.3 Accelerated Oxidation 
and Pesting 

As shown in Fig. 6-42, when MoSi, is 
exposed to an oxidizing environment at 
300-550 "C, accelerated oxidation is ob- 
served. This results from the formation and 
retention of the Mo oxides such that the 
measured weight changes resulting from ox- 
idation are substantially greater than those 
measured at higher temperatures where 
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these oxides volatilize and SiO, is the only 
condensed surface product (Fig. 6-42). The 
weight changes observed in the lower-tem- 
perature range vary considerably; they are 
higher when the MoSi, is susceptible to 
pesting. At these temperatures, the corro- 
sion products associated with the accelerat- 
ed oxidation process are amorphous SiO,, 
Mo,O,,, and MOO, (Bartlett et al., 1965; 
Meschter, 1992; Meier et al., 1993; Mel- 
sheimer et al., 1997a). 

Whereas accelerated oxidation always 
occurs for MoSi, exposed at lower temper- 
atures, pesting might or might not occur. 
As defined in Section 6.2.3, pesting is the 
disintegration of a multi-element solid to 
powder or fragments upon exposure to an 
oxidizing environment in the appropriate 
temperature range (- 300-550 "C for MoSi, 
- see Fig. 6-8). Pesting has been most 
thoroughly studied in the MoSi, system, and 
this has been the subject of several reviews 
(Fitzer, 1990; Berztiss et al., 1992; Cook 
et al., 1992; Meschter, 1992; Chou and 
Nieh, 1993 a; Doychak, 1994; Tortorelli and 
Devan 1996) and it will be reviewed only 
briefly here, with some emphasis on more 
recent studies. 

The susceptibility of MoSi, to pesting de- 
pends on the microstructure, integrity, and 
stoichiometry -if the MoSi, is dense (small 
amount of connected porosity) and free 
from cracks, pesting does not occur (Berko- 
witz-Mattuck et al., 1965; Berztiss et al., 
1992; Meschter, 1992; Yanagihara et al., 
1997). Pest disintegration seems to be 
caused by the formation of voluminous 
oxides of Mo in extended defects, which 
provide the driving force for fast crack prop- 
agation and fragmentation of the relatively 
brittle solid. It seems that susceptibility to 
pesting increases with Mo concentration 
for Mo:Si ratios >0.5 and decreases when 
MoSi, is Si-rich (68-70 at.%) (McKamey 
et al., 1992). 

Analysis of products in 'pested' MoSi, 
(in various stages of disintegration) reveal 
Moo3 and amorphous Si02 (Bartlett et al., 
1965; Berztiss et al., 1992; McKamey et al., 
1992; Chou and Nieh, 1993a; Melshei- 
mer et al., 1997a). Needle- or whisker-like 
MOO, is often observed in connection with 
the pest process (McKamey et al., 1992; 
Melsheimer et al., 1997a). The rapid disin- 
tegration is normally preceded by an incu- 
bation period (Aitken, 1967). The duration 
of this incubation period is affected by mi- 
crostructure, applied stress, temperature, 
and oxygen partial pressure. 

The addition of Ge to MoSi, increases re- 
sistance to pest disintegration (Fitzer, 1990; 
Mueller et al., 1992). Presumably, a germa- 
nia (GeO,) glass forms at the temperatures 
where pesting occurs and acts to heal de- 
fects that lead to fragmentation (Mueller 
et al., 1992). It has also recently been shown 
that the presence of an alkali metal such as 
Na at the surface of MoSi, can eliminate the 
pest phenomenon by the formation of a 
protective silicate layer (Cockeram et al., 
1995a, 1996). This silicate layer grows fast- 
er than pure SiO,, and can effectively seal 
the silicide from the formation of the volu- 
minous oxides of Mo. The alkali metal can 
be present as a residual impurity from the 
pack cementation process used to produce a 
MoSi, coating, or can be applied as a super- 
ficial silicate layer on the silicide (Cocke- 
ram et al., 1996). 

Although not studied in detail, the cyclic 
oxidation behavior of MoSi, (when not sus- 
ceptible to pesting) seems fairly good (re- 
views by Doychak (1994) and Tortorelli and 
DeVan (1996)). As shown in Fig. 6-43, 
oxidation rates at 400 and 450 "C are con- 
siderably less than at 500 "C, at which tem- 
perature linear kinetics (rate constant of 
0.013 mg' cm-* h-') are observed after an 
incubation period (Meschter, 1992). In- 
creasing the temperature to 550-600°C re- 
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Figure 6-43. Cyclic oxidation data of MoSi, in dry 
air (Meschter, 1992). 

duces the weight change to negligible lev- 
els. On the basis of these data, the temper- 
ature of the transition from accelerated ox- 
idation to protective SiO, formation seems 
to lie between 500 and 550°C (Meschter, 
1992); this is consistent with the results 
shown in Fig. 6-42. Comparison of the 
500 "C data in Fig. 6-43 with the results for 
non-pested MoSi, in Fig. 6-42 reveals that 
thermal cycling has little effect on the ac- 
celerated oxidation behavior of MoSi,. A 
similar conclusion is reached when long- 
term isothermal data (688 h, 500°C) of the 
same dense material as shown in Fig. 6-43 
are compared with data extrapolated from 
the linear rate measured during cyclic oxi- 
dation (Meschter, 1992). 

The oxidation of dense MoSi, in the re- 
gion of accelerated reaction is influenced by 
surface defects and the presence of water va- 
por (Meschter, 1992). Smoother surfaces 
suppress the formation of MOO,, which 
tends to form at surface defects, and there- 

by reduce the oxidation rate. The presence 
of water vapor in the environment retards 
the growth of condensed MOO, by forma- 
tion of volatile MoO,.H,O. This effective- 
ly improves the oxidation behavior of Mo- 
Si, by removing the transient oxide and ena- 
bling more efficient surface coverage by 
SiO, (Meschter, 1992). 

6.9.2.4 Effects of Alloying Additions 

Work to improve the oxidation-resistance 
of MoSi, by alloying additions has had on- 
ly limited success. As mentioned above, ad- 
dition of Ge (to form GeO,) improve per- 
formance with regard to susceptibility to 
pest disintegration by improving the physi- 
cal integrity of the silicide. Weight changes 
of a (Mo,W)(Si,Ge), coating isothermally 
oxidized for 192 h at 500, 600, and 700°C 
were quite small - <0.2 mg cm-, (Muel- 
ler et al., 1992). The presence of Ge 
also improves cyclic oxidation resistance, 
although this has been demonstrated at 
high temperatures only (Schlichting, 1978; 
Mueller et al., 1992). 

It has been reported that adding A1 to 
Mo-Si to form Mo(Si,Al), did not eliminate 
pesting but reduced the rate compared with 
MoSi, (Yanagiharaet al., 1997). On the oth- 
er hand, Stergiou et al. (1997) found that ad- 
dition of A1 suppressed pesting of MoSi,, 
although it was shown that A1 as an alloy- 
ing addition to MoSi, did not improve over- 
all intermediate temperature oxidation re- 
sistance, because Al,(MoO,), was formed 
instead of SiO, (Kisly et al., 1990; Kodash 
et al., 1990). At higher temperatures, A1 ad- 
ditions resulted in Al,O, formation, which 
then reacted with SiO, to form mullite. This 
resulted in a somewhat protective scale con- 
sisting of a mixture of mullite and SiO, (Kis- 
ly et al., 1990; Kodash et al., 1990; Stergiou 
et al., 1997). In one instance, exclusive 
formation of A1,0, was reported after 
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high-temperature oxidation (Stergiou et al., 
1997). 

Yanagihara et al. (1995) added Al, Ti, Ta, 
Zr, or Y to MoSi, as substitutes for Mo and 
oxidized these compositions at high temper- 
atures (1435- 1685 "C) under isothermal 
and cyclic conditions. They found that 
(Mo,Ta)Si, had similar oxidation behavior 
to MoSi, - protective SiO, was formed on 
both. The presence of Zr or Y led to much 
higher rates of oxidation compared with 
MoSi, owing to internal oxidation. The ad- 
dition of A1 led to a much higher rate con- 
stant because the melting point of the SiO, 
scale was depressed such that liquid SiO, 
formed. The A1203 scale that formed was 
adherent but could be dissolved by the 
molten SiO,. The rates for (Mo,Ti)Si, were 
similar to that for MoSi, below the eutectic 
temperature of the Ti0,-SiO, system 
(1550 "C). Yanagihara et al., 1995 conclud- 
ed that at these high temperatures, the com- 
position of the SiO, scale which dissolves 
the oxide of the third element (X,O,) should 
be in the hypereutectic region above the eu- 
tectic temperature of the Si0,-X,O, re- 
gion. 

6.9.2.5 Composites 

Although composites of MoSi, are being 
developed to overcome mechanical proper- 
ty deficiencies, reinforcement materials 
usually lead to degradation of oxidation-re- 
sistance, owing to the introduction of im- 
purities and addition of fast paths for trans- 
port of the oxidant (Doychak, 1994). The 
introduction of Nb particles into MoSi, 
severely degraded oxidation resistance at 
500 "C (Meschter, 1991 a). MoSi, rein- 
forced with Al,O, suffered significantly 
less weight gain at 400,500, and 600 "C than 
monolithic MoSi, (Meschter, 1991 b). At 
900 "C, however, the SiO, which formed on 
the Al,O,-MoSi, composites reacted with 

the Al,O, particles to form aluminosilicate 
glass. At 1200 "C, a uniform, continuous al- 
uminosilicate glass layer formed. The rate 
constant was approximately twice that of 
MoSi,. 

Two separate studies have shown that 
introduction of TiB, reinforcement into 
MoSi, does not detrimentally affect oxida- 
tion behavior at 500 "C (Meschter, 1991 b; 
Cook et al., 1992), although oxidation resis- 
tance at higher temperatures is expected to 
be problematical. A composite of 30% vIv 
TiB2-MoSi2 had an oxide growth rate time- 
dependence that was less than linear at 
500 "C (Cook et al., 1992). No pesting was 
observed for up to 1000 h at 500°C. 

Under pest-susceptible conditions, the 
presence of reinforcement material has been 
observed to have little effect apart from an 
influence on the time before complete dis- 
integration (Chou and Nieh, 1993b). In this 
regard, Al,O,-MoSi, performed better than 
A1N-MoSi, (Chou and Nieh, 1993b). The 
addition of 30-50% vIv Si,N, particles to 
MoSi, improved resistance to low-temper- 
ature accelerated oxidation (Hebsur and Na- 
thal, 1993). A SiON, product formed and 
eliminated pesting. 

6.9.2.6 Other Corrosive Environments 

Although not extensively studied, there 
are some indications that the resistance of 
MoSi, to hot corrosion is good in certain en- 
vironments (Schlichting, 1978; Fitzer and 
Schlichting, 1981; Singheiser et al., 1990). 
After exposure of dense MoSi, to a synthet- 
ic slag at 700 and 850°C for 1000 h a thin 
oxide scale formed with no evidence of sul- 
fidation (Singheiser et al., 1990). In burner 
rig tests, MoSi, seems to be more resistant 
to corrosion by NaC1, V205, and H,S than 
the best superalloys, but it is attacked in the 
presence of Na2S04 and Na,CO, deposits 
(Schlichting, 1978) as are other Si-based ce- 
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ramics (Jacobson and Smialek, 1985). Mo- 
Si, had good resistance to Ar-H,-H,S up to 
700°C (Schutze and Noth, 1996). 

6.9.3 Mo& 

Mo,Si3 (T1 phase) is the highest-melt- 
ing-point compound in the Mo-Si binary 
phase system (Fig. 6-41). It has a tetragonal 
D8m structure, which is more complex than 
that of MoSi,. Consequently, its compres- 
sive creep rate was found to be an order of 
magnitude lower than that of the disilicide 
(Anton et al., 1993). Despite its distinct 
strength advantage over MoSi,, Mo,Si3 has 
not been the subject of extensive study be- 
cause of its tendency to microcrack, pre- 
sumably because of thermal expansion 
anisotropy, and its poor high-temperature 
oxidation-resistance (Akinc et al., 1998). 
Quite recently, however, interest in Mo,Si3 
has been stimulated by promising oxidation 
results for Mo,Si,B,-type compositions 
(Meyer and Akinc, 1996a, b; Akinc et al., 
1998). 

B 

The systems studied to date have had 
compositions near Mo,Si3 (Fig. 6-44). 
These alloys are typically multiphase, with 
Mo,Si, as the matrix and T2 (Mo,SiB,), 
Mo,Si, MoSi,, or MOB as the distributed 
phase(s). Materials based on T1-T2-Mo3Si 
have been shown to have high compressive 
creep strengths, similar to that of single- 
phase Mo,Si3 (Akinc et al., 1998). Com- 
bined with good oxidation-resistance (see 
below) and attractive electrical properties, 
Mo,Si3-B materials might be candidates for 
improved heating elements (Akinc et al., 
1998) and, with further development, pro- 
vide a promising silicide-based intermetal- 
lic for structural applications. 

The oxidation performance of Mo,Si3 has 
been shown to be clearly inferior to that of 
MoSi, (Bartlett et al., 1965; Berztiss et al., 
1992; Anton et al., 1993; Meyer and Akinc, 
1996a). Gravimetric data for MoSi, (Fig. 
6-42) can be compared with the results in 
Fig. 6-45, which shows the mass change as 
a function of time for oxidation of binary 
Mo,Si3 in air at 800-1200°C. A general 

Mo M0,Si Mo,Si,(T,) MoSi, 

Figure 6-44. Schematic Mo-Si-B 
phase diagram (after Akinc et al. 

si (1998)). 
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Figure 6-45. Weight-change data for Mo,Si, from 
800-1200°C in air (Meyer and Akinc, 1996a). 

weight loss for Mo,Si, starts during heating 
and continues throughout exposure. At 
800°C much of the corrosion product is a 
powdery mixture that resembles what is typ- 
ically observed during pest reactions (Ber- 
kowitz-Mattuck et al., 1965; Meyer and 
Akinc, 1996a). Mass losses are moderated 
as the temperature is increased beyond the 
pesting regime, but at 1100°C and above 
oxidation becomes quite rapid (Fig. 6-45). 
In general, a protective scale does not form 
on binary Mo,Si, in 1 atm oxygen over the 
temperature range 484- 1600 "C (Bartlett et 
al., 1965). At lower oxygen pressures (less 
than ca. lo-* atm), protective scales can 
possibly form on Mo,Si,, but at much high- 
er temperatures (greater than ca. 1200°C) 
than for MoSi, (Bartlett et al., 1965). 

As mentioned above, the current interest 
in the Mo,Si,-B system has been sparked 
by the significant improvement in the high- 
temperature oxidation behavior of this type 
of material relative to Mo,Si, (Meyer and 
Akinc, 1996a, b). Differences between ox- 
idation behavior over a wide range of tem- 
peratures can be seen by comparing the 
gravimetric results in Fig. 6-45 (Mo,Si,) 
with those of Fig. 6-46 (B-doped Mo,Si,). 
The addition of B dramatically improves the 
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Figure 6-46. Weight change data for Mo,Si, + B 
from 800- 1300 "C in air (Meyer and Akinc, 1996a). 

isothermal oxidation behavior relative to 
that observed for Mo,Si, at 800- 1300 "C. 

A scale containing Si and B formed on 
the B-doped silicide. This scale was in con- 
trast to the 'chalky' white product formed 
on undoped Mo,Si3 (Meyer and Akinc, 
1996a). No pesting of Mo,Si,-B was ob- 
served. At all temperatures there was a rap- 
id initial mass loss, which continued at a 
more moderate rate throughout the exposure 
at 800- 1000 "C. At higher temperatures, 
mass losses changed to gains and approxi- 
mately parabolic kinetics were observed at 
longer times (Meyer and Akinc, 1996a). 
There seems to be a minimum B content of 
between 0.14 and 0.91% wIw needed for 
such behavior (Meyer and Akinc, 1996b). 
Parabolic rate constants ranged from ca. 
1 x g2 cm-4 s-' at 1050 "C to ca. 8.3 x 

g2 cm-4 s-l at 1300 "C (Meyer and 
Akinc, 1996a). These rates are of the same 
order as the rate constant for SiO, growth 
(Jacobson, 1993). 

Meyer and Akinc, 1996a ascribe im- 
provement in the oxidation-resistance of 
Mo,Si3 on addition of up to ca. 2% wIw B 
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to the development of a B-doped SiO, layer 
when temperatures exceed approximately 
1050 "C. At these temperatures, it is thought 
that a lower-viscosity SiO, product can flow 
to form a somewhat protective scale. At 
lower temperatures (800- 1000 "C), the lack 
of viscous flow and the presence of MOO, 
prevents the formation of a compact layer, 
although mass losses (probably because of 
volatilization of Moo,) are still quite limit- 
ed relative to undoped Mo,Si, (Figs 6-45 
and 6-46). 

Although Meyer and Akinc (1996a, b) 
make an analogy between the beneficial ef- 
fect of B above 1050 "C and the mechanism 
responsible for elimination of pesting of 
MoSi, by addition of GeO, (Fitzer, 1990; 
Mueller et al., 1992), these may be different 
processes. For addition of Ge to MoSi, i t  is 
thought that a silicate glass is formed. An 
analogous borosilicate glass is, however, 
unlikely to be capable of providing the pro- 
tection at the higher temperatures observed 
for B-doped Mo,Si, . Borosilicate glasses 
are not as effective as barrier layers 
(Schlichting, 1984) and the resulting rate 
constants for control by oxygen transport 
across a continuous borosilicate layer would 
be significantly higher than those reported 
by Meyer and Akinc (1 996a). 

It is possible that a B-doped SiO, might 
be sufficiently viscous to establish a contin- 
uous SiO, layer without extensive borosili- 
cate formation. Alternatively, the presence 
of B at the levels used by Meyer and Akinc 
(1996a, b) might also possibly enhance the 
initial rate of growth of SO,, such that a 
protective layer might be more easily estab- 
lished. The influence of B is significant and 
further work to understand the details of the 
scaling process, with possible attention to 
the influence of the multiphase structure 
on surface-oxide development, could be 
worthwhile. 

6.9.4 TiSi, and Ti& 

TiSi, and Ti,Si, have received some at- 
tention for high-temperature structural ap- 
plications based on reasonably high melting 
points (ca. 1500 "C and 21 30 "C, respective- 
ly) and relatively low densities; about half 
that of nickel-based alloys or steels (Shah 
et al., 1992; Schutze et al., 1997). They 
might also find use as high-temperature cor- 
rosion-resistant coatings for other Ti-based 
alloy systems (Schlichting, 1978; Cocke- 
ram and Rapp, 1996). (TiSi and Ti&, also 
similarly combine high melting point and 
low density, but have received little atten- 
tion). In general, Ti-based silicides are not 
as oxidation-resistant as those based on Mo. 
They are also quite brittle. 

Unlike the oxides of many other silicide- 
based elements (e.g. Mo), the oxides of Ti 
are quite stable (Lee, 1992) (Fig. 6-3). Ther- 
modynamic calculations for the Ti-Si-0 
system predict that a Si concentration of at 
least 35-45 at.% is required to make SiO, 
the stable oxide on binary Ti-Si alloys 
(Jiang et al., 1986; Luthra, 1991; Rahmel 
et al., 1991). Even for the Si-rich TiSi,, 
however, the formation of protective SiO, 
can be problematical (Becker et al., 1992a; 
Lee, 1992; Melsheimer et al., 1997a). 

TiO, (the oxide of Ti primarily observed 
near atmospheric pressures) grows at a very 
rapid rate, which makes it difficult to estab- 
lish a continuous SO,  scale. Further, unlike 
the oxides of Mo, TiO, does not readily vol- 
atilize. The situation is further complicated 
during oxidation in air by the strong nitride- 
forming tendencies of Ti (Melsheimer et al., 
1997a). 

6.9.4.1 TiSi, 

Relatively few studies have been con- 
ducted on the oxidation of TiSi, (Schwett- 
mann et al., 1973; Singheiser et al., 1990; 
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Becker et al., 1992a; Melsheimer et al., 
1997a). The most extensive work has been 
performed by Melsheimer et al. (1997a); 
depending on temperature, oxidation rates 
for TiSi, are 5-13 times greater than for 
MoSi,. 

A significant difference in oxidation be- 
havior in air compared with pure oxygen 
was observed for TiSi, (Melsheimer et al., 
1997a). In oxygen, a continuous SiO, scale 
with incorporated Ti oxides was formed. A 
similar scale was formed in air, but only at 
temperatures > 1200 "C. Between 1000 and 
1200 "C in air a two-layered scale consist- 
ing of an outer, outward growing TiO, layer 
and an inner mixed layer of TiO, and SiO, 
was formed. The formation of an inner 
mixed layer of TiO, and SO2,  rather than 
continuous SiO,, was attributed to the pres- 
ence of TiN during the transient stages of 
oxidation. This behavior is qualitatively 
similar to that observed for TiAl in air com- 
pared with pure oxygen (see Section 6.5.5.2 
for further details). 

Exposure of dense (-99% of theoretical 
density) TiSi, to air for 580- 1000 h result- 
ed in only slight oxidation at 500, 600, and 
700 "C (Schutze, 1993). Although no pest- 
ing of high-density TiSi, has been observed 
after exposure between 500 and 750°C 
for up to 1000 h (Singheiser et al., 1990; 
Schutze, 1993), similar exposure of porous 
(64%) TiSi, resulted in pest attack at 
500-700°C (Schutze, 1993). 

6.9.4.2 Ti,Si3 

The oxidation-resistance of Ti,Si, is 
much worse than that of TiSi,. Experimen- 
tal results on Ti,Si, coatings show that ox- 
idation causes the formation of a mixture of 
TiO, and amorphous SiO, at intermediate 
temperatures after exposure to oxygen or air 
(some TiN also forms in air) (Abba et al., 
1982). Weight gains for these Ti,Si, coat- 

ings and a powder product of similar com- 
position (Thom et al., 1993) are relatively 
low at 700 "C but increase significantly with 
temperature. The Ti,Si, coating has linear 
oxidation kinetics between 700 and 875 "C 
(Abba et al., 1982), whereas similar behav- 
ior is observed for the powder product at 
800 "C after an incubation period (Thom and 
Akinc, 1993). The addition of several dif- 
ferent interstitial elements improved the 
oxidation-resistance of Ti,Si, (Thom et al., 
1995, 1996). In particular, the formation of 
TiO, could be suppressed by the addition of 
- 3 % w/w carbon. The exact mechanism of 
this effect was unclear. However, the pres- 
ence of carbon led to the establishment of a 
thin protective scale and substantially re- 
duced rates of oxidation. 

6.9.5 V,Si3 

Williams and Akinc (1998) recently stud- 
ied the high-temperature oxidation be- 
havior of V,Si, and V,Si,B,,,. V20, was 
formed at all the temperatures examined 
(600-1200°C). At 600°C this scale re- 
mained solid and imparted some oxidation- 
resistance. Above 700°C melting of V205 
enabled a SiO, scale to develop on V,Si,, 
but below 1200°C rates of oxidation were 
linear. 

At 800 "C, V,Si,B,., had good oxidation 
resistance, presumably because of tendency 
of B to reduce the viscosity of the SiO, scale 
such that a continuous, fairly defect-free 
protective layer was formed. At 1200 "C, the 
rapid evaporation of V205 and increased 
SO, sintering rates provided good oxida- 
tion resistance for dense specimens. Porous 
V,Si,, however, contained trapped V205 in 
the SiO, and its oxidation behavior was poor 
because of scale cracking and spallation. No 
evidence was found for pesting of V,Si, at 
low temperatures (600 "C) (Williams and 
Akinc, 1998). 



6.9 Silicides 307 

6.9.6 Cr,Si 6.9.7 Fe and Ni Silicides 

Limited data have shown that Cr,Si has 
promising high-temperature creep resis- 
tance (Shah et al., 1992) and promising 
oxidation behavior (McKee and Fleischer, 
199 1). The oxidation protection results, 
however, from a Cr203 scale rather than a 
SiO, scale. Cr203 scales are generally lim- 
ited to applications below no greater than 
1000- 1 100 "C because of high growth rates 
and scale volatility (see Section 6.2.1 and 
Table 6-1 for further details). In a manner 
already described for several silicides, pref- 
erential removal of gaseous CrO, products 
at high temperatures could conceivably lead 
to the formation of a protective SiO, scale. 
In this regard, experiments over a tempera- 
ture range of 900- 1200°C showed that al- 
though Si-containing scales did form at 
> IOOO'C, they were not protective because 
of poor adhesion to the Cr3Si (Grabke and 
Brumm 1989). 

Raj (1995) showed that Cr,Si alloyed 
with Mo (two-phase M,Si-M,Si, of 
Cr-30 at.% Mo-30 at.% Si) was oxidation- 
resistant over a broad temperature range. 
The rationale behind the addition of Mo was 
to promote volatilization as an aide to estab- 
lishing a protective Si02 scale. (Mo addi- 
tion can also improve the creep resistance 
of Cr3Si (Shah et al., 1992; Raj, 1995)). Ox- 
idation experiments revealed that the sili- 
cide formed a protective SiO, scale at high 
temperatures and a protective Cr2O3 scale 
at lower temperatures. Preliminary indica- 
tions were that this silicide should also per- 
form well in a high-velocity combustion 
tlame (Raj, 1995), under such conditions the 
transition to SiO, protection (Cr203 volatil- 
ization) should occur at lower temperatures 
and shorter exposure times. Although im- 
proved oxidation resistance was achieved, 
the alloy was quite brittle below 1200°C 
(Raj, 1995). 

Most high-temperature oxidation studies 
of Fe-Si and Ni-Si systems have involved 
compositions below the silicide range. 
Meier (1987), however, did study Fe- and 
Ni-based systems with variable Si concen- 
trations that included compositions falling 
between M3Si compounds (where M = Fe, 
Ni) and Fe,Si3 or Ni2Si. Oxidation rates de- 
creased as the Si concentration increased, 
but linear kinetics were always observed af- 
ter a transient stage. This type of kinetic be- 
havior seemed to be related to the transport 
of Fe and Ni through a SiO, scale, with re- 
sulting outer layers of Fe,O, or NiO, respec- 
tively (Meier, 1987). Acoustic emission 
measurements indicated that transport of 
these transition metal ions was not related 
to cracking of the SiO, layer. Cyclic oxida- 
tion resistance was quite good (Meier, 
1987). 

The corrosion resistance of nickel silicide 
(Ni,Si) was relatively good in oxidation 
and sulfidation environments, because of 
the protective properties of its Si02 scale 
(Kim and Meier, 1989). When coated with 
gasifier slag and placed in a syngas (32% 

H20, 0.6% HCl) for 160 h at 550 "C, this sil- 
icide performed quite well. Under similar 
aggressive conditions, Fe-33Si (Fe,Si + 
Fe,Si,) suffered degradation with formation 
of a thick layer of FeS (Kim and Meier, 
1989). The Si02 scales that formed on the 
Ni and Fe silicides seem to result in better 
resistance to sulfidation than either the 
A1203 or Cr203 formed on several other al- 
loys (Meier, 1987; Kim and Meier, 1989), 
although it was not as sulfidation resistant 
as Fe aluminides (see Section 6.4 for further 
details). Because both oxidation and sulfi- 
dation data for Fe- and Ni-based silicides 
are limited, further work is warranted, par- 
ticularly to assess applications in inter- 

H2, 49% CO, 11% C02, 0.7% H,S, 7% 
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mediate-temperature, aggressive environ- 
ments. Ni,Si is also of interest because of 
recent success in improving ambient-and el- 
evated temperature ductility and strength 
via alloying and microstructural control (re- 
fer to reviews by Sauthoff (1995f), Sikka 
(1996), and Liu et al. (1997)). 

6.9.8 Other Silicides 

Many other silicides have been consid- 
ered for structural applications, albeit with 
a limited number of directed, relevant stud- 
ies (Shah et al., 1992). An even greater 
range of silicides, including those of transi- 
tion metals, have been examined for thin- 
film, integrated circuit applications. Most of 
the data from such studies relate to silicide 
films (50-400 nm) deposited on silicon 
(Jiang et al., 1986). Under these conditions 
the silicides are not consumed in the process 
of forming an external SiO, layer and rate 
constants are approximately the same, irre- 
spective of the metal ion (Jiang et al., 1986). 
When, however, these silicides are grown 
on SiO, substrates, the oxidation process re- 
sembles that which occurs with bulk forms 
of these alloys (Jiang et al., 1986). 

Among the other refractory metal sili- 
cides WSi, is generally considered to be the 
most oxidation-resistant disilicide after Mo- 
Si, (Jiang et al., 1986; Meier et al., 1993). 
The oxides of W are similar to those of Mo 
in terms of stability and volatility; this con- 
tributes to the establishment of a continuous 
SiO, scale. TaSi, and NbSi, behave qualita- 
tively similar to TiSi,, with the low volatil- 
ity of Ta, Nb, and Ti oxides making it more 
difficult to establish a continuous SiO, 
layer. Under appropriate conditions pesting 
of these other silicides can occur (see Sec- 
tion 6.2.3). Pesting has been reported for 
WSi, and NbSi, (Steinhorst et al., 1989) and 
TaSi, (up to at least 800 "C) (Berztiss et al., 
1992). 

6.10 Beryllides 

6.10.1 Overview 

Beryllium forms intermetallic com- 
pounds with all the transition metals except 
those of group IB, with all the other group 
IIA elements, and with all of the lanthanides 
and actinides. Most of these compounds are 
of the form MBe,, (Fm3c, NaZn,, proto- 
type), MBe,, (14/mmm, ThMn,, proto- 
type), and M,Be17 (R3rn, Nb2Be17 proto- 
type), but there are also simpler structures 
such as NiBe (B2) and the Laves phases 
(e.g. Be2Mn-C15, Be,Cr-C14). Beryllium 
forms a protective oxide, BeO, which has 
two allotropes, although only the a phase 
is usually observed. Some beryllides are 
among the highest-melting intermetallic 
compounds and among the lowest-density 
refractory metallic phases (approximately 
2-4 g cm-,). Despite the attractive proper- 
ties of beryllides, only a handful of studies 
on the oxidation of these compounds have 
been conducted since the mid 1960s. For ex- 
ample, over the past 30 years the journal Ox- 
idation of Metals has not published a single 
paper reporting new research on the oxida- 
tion of beryllides. 

The reasons for this dearth of information 
are threefold. Firstly, and foremost, Be and 
its compounds are highly toxic to some in- 
dividuals. Unfortunately, there is yet no test 
to determine, before exposure, who might 
be sensitive to Be and so the material must 
be treated as a universal toxin. The handling 
procedures and equipment required to con- 
duct research on beryllides safely are quite 
expensive and limited to a small number 
of industrial and government laboratories. 
Secondly, most beryllide research has been 
conducted on complex line compounds, all 
of which are brittle to very high tempera- 
tures. Thirdly, the few studies published on 
oxidation of beryllides found significant 
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problems of intermediate temperature dis- 
integration (pesting - see Section 6.2.3 for 
further details) and/or oxide volatility in the 
presence of H 2 0  vapor (see Section 6.2.1 for 
further details). 

Despite these major drawbacks, for some 
applications there are no other materials 
with the properties of Be and the beryllides. 
In particular, beryllides have extremely high 
specific stiffness which is of interest in aero- 
space applications and a high scattering 
cross-section for fast neutrons, which is ad- 
vantageous in certain nuclear components. 
The Be intermetallics, including Be as a mi- 
nor alloying addition to other intermetallic 
phases, are an understudied class of materi- 
als and an area for future research. 

6.10.2 Complex Beryllides - 
MBe13, MBe12, and M,Bel, 

Compounds of the type MBe,, are the on- 
ly intermediate phases formed between Be 
and the lanthanide and actinide elements. 
This phase is also formed with Ba, Ca, Hf, 
La, Mg, Sb, Sc, Sr, Y, and Zr. A similar 
MBe,, phase is formed with Fe, Mo, Nb, 
Mn, Ru, Ta, Ti, and V (Okamoto and Tan- 
ner 1987). In the following discussion these 
MBe,, and MBe,, phases will be treated as 
a group. 

The MBe,, and MBe12 phases have very 
high melting points, usually in excess of 
1800 "C. They also have unique nuclear 
properties; for example, PuBe,, is com- 
monly used as neutron source and UBe,,, 
(U,Th)BeI3, and (U,Zr)Be,, have been in- 
vestigated as potential nuclear fuels because 
they combine a high melting point with ex- 
cellent neutron economy (low absorption 
cross-section and high scattering resulting 
in a self-moderating fuel) (Lewis, 1961; 
Paine et al., 1964a, b). 

By far the largest amount of information 
on any of these phases (or indeed any beryl- 

lide) relates to ZrBe,, and other zirconium 
beryllides (Ervin and Nakata, 1962; Book- 
er et al., 1964; Paine et al., 1964a, b). Much 
of the work on ZrBe,, was summarized by 
Aitken (1967). In dry oxygen, Ervin and 
Nakata (1962) found protective oxidation of 
both this phase and NbBe,, from 900 to 
1500 "C. These researchers used powders of 
known surface area for their experiments. 
The parabolic rate constants they deter- 
mined were much lower than those deter- 
mined by Paine et al. (1960a, b), a fact 
which they attributed to the more accurate 
determination of surface areas (refer also to 
Fig. 6-2) 

All these studies of beryllides indicated 
the same general oxidation mechanism. A 
protective scale of Be0 is formed on the sur- 
face of the specimen. Beneath this, the next 
lower intermetallic compound is formed 
(Zr2Be17 for ZrBe,,, Nb2BeI7 for NbBe,,). 
After longer periods of time oxides of the 
second component (ZrO, or Nb,O,) are 
found at the scale-metal interface (Ervin 
and Nakata, 1962; Grensing 1989). This 
general pattern is not surprising given that 
these phases are essentially line compounds. 

Several of these phases have been ob- 
served to suffer from pesting. For ZrBe,, 
this was related to the presence of moisture 
in the oxidizing environment (Aitken and 
Smith, 1962). Paine et al. (1964a, b) ob- 
served disintegration of Zr and Nb beryl- 
lides in both dry oxygen and moist environ- 
ments but found that addition of small 
amounts of A1 or A1 compounds suppressed 
the disintegration. The beneficial effect of 
A1 was attributed to free A1 at the grain 
boundaries resulting in stress relief. Under 
very similar conditions, however, Perkins 
(1963) found no evidence of A1 at grain 
boundaries but did find evidence of new ox- 
ide phases from X-ray diffraction analysis 
of the scales. These oxide phases were not 
identified and do not match any known 
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Be-Al-0 ternary phases. The mechanism 
by which ternary additions to these com- 
pounds reduces pesting is not clearly under- 
stood. 

6.10.3 MBe, 

Taken together, the C14 and C15 Laves 
phases are the second most abundant group 
of beryllides. Among these CrBe, NbBe, 
TaBe,, TiBe,, and VBe, have been the sub- 
ject of limited oxidation screening studies 
for potential high-temperature use (Paine 
et al., 1960a, b, 1964a, b). These com- 
pounds were all tested in dry air for 100 h 
at temperatures up to 1426 "C. 

CrBe, had some oxidation-resistance at 
1260 "C; weight gains after 100 h measured 
from 2 to 5.5 mg cm-*, depending on Sam- 
ple preparation. It seemed, however, very 
sensitive to thermal shock and oxidation- 
resistance was described as marginal at 
temperatures greater than 1371 "C. Small 
amounts of free Cr were detected in these 
samples before to testing, and the amounts 
increased after exposure. 

NbBe, formed more than 500 pm oxide 
after 30 min at 1260°C and was not inves- 
tigated further. TaBe, had some oxidation- 
resistance at 1260 "C but oxidized com- 
pletely at 1371 "C after a 25 h induction 
period. VBe, (containing small amounts 
of VBe12) was found to grow very thick 
scales while simultaneously losing up to 
61 mg cm-, in 5 h. This system also was 
not investigated further. 

TiBe,, much like CrBe,, had some oxida- 
tion-resistance at 1260°C (5.2 mg cm-, 
weight gain in 100 h). At 1371 "C, it gained 
63 mg cm-, and was therefore eliminated 
from further consideration. Given the very 
high temperatures and very limited number 
of specimens involved in this survey, it 
might be worthwhile revisit CrBe,- and 
TiBe,-based alloys (see also Section 6.8). 

6.10.4 MBe Phases 

Lee and Nieh (1989) studied the oxida- 
tion of NiBe (B2) in air at 800 to 1200 "C. 
They observed formation of Be0 at all the 
temperatures tested. At up to 1100°C the 
oxidation rates were similar to those of 
NiA1. At 1200 "C, they observed catastroph- 
ic disintegration of the specimens. This was 
attributed to the formation of a mixed 
NiO-Be0 scale owing to repeated cracking 
and reformation of the oxide caused by loss 
of coherency at the scale-metal interface at 
a critical scale thickness. 

Paine et al. (1960a, b) investigated PdBe 
and PtBe. Both were found to expand in 
volume during oxidation tests at 1260 "C, 
suggesting very high solubilities for oxy- 
gen. As far as the authors are aware, other 
MBe phases such as ReBe, FeBe, and CoBe 
have not been investigated. 
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7.1 Introduction 

Non-oxide ceramics are promising mate- 
rials for a range of high temperature appli- 
cations. Selected current and future appli- 
cations are listed in Table 7-1. In all such 
applications, the ceramics are exposed to 
high temperature gases. Therefore it is crit- 
ical to understand the response of these ma- 
terials to their environment. 

The variables to be considered here in- 
clude both the type of ceramic and the en- 
vironment to which it is exposed. Non-ox- 
ide ceramics include borides, nitrides, and 
carbides. Most high temperature corrosion 
environments contain oxygen and hence the 
emphasis of this chapter will be on oxida- 
tion processes of the type (Shaw et al., 1987; 
Jacobson and Opila, 1999): 

2MB + K02(g) + 2 M 0  + B203 (7-1) 

(7-2) 

(7-3) 

MC + O2(g)+MO + CO(g) 

MN + XO*(g) + MO + N2(g) 

However other corrosive environments, 
such as water vapor and molten salts, will 
also be discussed. 

In oxidation studies, most of the oxida- 
tion properties are determined by the oxide 
film. Therefore ceramic materials discussed 
in this chapter will be classified according 
to the particular oxide film. In general, long- 
term applications require a protective oxide 
with a low oxygen diffusivity. The leading 
protective oxides for ceramics are silica 
(SO2) and alumina (A1203). Other protec- 
tive oxides, such as boria (B2O3), may be 
acceptable for short-term applications. Fig. 
7-1 illustrates the range of oxidation rates 
for different protective oxides (Shaw et al., 
1987). 

Most of the emphasis here will be on the 
silica forming ceramics - silicon carbide 
(Sic) and silicon nitride (Si3N4). Due to the 
proposed applications of silica-forming ce- 
ramics, behavior of these materials in com- 
plex corrosive environments will also be 
discussed. Next alumina forming ceramics, 
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Figure 7-1. Oxidation rates of non-oxide ceramics. (Shaw et al., 1987.) 
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Table 7-1. Current and projected uses of ceramics. 

Application Ceramics Approximate Use Environment References 
Temperatures, "C 

Turbine engine Sic, Si,N,, 900- 1400 Combustion gases, Probst (1986) 
components, composites. deposits: Na, Mg, 
combuster liners, Ca sulfates, 
blades and vanes sodium vanadates 

Piston engine Sic, Si3N,, 900- 1400 Combustion gases McLean (1986) 
components, composites 
Pistons, 
Valves 

Industrial furnaces, Sic, 900- 1400 Combustion gases, Federer et al. 
Heat exchangers composites various deposits (1985) 

Coal combustion, Sic, 700- 1000 Combustion gases, Ferber et al. 
particle filters composites slag deposits (1985) 

Chemical process Sic, Si3N, 900- 1400 Various gases: Costa Oliviera 
vessels, coal gasifiers, air, H,S, HCl et al. (1994) 
waste incinerators 

Re-entry shields Sic, 1000- 1800 Reduced pressure Lacombe and 
composites N2,02, CO2, N, 0 Bonnet (1990), 

Jacobson and 
Rapp (1995) 

High temperature S i c  Use: 600 Air Chelnokov and 
semi-conductors processing: Syrkin (1997), 

1200 Powell et al. 
( 1992) 

Electronic substrates AIN Use: 600 Air Harris (1998) 
processing: 

1200 

Fiber coatings for BN 
composites, crucibles, 
insulators 

900 - 1400 Fiber coatings: Henager and 
reduced pressure Jones (1992), 

combustion gases; Lepp et al. 
crucibles: vacuum, (1989) 

inert gases 

Rocket engine throats HfC, ZrC 1500-2000 H2/0, combustion Patterson et al. 
products ( 1996) 

Liquid metal containers, Transition 600- 1400 Vacuum or inert Sangiorgi ( 1994) 
processing and heat metal gas and liquid 
transfer carbides metals 
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aluminum nitride (AlN) and aluminum car- 
bide (A&), will be examined. The third 
class of ceramics to be considered are bor- 
ia-forming materials, such as boron nitride 
(BN). Next, transition metal carbides andni- 
trides which form the corresponding transi- 
tion metal oxides will be discussed. Ceram- 
ic materials which form mixed oxide scales 
will also be considered. Finally, the oxida- 
tion of ceramic matrix composites (CMCs), 
which involves several parallel processes, is 
an important current area of research and 
will conclude the chapter. 

High temperature corrosion of metals and 
alloys has been more extensively studied 
than high temperature corrosion of ceram- 
ics. Many of the same experimental tech- 
niques and basic principles apply to both 
metals and ceramics. In the case of metals, 
our fundamental knowledge is derived from 
studies on high purity metals and alloys. Ox- 
idation/corrosion studies on metals are typ- 
ically done on small coupons. For ceramics, 
high purity chemically vapor deposited 
(CVD) samples have recently become avail- 
able for such studies. CVD coupons are 
available for most ceramics, however in 
some cases only ceramic powders are avail- 
able. Experimental approaches and analyses 
of data must be modified for powders. Fi- 
nally, an important chemical difference be- 
tween metals and ceramics is the formation 
of gases in the case of ceramic oxidation, as 
illustrated in the reactions represented by 
Eqs. (7-2) and (7-3). The escape of gases 
through the oxide film is an important issue. 

7.2 Experimental Techniques 

There are two objectives in high temper- 
ature corrosion studies: understanding the 
interaction of the ceramic and corrodent on 
a fundamental level and assessing the be- 
havior of the ceramic in an actual applica- 

tion environment. The former requires a 
clean, well-defined environment designed 
to vary one or two parameters methodically 
(e.g. temperature and/or oxygen pressure). 
The latter requires a complex environment 
which accurately models the actual applica- 
tion. The emphasis of this chapter will be on 
fundamental oxidation mechanisms. How- 
ever, when data are available, more complex 
environments, which come closer to the ac- 
tual application, will also be discussed. 

Most fundamental oxidation studies in- 
volve high purity oxygen in a well-con- 
trolled laboratory furnace at constant tem- 
perature. The amount of oxide can be mon- 
itored as a function of time via several tech- 
niques. The most common are optical meas- 
urements of oxide thickness and thermo- 
gravimetric monitoring of total weight gain. 
A thermogravimetric apparatus is illustrat- 
ed in Fig. 7-2. It is also possible to monitor 
oxidation kinetics via sensitive pressure 
gauges to monitor oxygen gas uptake and/or 
product gas release. Recently Gozzi and co- 
workers (1997) have developed a zirconia 
sensor to precisely monitor oxygen uptake 
in refractory carbide oxidation studies. 

Kinetic information obtained via the 
above techniques is very useful in determin- 
ing the rate controlling step of the reaction 
process. Scale formation which is linear 
with time obeys the following rate law and 
indicates an interfacial reaction or gas phase 
diffusion is rate controlling (Kofstad, 
1988): 

x = k l t  (7-4) 

Here x is the oxide scale thickness, k,  is the 
linear rate constant and t is the time. Scale 
formation which is parabolic with time 
obeys the following rate law and indicates 
diffusion through the oxide scale is rate con- 
trolling: 

x 2  = k,t (7-5) 
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- 
Recorder Computer 

for measuring oxidation kinetics. 
(Jacobson, 1993. Reprinted with 
permission of the American Cer- 

Here k, is the parabolic rate constant. An- 
other common observation is linear weight 
loss, which generally indicates that gas 
phase diffusion of volatile products through 
a boundary layer is rate controlling. For 
a flat plate coupon, this boundary layer- 
controlled flux, J ,  is given by (Geiger and 
Poirier, 1973): 

ar gas velocity, q is the viscosity, L is a char- 
acteristic dimension of the coupon and D is 
the diffusivity of the volatile species in the 
boundary layer. 

The above rate laws are for coupons of 
well-defined geometry, however they can be 
adapted to powders as well. Jander (Hulbert, 
1969) first developed a ‘shrinking sphere’ 
model for this purpose. First assume the ra- 
dius of each particle, R, decreases linearly 
with time: 

Here, the dimensionless quantities Re 
and Sc are the Reynolds and Schmidt num- 

the density of the gas atmosphere above the 
sample, Q ,  is the density of the volatile spe- 
cies at the oxide/gas interface, Y is the line- 

(7-9) 1 - (1 - a) 

Here R, is the initial radius of the particle 
and a is the volume fraction reacted. A 
plot of 1 - (1 - vs. t gives a linear plot 

1 / 3 -  kt - - 
R bers, respectively. In these expressions, Q is 
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if an interface reaction is rate controlling. If 
diffusion in the solid is rate controlling then 
Eq. (7-8) becomes: 
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Now a plot of 1-(1-c~)’)”~ vs. will 
give a linear plot if diffusion is rate control- 
ling. In theory, boundary-layer controlled 

diffusion rate laws can also be extended to 
powders, but diffusion through a powder 
bed is a more complex problem. 

Once an oxide scale is established on the 
coupon or powder, its composition and mor- 
phology may be characterized by a variety 
of optical, electron optical, and X-ray dif- 
fraction techniques (XRD). In many cases 
the products are amorphous and other tech- 
niques are used to supplement XRD, such 
as chemical analyses of the scale alone. 
Scanning electron microscopy (SEM) has 
proven most useful, although transmission 
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Figure 7-3. Calculated combustion products from combustion of jet fuel in air over a range of fuel to air ratios. 
Thermodynamic equilibrium is assumed. Also shown is the corresponding adiabatic flame temperature. (Jacob- 
son, 1993. Reprinted with permission of the American Ceramic Society.) 
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Figure 7-4. Schematic of jet-fuel burner rig used for studying oxidation and corrosion of high temperature ma- 
terials. (Jacobson, 1993. Reprinted with permission of the American Ceramic Society.) 

electron microscopy (TEM) is playing an in- 
creasingly important role as well. 

The preceding discussion has dealt with 
studies of ceramics in pure environments at 
constant temperatures. In actual applica- 
tions, high temperature materials are rarely 
at constant temperatures, but rather thermal- 
ly cycled. Materials which show good iso- 
thermal resistance may not show oxidation 
resistance under thermal cycling. Thus ther- 
mal cycling oxidation tests are important in 
understanding overall oxidation behavior. 

A variety of complex test rigs have been 
developed to simulate the behavior of high 
temperature materials in actual process en- 
vironments. Consider first combustion con- 
ditions. Fig. 7-3 shows calculated combus- 
tion gases for burning of a typical hydrocar- 
bon fuel. Note that oxygen is only one con- 
stituent of the hot gas stream. It consists of 
CO,, H,O, N2 and 0, in fuel-lean environ- 
ments and CO, H,, and N, in fuel-rich en- 
vironments. Burner rigs are very useful in 
simulating turbine engine conditions (Dead- 

more et al., 1978). Fig. 7-4 shows a sche- 
matic of a burner rig. It is critical to control 
the parameters as tightly as possible in such 
a rig in order to allow comparison of one 
burner to another. Similar large scale rigs 
have been developed in order to simulate the 
environments in coal slagging (Ferber and 
Tennery, 1983) and various chemical pro- 
cess environments. 

7.3 Oxidation of Silica-Formers 

To begin this section on the oxidation of 
silica-formers, S i c  and Si,N,, some of the 
properties of silica are briefly reviewed. 
Next, the oxidation of silicon is considered. 
While silicon is not a ceramic, its oxidation 
behavior nevertheless forms the basis for 
discussion of other silica-formers. The sec- 
tion then proceeds from the oxidation mech- 
anisms and rates obtained under the most 
ideal, clean conditions in pure oxygen to 
those conditions closer to actual application 
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environments. These include effects of 
small amounts of impurities, sintering aids, 
effects of other oxidants, cyclic oxidation, 
effects of oxidation on strength, volatility 
effects, and hot corrosion. 

7.3.1 Properties of Silica 

Silica scales can exist in either an amor- 
phous or a crystalline form. Both are com- 
posed of Si04 tetrahedra. The crystalline 
phase generally observed is cristobalite. Tri- 
dymite is sometimes observed when impur- 
ities are present, however, this phase will 
not be discussed further. Cristobalite can be 
envisioned as a regular lattice of six-mem- 
bered rings composed of alternating silicon 
and oxygen atoms as shown in Fig. 7-5a. 
The amorphous structure is an open and dis- 
ordered structure in which seven or eight 
member rings can also be found as shown 
schematically in Fig. 7-5 b. 

Under many conditions, transport of ox- 
idant through the silica scale limits the 
growth rate of silica and the corresponding 
recession of the matrix material. Under- 
standing the transport of oxidant or gaseous 
products through silica is therefore crucial 
to predicting the oxidation rates of silica 
forming materials. Oxygen transport in sil- 
ica has been reviewed by Lamkin et al. 
(1992) in detail and is summarized briefly 
here. Two transport mechanisms can occur. 
First, molecular oxygen can move through 
the interstitial rings in the silica structure by 
a permeation mechanism. Second, charged 
oxygen species can move from oxygen lat- 
tice site to lattice site. The second process 
is expected to have a higher enthalpy since 
bond breaking is required. 

While transport through silica is slower 
than any other oxide under ideal conditions 
as shown in Fig* 7-1’ and thus limits the 
growth rate of silica scales, the transport 
properties of this oxide are very susceptible 

(a) 

(b) 

Figure 7-5. Schematic structure of silica: a) cristobal- 
ite b) amorphous silica c) alkali modified silica. Silicon 
atoms are small darkcircles. Oxygen atoms are open cir- 
cles. Large shaded circles in c) represent impurity ions 
such as sodium. (Adapted from Lamkin et al., 1992.) 
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to the environment and under any real ap- 
plication conditions these slow rates of sil- 
ica growth are seldom observed. 

7.3.2 Basic Oxidation Mechanisms 
of Silica Formers 

7.3.2.1 Oxidation of Silicon 

The oxidation of silicon has been studied 
extensively due to the need for formation of 
dielectric silica layers on silicon by thermal 
oxidation for semiconductor devices. Deal 
and Grove (1965) have written a classic 
paper on this subject in which gas phase dif- 
fusion rates, linear reaction rates of oxygen 
with silicon, as well as oxygen transport 
rates through the growing silica scale are all 
considered. It was found that silicon oxida- 
tion can be described by a linear parabolic 
rate law: 

X , ~ + A X , = B ( ~ + ~ )  (7-12) 

where x, is the oxide thickness, t is the time, 
and t is a time correction for any pre-exist- 
ing oxide. B is the parabolic rate constant, 
often referred to as k, in the oxidation liter- 
ature. BIA is the linear rate constant referred 
to as k, in the oxidation literature. At short 
times Eq. (7-12) reduces to x, = ( t  + t) BIA 
which is the simple case for reaction con- 
trolled oxidation. At long times Eq. (7-12) 
reduces to x: = B t ,  which is the simple case 
for solid state diffusion controlled oxida- 
tion. 

In addition Deal and Grove (1965) show 
that oxygen transport through the silica 
scale occurs by molecular permeation of 0, 
since B is directly proportional to the oxy- 
gen partial pressure. Also, the parabolic 
rates measured by Deal and Grove (1965) 
were in good agreement with rates measured 
by Norton (1961) for permeation of molec- 
ular oxygen through silica. 

7.3.2.2 Oxidation of Pure SIC 
in Dry Oxygen 

Since S i c  oxidation also results in the 
formation of a silica scale, many analogies 
can be made with the oxidation of silicon. 
First, the oxidation of S i c  can be modeled 
using the Deal and Grove treatment of line- 
ar parabolic kinetics. Ramberg et al. (1996) 
have studied the oxidation of pure S i c  in 
the temperature range of 800- 1100 "C and 
shown that the linear reaction rate limits the 
oxidation rate in this temperature range. At 
temperatures of 1200 "C and higher, the ox- 
idation kinetics are generally considered 
purely parabolic (Costello and Tressler, 
1986; Zheng et al., 1990a; Ogbuji and 
Opila, 1995). As first noted by Motzfeldt 
(1964), the parabolic rates of S i c  should be 
1.5 to 2 times slower than Si due to the ad- 
ditional oxygen consumed in the formation 
of gaseous products by the reactions: 

S i c  + %02(g) + SiO, + CO(g) (7-13) 

S i c  + 202(g) + SiO, + CO,(g) (7-14) 

This has been shown to be true experimen- 
tally (Motzfeldt, 1964; Costello and Tress- 
ler, 1986; Ogbuji and Opila, 1995). Parabol- 
ic oxidation rates for pure materials, Si and 
Sic,  as well as Si,N, discussed below, 
are compared in Fig. 7-6 on an Arrhenius 

Oxidation of silicon is typically studied 
to 1200"C, whereas S i c  is useful to much 
higher temperatures. Thus, additional high 
temperature phenomena for S i c  oxidation 
must be discussed. First, Zheng et al. 
(1990a, b) have shown by oxygen isotope 
tracer studies that significant exchange with 
the oxygen lattice occurs at temperatures of 
1300 "C and higher. In addition it was found 
that the dependence of the oxidation rate of 
S i c  on oxygen partial pressure decreases 
as temperature is increased (Zheng et al. 
1990b). Both these results suggest that at 

plot. 
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Figure 7-6. Oxidation 
rates for pure silica- 
forming materials in  dry 
oxygen. (Adapted from 
Ogbuji and Opila, 1995.) 

higher temperatures, increased transport of 
oxygen through the silica scale by motion 
of charged oxygen species on the oxygen 
network sites occurs. The overall oxidation 
rate, however, is still dominated by molec- 
ular permeation through interstitial sites up 
to temperatures of 1500 "C (Ogbuji and Opi- 
la, 1995). 

An additional complication occurring at 
higher temperatures is the crystallization of 
the silica scale. Thermally grown silica 
crystallites are spherulitic (Ogbuji, 1981) 
as shown in Fig. 7-7. For very pure Sic, 

Figure 7-7. Micrograph of CVD S i c  oxidized for 
24 h at 1400 "C showing formation of spherulitic cris- 
tobalite. (Jacobson, 1993. Reprinted with permission 
of the American Ceramic Society.) 

crystallization occurs at temperatures of 
1300°C and higher (Ogbuji and Opila, 
1995). Several studies report decreases in 
weight change with time and attribute this 
to crystallization of the silica scale (Naru- 
shima et al., 1989; Costello and Tressler, 
1981; Fergus and Worrell, 1990). Recent 
work (Ogbuji, 1997) shows that oxygen 
transport through cristobalite is slower than 
through amorphous silica by about a factor 
of 30 at 1300 "C. Under clean oxidation con- 
ditions, however, a continuous film of amor- 
phous silica is found under the cristobalite. 
In addition, a film of amorphous silica is 
found between the cristobalite spherulites 
(Ogbuji, 1981). Thus, the extent of crystal- 
lization is not complete enough to result in 
a slowing in the observed oxidation rate of 
S i c  at least for times less than one hundred 
hours (Ogbuji and Opila, 1995). 

An upturn in the oxidation rate and acti- 
vation energy of S i c  at temperatures of 
about 1350 to 1400 "C has been observed in 
several studies (Costello and Tressler, 198 1, 
1986; Fergus and Worrell, 1990; Fillipuzzi 
et al., 1992; Frisch et al., 1988; Ramberg, 
1997; Singhal, 1976a; Zheng et al., 1990a) 
This has been variously attributed to crys- 
tallization of the scale (Costello and Tress- 
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ler, 1981; Singhal, 1976a; Frisch et al., 
1988) or a change in oxygen transport mech- 
anism (Costello and Tressler, 1986; Fergus 
and Worrell, 1990; Zheng et al., 1990a; 
Filipuzzi et al., 1992). However, it has also 
been shown that this increase in rate and 
activation energy is not observed for very 
pure materials in very clean conditions (Og- 
buji and Opila, 1995; Ramberg, 1997) even 
when crystallization occurs. It has been sug- 
gested that this upturn in rates and energies 
may be attributed to impurities either in the 
oxidation environment (Ogbuji and Opila, 
1995) or in the S ic  (Ramberg, 1997). 

Oxidation of S ic  at temperatures greater 
than 1500 "C has been studied by Narushi- 
ma et al. (1989) and Schiroky et al. (1986). 
Narushima et al. (1989) showed that the ox- 
idation kinetics were parabolic at tempera- 
tures as high as 1675 "C. The oxide scales 
formed were initially amorphous and after 
four hours primarily crystalline. After the 
scale crystallized the oxidation rates were 
about an order of magnitude slower. Schi- 
roky et al. (1986) found that at temperatures 
of 1700°C and higher the oxide scale, be- 
ing near its melting point, became amor- 
phous. Under these conditions bubbles 
formed in the silica scale due to the pres- 
ence at the interface of the gaseous products 
CO and/or C 0 2  at pressures greater than one 
atmosphere. 

7.3.2.3 Oxidation of Pure Si,N, 
in Dry Oxygen 

The oxidation of silicon nitride typically 
occurs with parabolic kinetics (Choi et al. 
(1989), Du et al., 1989a; Schiroky et al. 
(1986); Ogbuji and Opila, 1995), is depen- 
dent on oxygen partial pressure, and is in- 
dependent of nitrogen partial pressure (Du 
et al., 1989a). These three observations 
show that the oxidation kinetics are con- 
trolled by oxygen transport across a grow- 

ing scale. However, it is also well known 
that the oxidation of pure Si,N4 in clean con- 
ditions at temperatures less than 1500 "C are 
much lower than the oxidation rates of Si 
and S i c  (Choi et al., 1989; Du et al., 1989a; 
Ogbuji and Opila, 1995) as shown in Fig. 
,7-6. This has been attributed to the forma- 
tion of a silicon oxynitride layer which 
forms below the silica scale during oxida- 
tion of Si,N4. The composition of the oxy- 
nitride layer has been described as both a 
discrete phase, Si20N2, (Du et al., 1989a) 
and as a solid solution of Si02 and Si3N4 
of variable composition, SiOxNy (Ogbuji, 
1995). This leads to the formulation of the 
oxidation reactions in two possible ways. 
For the discrete oxynitride phase the oxida- 
tion proceeds by a two-step reaction: 

Si3N4 + %02(g) + %Si20N2 + %N,(g) 

Si20N2 + XO,(g) -+ 2Si02 + N2(g) (7-16) 

while for the solution oxynitride, the oxida- 
tion reaction has been formulated by Shel- 
don (1996) as: 

(7-15) 

Si3N4( + 3 02(g) -+ 

Si3N4( 1-x-6x)06(x+6x) + 2 ax N,(g) (7- 17) 

The evidence that supports a discrete oxy- 
nitride phase is the discontinuity in the etch- 
ing rate of the oxide scale formed on silicon 
nitride (Du et al., 1989a) as well as the con- 
trast observed in TEM and SEM images of 
scale cross-sections (Ogbuji and Smialek, 
1991). A TEM image of the oxynitride/ox- 
ide formed on Si,N4 is shown in Fig. 7-8. 
However, for a diffusion controlled oxida- 
tion process, it is assumed that equilibrium 
is achieved at the oxide/matrix interface. 
This assumption results in impossibly high 
nitrogen pressures at the Si20N2/N2 inter- 
face (Du et al., 1989b). Other work by Og- 
buji and Bryan (1995) shows an amorphous 
oxynitride layer with a continuous gradation 
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Figure 7-8. Cross-section of CVD Si,N, oxidized 
for 48 h at 1400°C showing the amorphous silicon 
oxynitride layer. The SiO, layer has been thinned. 
(Ogbuji, 1994). 

in  oxygen and nitrogen composition from 
SiO, to Si,N4. The accompanying model 
(Ogbuji, 1995) proposes that oxidation pro- 
ceeds by a substitution of oxygen for nitro- 
gen across the graded SiO,N, network rath- 
er than at an interface. This is illustrated in 
Fig. 7-9. The contrast observed in images of 

O = O ,  *=S i ,O=N 

Figure 7-9. Schematic diagram of the Si,N, oxida- 
tion model in which a continuously varying oxygen 
and nitrogen content of the silicon oxynitride layer is 
proposed. (Adapted from Ogbuji and Jayne, 1993.) 

scale cross-sections is attributed to the inter- 
face between the amorphous subscale and 
the crystalline silica top layer. 

The high temperature oxidation of pure 
Si3N4 has been studied by Hirai et al. (1980) 
as well as Narushima et al. (1993 a). As for 
Sic ,  as the temperature is increased toward 
the melting point of silica, the scales formed 
on Si,N4 become more amorphous and the 
oxidation kinetics change from parabolic to 
linear. 

7.3.3 Oxidation of S i c  and Si,N, 
in the Presence of Low Level Impurities 

The oxidation rates of S i c  and especial- 
ly Si,N4 in clean environments are quite 
low. However, for any real application, im- 
purities in the oxidizing environment are 
likely to be present. The effect of impurities 
on the oxidation rate of these materials can 
be quite significant. This issue has been 
explored experimentally in a number of 
ways. First, one of the most common con- 
taminants, sodium, was ion implanted in 
both S i c  (Zheng et al., 1992a) and Si,N4 
(Zheng et al., 1992b) at levels between 
50- 1000 ppm. Upon oxidation, the Na was 
incorporated in the oxide scale. The oxida- 
tion kinetics remained parabolic for both 
implanted materials. The oxidation rates 
were enhanced by a factor of two in the case 
of Sic ,  but by an order of magnitude for the 
case of Si,N4. 
Nevertheless, the oxidation rate of Si,N4 
remained lower than that of Sic .  The acti- 
vation energy for oxidation remained the 
same for Sic ,  but decreased for Si,N4. The 
enhanced oxidation in the presence of Na is 
attributed to the accelerated transport of 
oxygen through the silica scale which is due 
to incorporation of Na in the silica network 
and the formation of non-bridging oxygens. 
The incorporation of Na into the silica net- 
work is shown schematically in Fig. 7-5c. 
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In the case of Si3N4 the more dramatic en- 
hancement in oxidation rates is attributed to 
the modification of the silicon oxynitride 
structure by sodium. While this phase is still 
present, in this case, its protective proper- 
ties diminish substantially with incorpora- 
tion of sodium. 

Enhanced parabolic oxidation rates of 
S ic  and Si3N4 due to contamination from 
furnace tubes used in oxidation experiments 
have also been observed (Choi et al., 1989; 
Opila, 1995; Ogbuji and Opila, 1995; Fox, 
1998). This enhancement is also attributed 
to Na impurities from impurities in alumi- 
na tubes (Opila, 1995). In one case (Fox, 
1998), the oxidation rates of S i c  and Si3N4, 
both very pure CVD materials, were found 
to follow parabolic kinetics, but at essential- 
ly the same rate. It was proposed that im- 
purities from the alumina furnace tubes 
modified the structure of the silicon oxyni- 
tride so much that it no longer offered any 
additional barrier to oxygen transport than 
the silica scale. Backhaus-Ricault and Go- 
gotsi (1995) have also shown that silicon 
oxynitride is absent in hot isostatically 
pressed additive-free silicon nitride. This 
result may also be due to minor amounts of 
impurities resulting from the HIP process. 

Finally, moderate amounts of alkali im- 
purities have been intentionally introduced 
into silica scales growing on both S i c  and 
Si3N4 by vapor techniques (Pareek and 
Shores, 1991; McNallan et al., 1994; Sun 
et al., 1994). Alkali halides or alkali salts 
are vaporized in one portion of a furnace and 
transported with a carrier gas to the test 
specimen in another zone of the furnace. De- 
pending on the activity of the alkali vapor 
species in the test, the oxide scale composi- 
tion varied from 0.4 (Pareek and Shores, 
1991) to 30 (Sun et al., 1994) mole percent 
alkaline oxide. Oxidation kinetics for the 
lowest levels of alkali impurity in the scale 
were parabolic, but elevated over rates ob- 

served for pure silica formers (Pareek and 
Shores, 1991). As the alkali content in- 
creased, oxidation rates increased and 
changed from parabolic to linear kinetics 
(Pareek and Shores, 1991; McNallan et al., 
1994; Sun et al., 1994). The linear oxidation 
kinetics were ascribed to gas phase mass 
transfer controlled kinetics (McNallan 
et al., 1994) or interfacial corrosion reaction 
limited kinetics (Sun et al., 1994; Pareek 
and Shores, 1991). 

In combustion environments, the deposi- 
tion of alkali impurities in combination with 
impurities in common fuels, called hot cor- 
rosion, results in dramatically increased 
corrosion rates. This more severe corrosion 
process is discussed in Section 7.3.9. 

7.3.4 Oxidation of Sic  and Si,N4 
Containing Sintering Aids 

Sintering aids are often added to S i c  and 
Si3N4 to promote densification of these ma- 
terials. Sintering aids have several notewor- 
thy effects on the oxidation of silica form- 
ing materials including increased oxidation 
rates, change in rate controlling mechanism, 
and alteration of the oxide scale structure. 

First, for S i c  materials, typical sintering 
aids are B, C, and/or Al. B and C are typi- 
cally added to the S i c  in the form of B4C 
(Browning et al., 1987). For commercially 
available S i c  containing B4C at levels of 
about 0.5 wt% (Browning et al., 1987), par- 
abolic oxidation rates are the same as those 
observed for CVD S i c  (comparing results 
from Costello and Tressler, 1986 to Ogbuji 
and Opila, 1995). It has been shown that the 
boron segregates into the oxide leaving a de- 
pleted region in the S i c  near the interface 
(Costello et al., 1981). Boron in turn is de- 
pleted near the oxide surface due to volatil- 
ization losses. While boron at this concen- 
tration has no apparent affect on the oxida- 
tion rate, bubbles are formed in the oxide 
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scale at temperatures between 1200 and 
1300 "C as partial pressures of volatile bor- 
on species approach one atm. (Fergus and 
Worrell, 1990). 

Aluminum additions to S i c  are made in 
the form of alumina typically in the amount 
of 4 wt%. This additive has been studied by 
Hinze et al. (1975a), Singhal and Lange 
(1975), Singhal (1976a), and Costello and 
Tressler (1981). It has been found that the 
parabolic oxidation rates increase with alu- 
mina content (Singhal and Lange, 1975) as 
shown in Fig. 7-10. The alumina additives 
tend to enhance crystallization of the scale 
(Singhal, 1976a; Costello and Tressler, 
1981). Glassy areas of the oxide scale are 
found to be enriched in A1 as well as other 
impurities. Also, for high aluminum con- 
tents, mullite can be found in the oxide scale. 
Apparent activation energies for oxidation 
are higher than for pure Sic. This has been 
variously attributed to a mechanism con- 
trolled by outdiffusion of the oxidation 
product CO (Singhal, 1976 a), crystalliza- 

tion of the silica scale (Costello and Tress- 
ler, 198 l) ,  or to incorporation of aluminum 
in the glass-forming network (Hinze et al., 
1975 a). Work by Costello and Tressler 
(1981) indicates that the oxidation rate is 
controlled by oxygen transport through the 
Al,O,-altered scales. 

Densification of silicon nitride by con- 
ventional hot pressing also requires the use 
of sintering aids, typically MgO and Y203.  
As for Sic,  the oxidation rates of these ma- 
terials increase as the silica scale becomes 
less pure. Singhal (1976b) showed that 
silicon nitride, 1 wt% MgO oxidizes para- 
bolically but that oxidation rates are higher 
than for pure Si3N,. The oxide was com- 
posed of cristobalite with segregated mag- 
nesium silicate (MgSiO,) grains on the sur- 
face. Similar yttrium silicate phases are 
shown in Fig. 7-1 1. It was also demonstrat- 
ed that oxidation rates were independent of 
both oxygen and nitrogen partial pressure. 
It was suggested that out-diffusion of the Mg 
cation to the silica surface controls the rate. 

Oxidation time, hr 

Figure 7-10. Weight change 
behavior of dense S i c  hot- 
pressed with AI,O, oxidized at 
1370 "C in pure dry oxygen at 
1 atm pressure. (Singhal, 1975. 
Reprinted with permission of 
the American Ceramic Society.) 
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Figure 7-11. Y,O,-containing Si3N, oxidized for 
97 h at 1300°C in dry oxygen showing crystalline 
yttria silicate formed on oxide surface by migration of 
yttria impurities into the scale. (Jacobson, 1993. Re- 
printed with permission of the American Ceramic So- 
ciety.) 

In a series of elegant oxidation/reoxidation 
experiments, Cubiciotti and Lau (1978, 
1979) demonstrated that diffusion of the 
sintering aid cation, Mg or Y, to the sur- 
face controlled the oxidation rate of these 
materials. The weight change kinetics for 
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an oxidatiodreoxidation experiment are 
shown in Fig. 7-12 for Si,N, containing 
MgO. After oxidizing and removing the 
scale, reoxidation follows the original kinet- 
ic curve showing that the oxidation rate is 
not dependent on silica thickness. Clarke 
(1983) has modeled this process assuming 
gradients in chemical potential of these cat- 
ions are maintained by continuous forma- 
tion of Si02 and the consumption of cations 
in the scale to form silicates at the oxide sur- 
face. 

It should be noted that if too much sinter- 
ing aids are added to these materials, cation- 
rich silicates form in the grain boundaries 
during oxidation. The volume expansion 
that accompanies this phase formation re- 
sults in destruction of the material (Pate1 
and Thompson, 1988). Finally, for large 
amounts of phases added to S i c  or Si,N, the 
resulting material may be considered a com- 
posite material. Oxidation of these materi- 
als may result in multiphase oxide scales. 
This type of behavior is considered in more 
detail in Section 7.7 below. 

First oxidation 
Second oxidation 

after grinding .......... predicted cuwe 
Figure 7-12. Oxidation and reoxi- 
dation of Si3N, with MgO additives 
at 1644 K. (Cubiccioti and Lau, 

0 10 20 30 40 50 1978. Reprinted with permission of 
the American Ceramic Society.) Time, hr 
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7.3.5 Oxidation of Silica Formers 
in Other Oxidants 

7.3.5.1 Oxidation of Si, Sic,  
and Si,N4 in Water Vapor 

Return now to the behavior of very pure 
materials and consider the effect of chang- 
es in the gaseous environment from dry oxy- 
gen to those environments more commonly 
found for high temperature applications of 
silica forming ceramics. Many proposed 
high temperature applications for S i c  and 
Si3N4 are in combustion environments. Wa- 
ter vapor is always present in combustion 
environments since it is a product of the 
burning of hydrocarbon fuels. Water vapor 
is typically found at a level of about 10% of 
the total gas pressure, independent of fuel- 
to-air ratio, as shown in Fig. 7-3 (Jacobson 
1993). The effects of water vapor on oxida- 
tion of S ic  and Si,N4 are therefore of sig- 
nificant interest and can be classified in 
three areas. First, water vapor increases the 
transport of impurity species to the silica 
scale. As already demonstrated, these im- 
purities increase the oxidation rate of silica 
formers. Second, water vapor, as the pri- 
mary oxidant species, intrinsically increas- 
es the oxidation rate of silica formers. Fi- 
nally, silica scales are volatile in water va- 
por due to the formation of gaseous silicon 
hydroxide species. Under these conditions 
S ic  and Si,N4 oxidize to form silica scales 
which simultaneously volatilize. The net re- 
sult is paralinear kinetics and enhanced rates 
of matrix recession. Each of these effects 
will now be considered in more detail. 

Wuter Vapor-Impurity Effects 

Water vapor enhances the transport of im- 
purities because of the stability of gaseous 
hydroxides. Many impurities found in real 
application environments, such as Na and 
K, readily form hydroxides at partial pres- 
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Figure 7-13. Calculated activity of all potassium- 
containing vapor species for K,CO, in equilibrium 
with a gas phase of 9 c 0 , :  10 ,  at 1160 K as a func- 
tion of water vapor content. (Pareek and Shores, 1991. 
Reprinted with permission of the American Ceramic 
Society.) 

sures greater than other alkali-containing 
vapor species. This is documented in sever- 
al of the studies already referenced in Sec- 
tion 7.3.3 on low level impurities above. For 
example, Pareek and Shores (1991) have 
calculated that KOH formation from K2C03 
in water vapor increases the activity of po- 
tassium-containing species in the vapor 
phase as shown in Fig. 7-13. The resulting 
increased activity of potassium in the silica 
scale increases the oxidation rate of Sic.  
Opila (1994) also noted that sodium impur- 
ities from furnace tubes contaminated SiO, 
scales on S i c  at an increased level in the 
presence of water vapor presumably to due 
sodium hydroxide formation. Higher oxida- 
tion rates were observed for samples oxi- 
dized in 99.8% pure alumina tubes than in 
high-purity fused quartz tubes. Thus, oxida- 
tion rates of silica formers are enhanced in 
water vapor due to the formation of impur- 
ity-carrying hydroxide species which con- 
taminate the silica scale. 
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Intrinsic Effects of Water Vapor 
on Oxidation 

Water vapor also intrinsically increases 
the oxidation rate of silica formers com- 
pared with results obtained in dry oxygen. 
To begin this discussion, consider again the 
results of Deal and Grove (1965) for silicon. 
As in oxygen containing environments, lin- 
ear-parabolic oxidation kinetics are again 
observed for silicon in water vapor. Deal and 
Grove (1965) show that the parabolic rate 
constant, B is proportional to the product of 
the effective diffusivity of the oxidant in the 
silica scale, D,,, and the solubility of the 
oxidant in the silica scale, C*, or: 

B = 2DeffC*lN (7- 18) 

where N is the number of oxidant molecules 
incorporated in a unit volume of oxide. 
Based on work of Norton (1961) and Moul- 
son and Roberts (1961) for the diffusivities 
and solubilities of oxygen and water in sil- 
ica, as well as the parabolic oxidation rates 
of silicon measured by Deal and Grove 
(1965), the following summary can be 
made. The effective diffusivity of water in 
silica is about an order of magnitude less 
than oxygen as shown in Fig. 7-14. The sol- 
ubility of water in silica, however, is two to 
three orders of magnitude higher than oxy- 
gen. Thus, the parabolic rate constant for sil- 
icon in water vapor is one to two orders of 
magnitude higher than in oxygen as can be 
seen in Fig. 7-15. Since the solubilities of 
water and oxygen in silica are relatively 
temperature independent, (Deal and Grove, 
1965; Moulson and Roberts, 1961) the tem- 
perature dependence of the parabolic rate 
constant in each environment reflects the 
enthalpy of diffusion for that oxidant spe- 
cies in silica. Simply put, the enhanced ox- 
idation rates for silica formers in water va- 
por are due to the high solubility of water in 
silica. 

As already discussed, it is generally con- 
cluded that the oxidation of silicon in dry 
oxygen is controlled by the transport of mo- 
lecular oxygen through the silica scale. 
Likewise in water vapor, Deal and Grove 
(1965) concluded that transport of molecu- 
lar water in silica is the rate controlling 
mechanism for parabolic oxidation of sili- 
con. Molecular transport limited parabolic 
oxidation for silicon is demonstrated in 
Fig. 7-16. The plot of parabolic rate con- 
stant versus oxidant partial pressure for both 
oxygen and water vapor results in a line of 
slope one. In separate experiments, Deal and 
Grove (1965) also conclude that the oxida- 
tion of silicon by water vapor is independent 
of the carrier gas, based on results with oxy- 
gen and argon carrier gases, demonstrating 
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Figure 7-14. The diffusivity of oxygen and water va- 
por in amorphous silica as a function of temperature. 
(Adapted from Deal and Grove, 1965.) 
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that water vapor is the primary oxidant in 
water vapor/oxygen mixtures. 

Again, comparisons between the oxida- 
tion of S i c  and Si,N, in water vapor and the 
oxidation of Si can be made since they are 
all silica-formers. The oxidation of S i c  in 
water vapor has been studied extensively, 
however, in many of these studies, it is dif- 
ficult separate effects from impurities and 
those from water vapor. Several studies 
have been conducted for pure materials in 
clean water vapor-containing environments 
(Fung and Kopanski, 1984; Lu et al., 1984; 
Suzuki et al., 1982; Tressler et al., 1985). 
The results of each of these studies shows 
that S i c  oxidation is accelerated in water va- 

I 1 1 I I \ I por compared with dry oxygen. However, 
0.7 0.8 0.9 1.0 1.1 1.2 Opila (1999) has examined the oxidation 

lOOO/r; K kinetics of CVD S i c  over a range of water 
I I I I I I I I vapor partial pressures, mainly in an oxy- 

1200 1000900 800 700 600 550 gen carrier gas, but also in an argon carrier 
gas. These results show a number of inter- Temperature, "C 

esting trends. First, at 1200 "C bubbles are 
found in the amorphous for water va- 
por contents of 25% H,0/02 and higher. 

Figure 7-15. The effect of temperature on the para- 
bolic rate constant, B, of silicon in dry oxygen and wa- 
ter vapor. (Adapted from Deal and Grove, 1965.) 

1.1 , 3 

P, bar 

Figure 7-16. The effect of the partial pressure of oxidant on the parabolic rate constant of silicon. (Adapted 
from Deal and Grove, 1965.) 
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The density of bubbles increases with wa- 
ter vapor partial pressure. An example of 
bubbles formed in a silica scale from oxida- 
tion of S ic  in 90% H20/10% 0, at 1200 "C 
for 64 h is shown in Fig. 7-17. These bub- 
bles are not observed at 1100 "C nor are they 
observed for crystalline scales formed at 
1400 "C. Again, these bubbles are an effect 
of gaseous oxidation products formed by the 
reaction: 

S i c  + 3H,O(g) + 
SiO, + CO(g) + 3H2(g) (7-19) 

Also, Fig. 7-18 (Opila, 1999) shows that 
the variation of parabolic rate constant with 
water vapor partial pressure yields a power 
law exponent less than one. This indicates 
that some ionic oxidant species contributes 
to the oxidation process in addition to mo- 
lecular water. Finally, crystallization of the 
silica scale is shown to be only weakly de- 
pendent on water vapor and more strongly 
dependent on an impurity nucleation mech- 
anism. 

Similarly, the oxidation of Si3N4 has pri- 
marily been studied for materials contain- 
ing sintering aids. The only study where 
pure Si3N4 has been studied in a clean wa- 
ter vapor-containing environment is that by 
Choi et al. (1989). In this study, the oxida- 

Figure 7-17. Bubbles formed in SiO, due 
to oxidation of Sic in 90% water vapor/ 
10% 0, at 1200°C. (Opila, 1999.) 

tion rate is found to depend on carrier gas 
and in addition, a complicated dependence 
on water vapor partial pressure is observed. 
Oxidation rates in high water vapor partial 
pressures are lower than rates observed in 
lower water vapor partial pressures. This re- 
sult may be due to silica volatility which is 
discussed in detail below. In addition, it is 
not yet established whether the silicon oxy- 
nitride layer is protective in water vapor en- 
vironments. 

To summarize, both S i c  and Si3N4 oxi- 
dize more rapidly in water vapor very like- 
ly due to the increased solubility of water in 
the silica scale. The apparent dependence of 
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Figure 7-18. The variation of the parabolic oxidation 
rate of CVD Sic on water vapor partial pressure in 
O,/H,O gas mixtures at 1 atm total pressure. (Opila, 
1999.) 
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the parabolic rate constant on water vapor 
partial pressure is not the same as for sili- 
con oxidation at lower temperatures, indi- 
cating more complex oxidation mechanisms 
are operative. This is an area that requires 
additional work before an in depth under- 
standing of the oxidation mechanisms in 
water vapor are understood. 

Silica Scale Volatility in Water Vapor 

Another important effect of water vapor 
on oxidation of silica-forming materials is 
its ability to readily react with the silica 
scale to form volatile silicon hydroxide spe- 
cies. There is a substantial amount of work 
in the 1950s and 60s that indicated silica was 
volatile in water vapor containing environ- 
ments although the identity of the volatile 
species was not known (Glemser and Wend- 
landt, 1963). Silica volatility was also meas- 
ured more recently by Cheng and Cutler, 
(1979). However, it is not until recently the 
following formation reaction has been iden- 
tified in a transpiration study by Hashimo- 
to (1992) and confirmed by Opila et al. 
(1997) using mass spectrometry: 

Si02 + 2H20(g) + %(OH),(& (7-20) 

The effect of silica volatility on the oxida- 
tion of silica-forming materials has also 
gone largely unnoticed until recently. Sili- 
con oxidation literature contains only a few 
comments that there is a slight deficiency of 
silica formed during thermal oxidation of 
silicon in water vapor (Deal, 1963; Ligen- 
za, 1962). This can be attributed to the inter- 
est in  the short-term oxidation behavior of 
silicon. 

The importance of this effect has only re- 
cently been documented for silicon carbide 
(Opila and Hann, 1997; Robinson et al., 
1999; and Opila et al., 1999). S i c  exposed 
to water vapor-containing environments 
will oxidize to form a silica scale which si- 

multaneously volatilizes to form Si(OH), by 
the above reaction. The resulting kinetics 
are paralinear in nature. The change in ox- 
ide thickness for a paralinear process is 
shown in Fig. 7-19a and is described by the 
following equation: 

(7-21) 

Similar expressions are developed for sur- 
face recession and weight change (Opila 
and Hann, 1997;Tedmon, 1966). Surface 
recession kinetics are shown in Fig. 7-19a 
while paralinear weight change is shown in 
Fig. 7-19b. At long times a steady state pro- 
cess is achieved in which silica is consumed 

E, 10 oxide thickness -"I /-- 

Time, hr 
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E 2 -  Solid scale weight 

Volatile weight d - @ I ,  
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Figure 7-19. Paralinear kinetics for S i c  oxidized in 
water vapor. Model results typical of exposures at 
1200°C in 50% H,0/50% 0, at flow rates of 
4.4 cm s-'. a) oxide growth and matrix recession b) 
weight change. (Adapted from Opila and Hann, 1997.) 
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at the same rate it forms resulting in a line- 
ar recession rate of Sic. Paralinear oxida- 
tion kinetics of Si3N, have also recently 
been documented by Fox et al. (1997b). A 
comparison of kinetics in 50% H20/02 for 
SO2,  CVD Sic, and CVD Si3N, is shown 
in Fig. 7-20. Silica shows a simple linear 
weight loss. S i c  shows a larger weight gain 
before the weight loss than Si3N, since the 
ratio of k,lk, is larger for Sic. 

The volatility rate of silica, k , ,  is shown 
by Opila and Hann (1997) in furnace stud- 
ies, and Robinson and Smialek (1999) in 
burner rig studies, to be controlled by trans- 
port of the volatile silicon hydroxide spe- 
cies through a gaseous laminar boundary 
layer. Eq. (7-6) gives the following expres- 
sion for the volatility rate, k,:  

(7-22) Dev kl = 0.664 Re'I2 Sc1I3 ~ 

L 

where, in this case, D is the interdiffusion 
coefficient of Si(OH), in the boundary layer, 
Qv is the density of the volatile species 
Si(OH), in the boundary layer, and L is 
the characteristic length of the test coupon. 
Silica volatility is dependent on pressure, 
temperature, and gas velocity. Rewriting 
Eq. (7-22) in terms of these parameters 

results in: 

(7-23) 

The temperature dependence of the vol- 
atility rate is included in the term 
and arises from the enthalpy for reaction 
of Eq. (7-20). Also, it can be seen from Eq. 
(7-20) that the partial pressure of Si(OH), 
increases with the square of the water vapor 
partial pressure. This pressure dependence 
has been demonstrated by Hashimoto 
(1992) for silica. Inserting this relationship 
in Eq. (7-23), while remembering that in 
combustion environments the water vapor 
partial pressure scales with the total pres- 
sure, results in: 

(7-24) 

The pressure dependence, P3I2, has been 
demonstrated by Robinson and Smialek 
(1999) for S i c  recession as shown in Figs. 
7-21 and 7-22. In addition, Fig. 7-22 shows 
the temperature and velocity dependence 
for silica volatility in combustion condi- 
tions. Many proposed applications of S i c  
and Si3N4 involve high pressure and high 
velocity combustion environments, thus sil- 
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Figure 7-20. Oxidation/volatilization 
weight change kinetics for silica, CVD 
SIC, and CVD Si,N4 at 1200°C in 50% 
H,0/50% 0, at flow rates of 4.4 cm sS'. 
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7.3.5.2 Oxidation of S ic  in C02 

Another common component of gaseous 
environments in which silica forming mate- 
rials can be used is carbon dioxide. Again 
this gaseous species is a product of combus- 
tion of hydrocarbon fuels. The oxidation re- 
action for S ic  in C 0 2  can be given by the 
following: 

S ic  + 3Co,(g) + SiO, + 4CO(g) (7-25) 

Oxidation of S ic  in this environment is 
much less studied than in oxygen and water 
vapor. Nevertheless, Antill and Warburton, 
(1970), Fitzer and Ebi, (1974) and Opila 
and Nguyen, (1998) all find that oxidation 
rates of S i c  in pure C 0 2  are much lower than 
in oxygen. This is shown graphically in 
Fig. 7-23. While the rate limiting mecha- 
nism is unclear, it can be concluded that pas- 
sive oxidation of S i c  in C 0 2  is negligible 
compared with the rates observed in oxygen 
or water vapor. 

7.3.6 Cyclic Oxidation of Silica-Formers 

Cyclic oxidation tests simulate the tem- 
perature cycles of actual engine mission 
cycles for applications such as aircraft en- 
gines. These tests subject the samples to 
cooling stresses which form due to thermal 
expansion mismatches between the sub- 
strate and the growing oxide scale. Thermal 
expansion curves for Sic ,  Si,N,, amor- 
phous SiO,, and cristobalite are shown in 
Fig. 7-24. Assuming the scale is stress-free 
at temperature, then during cooling, com- 
pressive stresses would develop in the scale 
for amorphous silica, while tensile stresses 
would develop in the scale for cristobalite. 
Since most real applications of silica-form- 
ers result in at least partially crystalline 
scales, it is expected that the silica scale will 
be in tension on cooling. Cracks in the ox- 
ide may form. On reheating, the stress is re- 
lieved, the cracks heal at temperature result- 
ing in protective behavior of the oxide. In 
contrast, for amorphous silica on silica- 
formers and typical superalloys, the scale 
buckles and spalls on cooling due to com- 
pressive stress formation. Thus, one expects 
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Figure 7-23. Comparison of CVD S i c  oxidation kinetics in the oxidants C02,  O2 and H,O at 1200°C. (Opila 
and Nguyen, 1998. Reprinted with permission of the American Ceramic Society.) 
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Figure 7-24. Thermal expansion of crystalline S i02 ,  S i c ,  Si,N,, and amorphous SiO, as a function of temper- 
ature. (Jacobson, 1993. Reprinted with permission of the American Ceramic Society.) 

for silica-forming ceramics, in contrast to 
superalloys, little difference between iso- 
thermal and cyclic oxidation rates. This has 
in fact been shown to be the case by An- 
drews and Riley, (1990), Maeda et al., 
(1989), Opila et al., ( 1  993), and Park et al. 
( 1998). Fig. 7-25 shows typical cyclic oxi- 
dation behavior for a number.of silica-form- 
ing ceramics exposed to 5-h cycles at 
I300 "C for a total of 1000 h. In general the 
silica growth shows fairly protective behav- 
ior. In addition, little difference in flexural 
strength between isothermally and cyclical- 
ly exposed samples is observed (Andrews 
and Riley, 1990; Maeda et al., 1989). 

7.3.7 Effect of Oxidation on Fracture 
Strength of Silica-Formers 

Oxidation of S i c  and Si,N, affects the 
fracture strength of these materials. After 
short oxidation times, increased fracture 
strengths are reported for S i c  (Easler et al., 
1981; Becher, 1983) and Si3N, (Jakus et al., 
1984). The initial formation of amorphous 
silica rounds existing surface flaws. At 
longer oxidation times, surface pits, bubble 
formation at the oxide/matrix interface, at- 
tack of secondary phases and grain boun- 
dary attack may all lead to flaws larger than 
those originally present. Strength reduc- 
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tions are then observed (Easler et al., 1981; 
Becher, 1983, Jakus et al., 1984). The for- 
mation of these oxidation flaws is depen- 
dent on the sample purity and the oxidation 
temperature. Thus pure materials oxidized 
at lower temperatures exhibit less oxida- 
tion-induced strength degradation. 

Tressler (1990) has also summarized the 
oxidation effects on crack growth and creep 
in S i c  and Si3N4. Crack growth is general- 
ly controlled by grain boundary phases. Ma- 
terials containing glassy grain boundary 
phases are more susceptible to crack growth 
than single phase materials. When oxidation 
increases the glassy grain boundary phase, 
the threshold stress intensity above which 
crack growth occurs decreases. Likewise, if 
oxidation results in a more creep resistant 
grain boundary phase due to crystallization 
or depletion of additive cations, the thresh- 
old stress intensity increases. 

7.3.8 Volatility 

7.3.8.1 Direct Vaporization 

S i c  and Si,N4 ceramics form vapor spe- 
cies via a variety of mechanisms. The sim- 
plest mechanism is direct vaporization of 

Figure 7-25. Cyclic oxidation 
weight change kinetics for sever- 
al silica forming materials ex- 
posed in air at 1300 "C in 5 h cy- 
cles (Jacobson and Opila, 1999). 

S i c  or Si3N4. There are numerous vaporiza- 
tion studies of these compounds (Hincke 
and Brantley, 1930; Drowart et al., 1958; 
Zmbov et al., 1971). S i c  vaporizes to Si(g), 
Si,C(g), SiC,(g), and Si,(g) in vacuum; 
Si3N4 decomposes to Si(1) and N2(g) in vac- 
uum. However, in most applications there is 
some oxygen present in the atmosphere and 
the interaction of this oxygen with S i c  and 
Si3N4 is important in determining the vola- 
tile species. 

Volatility diagrams are the best way to 
represent the vapor species over a con- 
densed phase (Wagner, 1958; Kohl et al., 
1977; Heuer and Lou, 1990). Fig. 7-26a 
is a simple volatility diagram for the vapor 
species over Si in varying oxygen poten- 
tials. Note the condensed phases in Fig. 
7-26a. The vapor species on the left hand 
side are in equilibrium with Si(1) and the va- 
por species on the right hand side are in equi- 
librium with SiO,(s). SiO(g) is the primary 
vapor species above Si(1) or SiO,(s) for 
P(0,)  from about to lop4 bar. Below 

bar Si(g) becomes dominant; above 
bar SiO,(g) becomes dominant. 

Heuer and Lou (1990) also develop vol- 
atility diagrams for S i c  and Si3N4, shown 
in Figs 7-26b and 7-26c respectively. The 
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Figure 7-26. Volatility diagrams for: (a) Pure 
Si at 1800 K, showing all vapor species, (Kohl 
et al., 1977.) (b) S i c  showing only the most 
abundant vapor species, (Heuer and Lou, 1990. 
Reprinted with permission of the American 
Ceramic Society.) (c) Si,N, showing only the 
most abundant vapor species. The dashed lines 
represent the equimolar conditions for P(0,) = 
X P (SiO). (Heuer and Lou, 1990. Reprinted 
with permission of the American Ceramic 
Society.) 
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basic difference between these and Fig. 
7-26a is that the activity of Si is now less 
than unity. The Si3N4 diagram also includes 
a region of stability for SiN,O2. For clarity, 
these diagrams only show the dominant va- 
por species. 
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2 -2 

8 - 4  

4 

7.3.8.2 Oxide-Substrate Reactions 
-5 

As the volatility diagrams indicate, in 
most cases a stable SO,  film is present on 
a S ic  or Si,N4 substrate in all but the low- 
est oxygen potentials. At high temperatures, 
the silicon dioxide scale reacts with the S i c  
or Si,N4 substrate, generating volatile spe- 
cies as: 

SiC(s) + 2SiO,(s) + 
3 SiO(g) + CO(g) (7-26) 

Si,N,O(s) + SiO,(s) + 
3 SiO(g) + N,(g) (7-27) 

Note that the reaction for Si3N4 has been 
written with Si2N20, although this interme- 
diate layer may be variable in composition. 

The formation of vapor species at the ox- 
idekeramic interface can be displayed with 
a predominance diagram and overlaid equi- 
librium vapor species. These are illustrated 
in Figs 7-27 a and 7-27 b for the Si-C-0 and 
Si-N-0 systems, respectively. At tempera- 
tures above 1800 K, substantial pressures 
can be generated at the SiC/Si02 interface 
(Jacobson et al., 1992). This is shown in 
a plot of P(Tota1) vs. temperature in Fig. 
7-28. Note that the pressure is quite signif- 
icant for carbon-saturated SiC/Si02 and can 
be reduced with silicon-saturated SiC/SiO,. 

Fig. 7-29 is a photograph of a coupon of 
S i c  oxidized at 2073 K for 1 h. Note the ex- 
tensive bubbling. Some of this is due to the 
rapid oxidation rates and formation of CO(g) 
bubbles as an oxidation product. However 
some of the bubbling is very likely due to 
the SiC/SiO, interactions described above. 
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Figure 7-27. Predominance diagrams at 1500 K with 
vapor pressures of major species superimposed for (a) 
S ic  and (b) Si,N,. (Jacobson, 1993. Reprinted with 
permission of the American Ceramic Society.) 

7.3.8.3 Active Oxidation 

The most common route for silica-form- 
ing ceramics to vaporize is active oxidation. 
Silica is a unique protective oxide in that it 
has a stable gaseous suboxide. Its stability 
is comparable to that of SiO,(s) (Chase 
et al., 1986): 

%Si + %O,(g) + %SiO,(s); 
AGrSOOK = -322 kJ mol-' (7-28) 

Si + %O,(g) + SiO(g); 
AGlSOOK = -227 kJ mol-' (7-29) 
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ated at (a) SiC/SiO, interface for differ- 
ent activities of Si and (b) Si,N,O/SiO, 

Consider a bare silicon surface. At low par- 
tial pressures of oxygen, there is sufficient 
oxygen to form SiO(g), but insufficient oxy- 
gen to form a stable SiO,(s) film. This is 
termed ‘active oxidation’ and can lead to 
substantial material consumption. At high- 
er partial pressures of oxygen, a stable 
SiO,(s) film forms. This situation is termed 
‘passive oxidation’. 

The theoretical and experimental aspects 
of active oxidation have been nicely sum- 
marized in a recent overview (Narushima, 
et al., 1997). There are several approaches 
to calculating the Oxygen partial pressure at 
which the active-to-passive transition oc- 

Figure 7-29. CVD S i c  oxidized for 1 h at 2073 K in 
air. (Jacobson, 1993. Reprinted with permission of the 
American Ceramic Society.) 
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curs. Before discussing this issue it is im- 
portant to recognize that the active-to- 
passive transition and the passive-to-active 
transition are different. The former is at- 
tained by gradually increasing oxygen pres- 
sure over a bare Si, Sic, or Si,N, to the point 
where SiO(g) is no longer dominant and a 
stable SiO, film forms; the latter is attained 
by gradually decreasing oxidant pressure 
over a SiO,-protected surface to the point 
where SiO(g) formation dominates. These 
transitions occur at partial pressures of oxy- 
gen that differ by several orders of magni- 
tude. 

Wagner (1958) was the first to approach 
these transitions for pure silicon. Wagner’s 
(1958) approach is based on the condition 
for Si/Si02 equilibria. This concept has 
been extended to S i c  and Si,N, (Singhal, 
1976~).  In the active region, a flux of oxyl 
gen atoms strikes the S i c  surface and reacts 
to form SiO(g) and CO(g). 

S i c  + O,(g) + SiO(g) + CO(g) (7-30) 

As pressure is increased, the resultant flux 
of SiO(g) and CO(g) increase. Eventually, 
there is sufficient SiO(g) and CO(g) so that 
S i c  and SiO, can co-exist in equilibrium as 
shown in the equations below. The exact 
condition for S i c  and SiO, equilibrium has 
been an issue of some controversy. There 
are three possibilities: 

SiC(s) + 2Si02(s) + 
3 SiO(g) + CO(g) (7-3 1) 

SiC(s) + Si02(s) + 
2SiO(g) + C(s) (7-32) 

2SiC(s) + SiO,(s) + 
3Si(l, s) + 2CO(g) (7-33) 

In order to determine when the necessary 
P(Si0) and/or P(C0) is attained, the flux of 
02(g) striking the surface must be exam- 
ined. The relevant diagram is Fig. 7-30a. 

I SiOqsmoke 

Figure 7-30. Schematic of two approaches to the ac- 
tive-to-passive oxidation transition: (a) Wagner bound- 
ary layer approach and (b) SiO, ‘smoke’ formation. 
(Adapted from Narushima et al., 1997.) 

The flux of oxygen is given as 

(7-34) 
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The resultant fluxes of SiO(g) and CO(g) 
emerging from the surface are given by : 

(7-35) 

(7-36) 

Here J is the flux of the subscripted species, 
D is the diffusion coefficient of the sub- 
scripted species, p is the pressure of the sub- 
scripted species, 6 is the thickness of the 
boundary layer, R is the gas constant and T 
is the absolute temperature. In the case of 
p*, this is the pressure calculated from the 
above equilibria. Thus the transition pres- 
sure is: 

/ 

transition - ~ Po2 

/ \I12 

(7-37) 

(7-38) 

The relationship between diffusivities 
and boundary layer thickness allows the 
above simplification. It is generally agreed 
that the second equation more closely de- 
scribes the active-to-passive transition for 
Sic.  

Next consider Wagner’s (1958) calcula- 
tion of the oxygen partial pressure at the pas- 
sive-to-active transition. The passive-to-ac- 
tive transition begins with a stable SiO, 
film. As oxygen potential is lowered, this 
SiO, film decomposes and eventually active 

oxidation begins. Wagner (1958) derives the 
passive-to-active transition from the de- 
composition of SiO,: 

SiO,(s) + SiO(g) + %O,(g) (7-39) 

When the partial pressure of oxygen is low 
enough, SiO, decomposes and is no longer 
stable. This marks the beginning of active 
oxidation. For Sic,  the active-to-passive 
and passive-to-active transition differ by 
about four orders of magnitude. 

More recently, a purely thermodynamic 
approach has been developed, based on 
the volatility diagrams illustrated in Figs. 
7-26a-c. Heuer and Lou (1990) modify 
the original volatility diagram of Wagner 
(1958) in this approach. The modifications 
include the representation of only the dom- 
inant volatile species and inclusion of an 
equimolar P ( 0 2 )  = %P(SiO) line. A lower 
and upper limit for the active-to-passive 
transition can then be calculated. (Heuer and 
Lou, 1990 and Schneider, 1995). The lower 
limit is from a modification of Turkdogan’s 
theory of enhanced vaporization of metals 
in reactive gas streams (Turkdogan, 1963) 
and is illustrated in Fig. 7-30b. The Turk- 
dogan theory is based on a metal vaporizing 
into a gas stream, reacting to form a metal 
oxide ‘fog’ in the gas, and condensing. In 
the case of Si, Sic ,  or Si,N, the vapor pres- 
sure of Si(g), Si-C gas species or Si-N gas 
species are much too low to have much ef- 
fect; however the SiO(g) can form appre- 
ciable vapor pressures at low oxygen poten- 
tials. If a bare S ic  surface is actively oxidiz- 
ing, SiO(g) diffuses outward from the sam- 
ple. At the point when P(0,) = %P(SiO),  
then the following reaction in the gas phase 
occurs: 

SiO(g) + %O,(g) + SiO,(smoke) (7-40) 

The point at which P(O,)= P(Si0) can 
be determined from the intersection of 
the equimolar line with the P(Si0) line in 
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Figs 7-26 b, c. Some of the smoke will con- 
dense on the S i c  surface and this is the on- 
set of passive oxidation. This lower-limit 
transition is very similar to the passive-to- 
active transition derived by Wagner (1958), 
but does not contain the small corrections 
due to mass transport. 

An upper limit for the active-to-passive 
transition can also be derived from a vola- 
tility diagram (Schneider, 1995). Going back 
to Wagner's criteria that enough SiO(g) 
must form to satisfy the equilibria: 

- Si + SiO, + 2SiO(g) (7-41) 

The underline indicates the activity of sili- 
con is unity (pure silicon) or less (Sic or 
Si,N,). This equilibrium pressure of SiO is 
given by point T in the volatility diagrams 
of Figs 7-26a-c. The amount of O,(g) nec- 
essary to produce SiO(g) for the above equi- 
librium is determined from: 

Si + %O, + SiO(g) (7-42) 

This upper limit for active oxidation is thus 
found at the intersection of the equimolar 
line (due to the stoichiometry of the above 
equation) and a horizontal line drawn from 
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Figure 7-31. Measured and calculated active-to-passive transitions for S i c  oxidation. Results for S i c  produced 
by various processes are shown: chemically-vapor-deposited (CVD), pressureless sintered (PLS), single crystal 
(SC), and hot-pressed (HP). P&(W) refers to the active to passive transition calculated using Wagner's approach 
whereas P&(I) refers to the lower limit of the active to passive transition calculated from the volatility diagram. 
(Adapted from Narushima et al., 1997.) 
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the SiO(g) pressure at point T. Note that this 
particular point has no physical meaning. It 
is simply a convenient way of reading the 
proper P(0,)  from the graph. Again, this is 
similar to the Wagner active-to-passive 
transition without the small correction for 
mass transport effects. 

Fig. 7-3 1 summarizes these approaches 
and some experimental data (Narushima 
et al., 1997). The experimental data exhibit 
considerable spread, likely due to morphol- 
ogy and mass-transport effects (Hinze and 
Graham, 1976) which are not fully incorpo- 
rated into the current models. 

The above discussion has focused on oxy- 
gen as the primary oxidant in determining 
the active-to-passive and passive-to-active 
transition. There are studies in the measure- 
ment of the active-to-passive transition in 
H,O/H, (Kim and Readey, 1987) and 
CO,/CO (Narushima et al., 1993 b). It has 
been shown that these are equivalent to the 
oxygen cases with H20 and C 0 2  acting as 
the primary oxidant, respectively (Opila and 
Jacobson, 1995). 

7.3.9 Molten Salt Corrosion 

In combustion environments sodium im- 
purities are very common. These can lead to 
highly corrosive salt deposits. An example 
is ingested NaCl in combustion air, which 
reacts with sulfur impurities in the fuel 
to form highly stable Na2S04 (Jacobson, 
1989): 

2NaCl(v) + SO3(@ + H20(g) + 
Na2S04(1) + 2HCl(g) (7-43) 

The sodium may come from a marine en- 
vironment in a gas turbine, process chemi- 
cals in an industrial furnace, or even fuel im- 
purities. Under the appropriate conditions, 
Na2S04 forms as a condensed phase, depos- 
iting on parts. Fig. 7-32 shows the calculat- 
ed dew points for Na2S04 deposition. The 

Figure 7-32. Calculated dewpoints for Na,SO, de- 
position as a function of sulfur content of fuel as well 
as Na content. (Jacobson, 1993. Reprinted with per- 
mission of the American Ceramic Society.) 

rates of deposition are also critical and have 
been treated in detail (Stearns et al., 1983). 

Deposition of corrosive salts is a contin- 
uous process. It is difficult to simulate this 
in a laboratory furnace. For this reason many 
salt corrosion studies are done by seeding a 
flame in a burner rig. Fig. 7-33 is a compar- 
ison of S i c  treated in a burner without salt 
and with a flame seeded with NaC1. Note the 
extensive corrosion in the latter case. 

These processes are best interpreted with 
the acid/base theory of oxides (Rapp, 1986; 
Jacobson, 1993). Na2S04 decomposes to 
Na,O, which is the key reactant: 

Na2S04(1) + Na20(s) + SO,(@ (7-44) 

The partial pressure of SO,&) [or 
SO,(& + O,(g)] effectively sets the activity 
of Na,O(s). A high activity of Na,O is a 
basic molten salt; a low activity of Na,O is 
an acidic molten salt. Since Si02 is an acid- 
ic oxide, it is readily attacked by a basic 

(7-45) oxide: 

2Si02(s) + Na,O + Na,O . 2(Si02) (1) 

This reaction describes the process which 
leads to the thick, glassy product in Fig. 
7-33. The solid protective S O ,  layer has 
been replaced by a liquid, non-protective so- 
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of 5 x bar or less will lead to silicate 
formation. 

Some of these predictions have been ver- 
ified in a burner using different sulfur levels 
in the fuel to set a partial pressure of SO,(&. 
These results are shown in Fig. 7-34 for 
quartz coupons heated in a low sulfur fuel 
(0.05%) and high sulfur fuel (0.5%). The 
first set of coupons was exposed to a low 
partial pressure of SO, and hence a more ba- 
sic salt. Fig. 7-34a shows there is clear ev- 
idence of more corrosion and chemical anal- 
ysis revealed sodium silicate. The second 
set of coupons was exposed to a higher par- 
tial pressure of SO, and hence a more acid- 
ic salt. Fig. 7-34b indicates less product for- 

Figure 7-33. Optical micrographs of sintered S i c  
coupons with carbon and boron additives, oxidized in 
a burner rig at 1000°C (a) 46 h with no sodium (b) 
13.5 h with sodium chloride seeded flame. (Jacobson 
et al., 1986. Reprinted with permission of the Amer- 
ican Ceramic Society.) 

dium silicate layer. The liquid layer permits 
rapid diffusion of oxygen inward and car- 
bon monoxide outward, resulting in accel- 
erated oxidation. This provides more silica 
for the above reaction and leads to rapid con- 
sumption of Sic.  

The necessary conditions for the silica 
reaction with Na,O follow from basic chem- 
ical thermodynamics (Jacobson, 1989). 
Assuming unit activities for SiO, and 
Na,O . 2(Si02), the threshold Na,O activ- 
ity [a(Na,O)] for SiO, dissolution can be 
calculated: 

a(Na20) = exp(-AGo/RT) (7-46) 

Here AGO is the free energy for reaction 
(7-45) above. At 900°C, the minimum 
a(Na20) is lo-", meaning any activity 
greater than this will lead to silicate forma- 
tion. Since the a (Na,O) is set by the partial 
pressure of SO,&), this means that aP(SO,) 

Figure 7-34. Quartz coupons treated in a burner rig 
at 1000 "C with 2 ppm sodium (as NaCl) seeded in the 
flame: (a) Jet A fuel (0.05% sulfur), 1 h, (b) No. 2 Die- 
sel fuel (0.5% sulfur), 5 h. (Jacobson, 1989. Reprint- 
ed with permission of the American Ceramic Society.) 
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mation and chemical analysis indicated no 
sodium silicate formation. 

The preceding example illustrates the 
chemistry for Na,O reactions with pure sil- 
ica. Actual applications are more complex 
since additional elements may alter the ba- 
sicity of the oxide. In the case of silica-form- 
ing ceramics, carbon is especially impor- 
tant. Carbon is a constituent of Sic,  excess 
carbon may be added as a sintering aid, 
and carbon is often used as a fiber coating 
in fiber reinforced composites. In order to 
understand the effect of carbon, the follow- 
ing electrochemical cell was used to measure 
a(Na20) (Watt et al., 1981; Jacobson, 1989): 

Pt, 02(r) I ZrO, I Na2S04, SO3 (g) I (7-47) 

mullite I 10 m/o Ag,SO,, Na,SO,, Ag 

Zirconia acts as a membrane for oxide an- 
ions and mullite acts as a membrane for so- 
dium cations. The 02(r) is the oxygen ref- 
erence and the Ag2S04/Na2S03 is the Na,O 
reference. The net reaction is thus: 

Na20 + Ag,SO4 + 
%02(g) + Na2S0, + 2Ag (7-48) 

Using the Nernst Equation, a (Na20) can be 
determined from the cell voltage ( E )  and the 
free energy change for the above reaction. 
At 900 "C, for example, a (Na20) is given 
by: 

E = 1.498 + 0.1 16 log a(Na20) (7-49) 

Fig. 7-35 shows a(Na20) measurements 
taken for Na,SO,/(O.Ol SO,/O,) and 
Na2S0,/(0.01 SO,/O,) + carbon. Note, 
addition of carbon makes the melt swing 
strongly basic. This very likely occurs due 
to the formation of sodium sulfide and the 
subsequent formation of excess Na,O: 

Na2S0,(I) + C + Na,S + 2C0, (g) (7-50) 

Na2S + 3Na2S0 + 4Na@ + 4 s 0 2  (g) 
(7-5 1 ) 

0 Na$304/0.01 SO, 

0 Na2S04/0.01 SO, + C 
(C at bottom of melt) 

1 o-" 
0 1 2 3 

Time, hr 

Figure 7-35. Effect of carbon on the basicity of 
Na,SO,. (Jacobson, 1989. Reprinted with permission 
of the American Ceramic Society.) 

That carbon makes Na2S0, more basic ex- 
plains why S i c  corrodes more readily in 
molten salts than Si,N,. It also explains why 
excess carbon in a ceramic promotes corro- 
sion. Once basic Na,O begins to react with 
SiO,, this process continues until all of the 
available Na,O is consumed. In a combus- 
tion situation where sodium is ingested from 
the air, there is an essentially infinite sup- 
ply of sodium and it is possible for a large 
amount of the ceramic to be consumed. In a 
situation where the supply of sodium is lim- 
ited, the reaction will stop at some compo- 
sition given by the liquidus Na20-Si02/ 
Si02 line on the Na,0-Si02 phase diagram. 
A layered Na20-SiO,(1)-SiO2(s) structure 
will result (Mayer and Riley, 1978 and Ja- 
cobson, 1986). This is shown in Fig. 7-36. 
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Figure 7-36. Polished cross section showing microstructure for sintered S i c  with carbon and boron addi- 
tives + Na,CO, after 48 h of reaction at 1000°C. (Jacobson, 1993. Reprinted with permission of the American 
Ceramic Society.) 

The reactive species, Na20, can form 
from other salts as well. Na2C03 readily de- 
composes: 

Na2C03 + Na20 + CO, (g) (7-52) 

In fact, Na2C03 decomposes more readily 
than Na2S04 and creates a more basic mol- 
ten salt. McNallan et al. (1990) have shown 
that Na,O can also form from the reaction 
of NaCl and water vapor: 

2NaCl+ H 2 0  (g) + Na20 + 2HC1 (7-53) 

In addition to Na20, other oxides can poten- 
tially attack the protective Si02 film. Sea 
salt leads to MgS04 and CaSO, deposits as 

well as Na2S04 deposits. This mixed sulfate 
can be described by molten salt solution 
models (Pelton, 1983; Bornstein, 1996) and 
leads to magnesium, calcium, and sodium 
silicates (Fox, 1998). Many fuels contain 
vanadium impurities. V205 is an acidic 
oxide and thus does not react directly with 
SiO, . However, it accelerates Si3N4 oxida- 
tion, possibly due to the solubility of SiO, 
in V205 (Lamkin, et. al, 1990). 

Similar principles apply to molten slags, 
which are complex mixtures of oxides. Here 
it is more difficult to define basicity, how- 
ever a useful index has been the weight per- 
cent ratio of basic to acidic oxides. These 
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are the basic and acidic oxides commonly 
encountered (Ferber and Tennery, 1983, 
1984): 

- Basic oxides: Na,O, K,O, MgO, CaO, 

- Acidic oxides: SiO,, AI,O,, TiO, 

The basic slags clearly degrade silica-form- 
ing materials more readily than the acidic 
slags. In a locally low partial pressure of 
oxygen, metal silicides may form (Ferber 
and Tennery, 1984). 

It has been shown that molten salt-in- 
duced corrosion can lead to substantial at- 
tack of S ic  and Si,N,. It is important to dis- 
cuss the influence of this corrosion on mi- 
crostructure and mechanical properties. Fig. 
7-37 illustrates the surface of as-received 
Sic  (with B and C additives), the glassy 
coating after corrosion in Na2S04, and then 
after cleanly removing the glassy coating 
with hydrofluoric acid. The last step reveals 
a highly pitted structure as opposed to the 
dense starting material. The reasons for this 
non-uniform attack are very likely due to 
structural discontinuities (e.g. grain boun- 
daries, dislocations, etc.) in the S i c  and bub- 
ble formation in the corrosion reactions (Ja- 
cobson and Smialek, 1986). Microstructu- 
ral examination clearly indicates enhanced 
attack near grain boundaries, but also a cor- 
relation between the larger pits and bubbles 
in the silicate. A proposed mechanism for 
this is illustrated in Fig. 7-38. 

The strengths of monolithic ceramics are 
highly dependent on surface finish. Thus the 
pitting observed in Fig. 7-37c is expected 
to lead to a strength decrease. Depending 
on the salt chemistry, which in turn deter- 
mines the degree of pitting, room tempera- 
ture strength reductions of up to 50% have 
been observed (Smialek and Jacobson, 
1986; Jacobson et al., 1986; Fox and Smia- 
lek, 1990). In nearly all cases the fracture 
origins were the corrosion pits. 

Fe2O.Z 

Figure 7-37. Sequence showing sintered S i c  with 
boron and carbon additives before corrosion; after cor- 
rosion with Na,SO,/(O.OI SO, + 0,) at 1273 K for 
48 h, showing glassy product layer; and with glassy 
product layer removed, revealing highly pitted S i c .  
(Jacobson, 1993. Reprinted with permission of the 
American Ceramic Society.) 
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(2) Gas Bubbles and Pii Formation (3) Melt Saturation and Healing Layer 

iO2 SiO2 
Residual pits 

Corrosion pit 

Figure 7-38. Proposed pitting mechanism for SIC hot corrosion. (Jacobson and Smialek, 1986.) 

7.3.10 Refractory Oxide Coatings 
on Silica-Forming Ceramics 

One possible solution to the corrosion 
problems of silica-forming ceramics is the 
application of a refractory oxide coating. 
Refractory oxides are generally more chem- 
ically inert than S i c  and Si,N, and this ap- 
proach should combine the best properties 
of both materials. There are a number of im- 
portant considerations in the application of 
a coating. The first is a good match between 
coefficients of thermal expansion (CTEs) 
and the S i c  or Si,N, substrate. Table 7-2 
lists CTEs for Sic, Si,N4, and several re- 
fractory oxides. Note the remarkably close 
match of S i c  and mullite. Mullite coatings 
on S i c  were first developed by researchers 
at Solar Turbines (Price, 1992) and further 
refined at the NASA Glenn Research Cen- 
ter (Lee et al., 1994, 1995). Critical issues 
are substrate surface roughening for adher- 
ence and application of fully crystalline 
mullite. Fig. 7-39 shows a mullite coating 
on a S i c  substrate. 

Mullite-coated S i c  exhibits substantially 
improved behavior in Na,SO,-induced cor- 

Table 7-2. Coefficients of thermal expansion for sil- 
ica-forming ceramics and several refractory oxides 
(Lee et al., 1994). 

Material CTE (1 O6 K-') 

S i c  5.2 

Si3N4 3.2 

Mullite (3A1,O3 . 2Si02) 5.4 

Alumina (A1,0,) 9 
Partially stabilized zirconia 10 
(0.09Y20, . ZrO,) 

rosion as compared with uncoated S i c  (Ja- 
cobson et al., 1996). This is due to the for- 
mation of higher melting sodium-alumino- 
silicates, as opposed to the low melting so- 
dium silicates discussed in the section. 3.9. 
above. However, in time, sodium penetrates 
the mullite coating and forms sodium sili- 
cate at the mullite/SiC interface. In the case 
of water vapor containing environments, 
mullite coatings offer limited benefits as the 
silica activity is only 0.4. Hence silica is 
readily volatilized from mullite by water va- 
por (Lee et al., 1989). 
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Figure 7-39. Micrograph of plasma sprayed mullite coating on S i c  coupon. (Jacobson et al., 1994.) 

Other refractory oxide coatings are also 
candidates, however the problem of CTE 
mismatch must be considered (Table 7-2). 
Graded coatings may be a possibility. 
Stability of the coating/substrate interface 
is also a critical issue. 

7.4 Oxidation of 
Alumina-Forming Non-oxides 

From Fig. 7-1 it can be seen that after sil- 
ica forming materials, those materials with 
the next most protective oxide scale would 
be alumina formers. Since alumina scales 
are less sensitive to impurities, A1N and 
Al& appear, at first glance, to be ideal high 
temperature oxidation resistant materials. 
However, the recession rates in this figure 
are based on those observed for alumina 
forming metal alloys. Oxidation of both of 
these ceramic materials results in the forma- 
tion of gaseous products which can alter the 
protective qualities of the alumina scale. 

7.4.1 Oxidation of AlN 

As previously mentioned the oxidation of 
A1N is complex since nitrogen gas is gener- 
ated, as shown in the following reaction: 

2A1N + %O,(g) + A1203 + N2(g) (7-54) 

The literature contains many discrepant 
reports on both the rate controlling oxida- 
tion mechanism as well as the oxidation rate. 
Including only the results for dense bulk 
AlN, the oxidation behavior of AlN can 
be summarized as follows. In general, the 
oxidation kinetics of AIN in dry air (Sato 
et al., 1987) or dry oxygen (Jones and Scott, 
1989; Kuromitsu et al., 1992; Opila et al., 
1998) were parabolic. The oxidation rate 
was found to be similar to that for alumina 
formation on NiAl (Opila et al., 1998) as 
shown in Fig. 7-40. Thus the rate control- 
ling mechanism was concluded to be the 
same, i.e., oxidation rates are limited by 
transport of aluminum and/or oxygen 
through the a-alumina scale by short circuit 
paths such as grain boundaries. In laborato- 
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Figure 7-40. Oxidation rate of AIN in dry oxygen 
compared with that of NiAl,,25. (Adapted from Opila 
et al., 1998.) 

ry air (Bellosi et al., 1993; Robinson and 
Dieckmann, 1994), wet air (Sato et al., 
1987; Kim and Moorhead, 1994) or wet 
oxygen (Kuromitsu et al., 1992; Opilaet al., 
1998), however, the oxidation kinetics were 
much faster and generally linear in nature at 
temperatures below about 1200 to 1300 "C. 
Typical weight change kinetics for A1N in 
10% H20/90% O2 are shown in Fig. 7-41. 
At higher temperatures in wet air, kinetics 
were again parabolic (Sato et al., 1987; Kim 

and Moorhead, 1994). Oxidation rates were 
found to increase with water vapor content 
(Kuromitsu et al., 1992; Sat0 et al., 1987; 
Kim and Moorhead, 1994). It was conclud- 
ed that oxidation in even small amounts of 
water vapor by the reaction: 

results in the formation of micropores (Sa- 
to et al., 1987; Opila et al., 1998; Azema 
et al., 1991) 20-100 nm in diameter, at 
temperatures below 1200- 1300 "C. A typ- 
ical fracture section of the alumina scale 
from A1N exposed in 10% H20/90% O2 at 
1200 "C for 48 h is shown in Fig. 7-42. For 
these high porosities, transport of the oxi- 
dant through the micropores is rapid and ox- 
idation is limited by the surface reaction 
between A1N and the oxidant, hence the ob- 
served linear kinetics. At higher tempera- 
tures the scale becomes denser due to sin- 
tering of the micropores and the observed 
oxidation kinetics become parabolic once 
again. Thus, the oxidation rate of AlN under 
very dry conditions is parabolic and quite 
low, but at water vapor contents typical of 
normal humidity levels in air, rapid linear 
oxidation occurs. 

2 ""I - 1 200 "C 

A I M ) O C  Ll! 1000 "C 
Figure 7-41. Oxidation kinetics of AIN in 

0 10 20 30 40 50 60 70 80 90 100110 10%H20/90%O,.(AdaptedfromOpila 
Time, hr et al., 1998.) 
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7.4.2 Oxidation of A& 

While the oxidation of A14C3 has not been 
studied nearly as much as AlN there are in- 
dications its oxidation resistance is similar. 
LeFort and Marty (1989) report that a non- 
protective a-A1203 scale is formed on A1& 
powder. The oxide scale was found to be se- 
verely cracked. Gas generation during oxi- 
dation may again explain the non-protective 
nature of this oxide. 

7.5 Boria-Forming Ceramics 

Most borides actually form a mixed bor- 
ia-metal oxide scale and will be discussed 
in Section 7.7.1.1. However, boron nitride 
(BN) and boron carbide (B4C) form a pure 
boria scale. BN has been used for many 
years as a crucible material in vacuum and 
is of recent interest as a fiber coating for con- 
tinuous fiber reinforced ceramic matrix com- 
posites. The most common form of BN is a 
hexagonal, graphite-like structure. This dis- 
cussion will be confined to oxidation of hex- 
agonal BN. In pure oxygen BN oxidizes as: 

2BN(s) + %02(g) + 
B203(1) + N2k) (7-56) 

Figure 7-42. Fracture cross-section of 
A120, scale formed on AIN after a 48 h 
exposure in 10% H20/90% 0, at 
1200 "C. (Opila et al., 1998.) 

Some NO,(g) has been detected (Pechent- 
koyskaya and Nazarchuk, 198 1, Jacobson et 
al. 1999), but N2 is likely the primary gase- 
ous product. In pure oxygen, oxidation of 
BN becomes significant above about 800 "C 
(Podobeda et al., 1976). 

Boria is not a desirable protective oxide. 
It has a low melting point (4 10 "C) and tends 
to be very reactive with water vapor, form- 
ing a number of stable H,B,O,(g) com- 
pounds (Chase et al. 1986). There are a 
number of oxidation studies of BN in the lit- 
erature and the results indicate complex be- 
havior (Lavrenko and Alexeev, 1986; Oda 
and Yoshio, 1993; Jacobson et al., 1999a). 
A recent study of BN indicates that oxida- 
tion behavior is quite dependent on struc- 
ture of the starting BN material and water 
vapor content in the gas stream (Jacobson 
et al., 1999 a). The first point is illustrated 
in Fig. 7-43. Three types of BN - a CVD 
material deposited at a low temperature 
(Fig. 7-43 a), a CVD material deposited at a 
high temperature (Fig. 7-43a), and a hot 
pressed material (Fig. 7-43 b) - are shown. 
Note the very different oxidation behavior. 
This is attributed to the differences in po- 
rosity and oxygen content of the various 
types of BN. These factors may provide rap- 
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Figure 7-43. Oxidation kinetics of different types of 
BN at 900 "C in 1 bar oxygen/20 ppm H20. (Adapt- 
ed from Jacobson et al., 1999a.) 

id access for oxygen into the internal sur- 
faces of the BN material, leading to more 
extensive oxidation. It also important to 
note that oxidation kinetics of BN are sen- 
sitive to crystallographic orientation, as ob- 
served by several investigators (Oda and 
Yoshio, 1993; Jacobson et al., 1999a). 

Fig. 7-44 shows the vapor species above 
B203 in an oxygen/lO% H 2 0  environment. 
Note that the hydroxide species exhibit sub- 
stantial vapor pressures. Thus in water va- 
por containing environments, BN is expect- 
ed to volatilize via B20, and H,B,O,(g) spe- 
cies. 

Boron carbide (B4C) is an interesting ce- 
ramic due to its high hardness and strength. 

lo00 1100 1200 1300 1400 
Temperature, K 

Figure 7-44. Calculated reaction products for 
B20, + 0.10 bar H2OIO2. 

It also forms a B203 scale on oxidation and 
thus behaves similarly to BN (Gogotsi and 
Lavarenko, 1992). As with BN, oxidation 
of B4C becomes significant above about 
600°C and rapid oxidation occurs above 
1200 "C (Lavrenko et al., 1976). During ox- 
idation, carbon is depleted in the B4C region 
near the oxidekeramic interface. This con- 
tributes to an oxidation-induced decrease in 
hardness after the B,O, scale is removed 
(Lavrenko et al., 1976). 

7.6 Transition Metal Carbides 
and Nitrides 

The transition metal carbides and nitrides 
have a number of important properties in- 
cluding hardness, wear resistance, and high 
temperature strength. However, these car- 
bides and nitrides do not form oxides with 
low oxygen diffusivities. There is also gen- 
erally a large thermal expansion mismatch 
between metal carbides and their corre- 
sponding oxides, leading to scale cracking 
and the formation of easily accessible paths 
for oxygen inward. In addition, porous ox- 
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ide scales may form with rapid gas diffusion 
paths inward. These factors all lead to rap- 
id oxide growth rates. The major features in 
the oxidation of these materials will be dis- 
cussed. 

Often there is a stable oxycarbide or oxy- 
nitride formed between the oxide layer and 
the corresponding carbide or nitride. In the 
case of the carbides, the carbon may be lib- 
erated in a number of different forms. In 
some cases, free carbon is observed in the 
oxide scale. In other cases, all the carbon is 
oxidized to CO or CO,. In the case of the 
nitrides, the liberated nitrogen escapes as 
NO, or N,. 

7.6.1 Transition Metal Carbides 

Now consider some specific carbides. Ta- 
ble 7-3 lists the stable transition metal car- 
bides (Storms, 1967). The carbides to the 

Table 7-3. Transition Metal Carbides (Storms, 1967). 
The most stable carbides are shown in the box with 
strong metal-carbon and metal-metal bonds. 

1; i b  5E:" sc 
Y 
La Hf Ta Re 

right of these tend to form carbodmetal 
triple bonds, whereas the carbides to the left 
of these are of very low stability. Currently 
there is the most interest in ZrC, HfC and 
TaC as high temperature materials, due to 
their extremely high melting points. These 
materials are under consideration for rock- 
et thrusters (Patterson et al., 1996) and ZrC 
is important in nuclear applications (Rama 
Rao and Venugopal, 1994). 

Shimada and co-workers (1990, 1995, 
1997) have extensively studied the oxida- 
tion of ZrC powders and single crystals at 
temperatures from 380-600 "C at reduced 
oxygen pressures. Consider powder oxida- 
tion first. In the early stages of oxidation, 
oxycarbide forms. ZrC can have up to 60% 
of its interstitial positions occupied by oxy- 
gen. This is followed by nucleation of ZrO, 
on the oxycarbide. At higher temperatures, 
ZrO, grows rapidly and the associated vol- 
ume expansion leads to cracking. Single 
crystals show a similar mechanism, shown 
schematically in Fig. 7-45. At short times, 
an amorphous layer of ZrO,-x grows para- 
bolically (diffusion control). This is oxy- 
gen-deficient zirconia and the low oxygen 
potential allows free carbon to be deposited 
in the scale. Then the outer layers are oxi- 

I- a l- ra 

0 o 

Figure 7-45. Schematic oxidation mechanism for ZrC crystals. (Shimada et al., 1995. Reprinted with permis- 
sion of the American Ceramic Society.) 
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dized to cubic zirconia and zone (2) starts 
to form linearly with time (interface con- 
trol). This zone contains less free carbon and 
numerous cracks. 

There are two important points from the 
above observations - the formation of free 
carbon in the oxide scale and the formation 
of cubic zirconia. In order for free carbon to 
precipitate, the oxygen pressure must be 
very low, as determined from the following 
reaction: 

ZrC(s) + O,(g) + ZrO,(s) + C (7-57) 

Thus at 600"C, for the above reaction 
to be satisfied, P(0,)  is 4 x  bar. If 
oxygen-deficient Zr02-x is formed, these 
extremely low oxygen potentials are pos- 
sible. The formation of cubic zirconia at 
these low temperatures is surprising since it 
is not expected to be stable until 1590 "C in 
a pure Zr-0 system (Levin and McMurdie, 
1975). However it has been shown that the 
cubic phase is stabilized in oxygen-deficient 
zirconia with carbon (Wang and Liang, 
1998). 

At higher temperatures, ZrC oxidizes at 
much more rapid rates. Kuriakose and Mar- 
grave (1964) report that the type of ZrC they 
examined is destructively oxidized above 
652 "C. However, Voitovich and Pugach 
(1973) observe little weight change until 
about 700 "C. Clearly the form of the start- 
ing ZrC material must play a role in its ox- 
idation behavior. At 800 "C Voitovich and 
Pugach (1973) observe a two phase scale 
with a distribution of carbon in ZrO,. At 
1000 "C the scale becomes more porous, at 
1100°C a thin layer of carbon is observed 
at the ZrC/ZrO, interface. They also report 
the presence of cubic zirconia, which appar- 
ently is stabilized by carbon. At 1200"C, 
sintering of the scale is observed, which is 
surprising at these temperatures. At this 
high temperature, no free carbon is observed 
in the scale. 

Currently, there is a good deal of interest 
in HfC for rocket thrusters (Patterson, 
1996). Shimadaet al. (1997) have examined 
the oxidation of HfC from 600 to 900°C. 
There are many similarities to ZrC oxida- 
tion. A two zone structure is formed where 
the inner layer forms with diffusion-con- 
trolled kinetics and the outer layer forms 
with interface-controlled kinetics. Unlike 
ZrC oxidation, only the monoclinic form of 
the product oxide (HfO,) is observed. Car- 
bon is observed in both layers (Shimada, 
1999). At temperatures of 1400-2100 "C 
Bargeron et al. (1993) also observed a 
multi-layer product structure. In this case 
the outer layer contained no carbon. 

Courtright et al. (1991) haveobservedthe 
formation of porous oxide scales on HfC and 
PrC at high temperatures. At temperatures 
of 1200 to 1530°C Holcomb and St. Pierre 
(1993) have applied a counter-current dif- 
fusion model for carbon oxidation through 
this porous oxide. This is based on the two- 
step oxidation of carbon in the HfC, as 
shown in Fig. 7-46 and the following reac- 
tions: 

(7-58) 

(7-59) 

HfC(s) + 3CO,(g) + HfO,(s) + 4CO(g) 

4CO(g) + 2 0 d g )  -+ 4CO,(g) 

This two step oxidation is necessary due to 
the thermodynamic incompatibility of CO 
and 02, which requires CO, to be the oxi- 
dant. They set up the necessary flux equa- 
tions for each region and derive concentra- 
tion profiles and parabolic rate constants. As 
expected for gas-phase diffusion control, 
the temperature dependence is weak. Agree- 
ment between the model and measured rate 
constants is good. 

The oxidation of other carbides, such as 
Tic, NbC, and TaC have also been studied. 
A two-layer oxide scale has also been ob- 
served on Tic  (Voitovich, 1997; Shimada, 
1996; and Shimada, 1999). Shimada (1 996) 
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has examined the oxidation of T ic  powders 
as a function of temperature. Oxidation be- 
gins at about 300°C with the formation of 
TiC,OI-,. At higher temperatures anatase is 
formed and CO, is evolved. As tempera- 
tures approach 900"C, oxidation of the 
powder is nearly complete and rutile is ob- 
served. More recently Shimada (1998) has 
studied oxidation of single crystal T ic  iso- 
thermally and observed a two layer product 
scale with carbon in the oxide film. Voito- 
vich (1997) reports several reaction stages 
with initial parabolic kinetics followed by 
linear kinetics. He reports an inner layer 
composed of TiO, Ti,O,, and TiO, and an 
outer layer of Ti02. 

Recently Desmaison-Brut and co-work- 
ers (1997) have examined the oxidation of 

hr Figure 7-46. Model for oxidation of 
HfC through porous product layers. 
(Adapted from Holcomb and St. Pierre, 
1993.) 

L 

TaC and Ta2C "etween 750 an1 C. The 
TaC oxidizes directly to Ta,O,, whereas the 
Ta,C forms Ta,05 and an intermediate layer 
of tantalum oxycarbide. They attribute the 
different reaction rates and activation ener- 
gies observed for Ta,C as opposed to TaC 
to the formation of oxycarbide on Ta,C. 

As discussed in the Section 7.2, Gozzi 
and co-workers (1997) have reported on a 
novel method of following oxygen uptake 
in a refractory carbide oxidation reaction 
with a yttria-stabilized zirconia sensor. 
They use low oxygen pressures (- 1 0-5 bar) 
and their approach is extremely sensitive to 
small changes in oxygen. They are able to 
follow oxygen incorporation into a carbide 
lattice at low temperatures. Interestingly at 
temperatures of about 400 "C, the refracto- 
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ry carbides (Table 7-2) behave very similar- 
ly, indicating behavior is controlled by the 
carbon sublattice. 

7.6.2 Transition Metal Nitrides 

Formation of oxynitride layers between 
transition metal nitrides and their corre- 
sponding oxides is common (Douglass 
et al., 1996). Voitovich and Pugach (1975) 
attribute the better oxidation resistance of 
HfN as compared with ZrN to differences in 
the structure of the oxynitride layer. The 
oxynitride formed on ZrN contains more va- 
cancies than that formed on HfN. They al- 
so observe cubic Zr0, at low temperatures 
(500 "C) - apparently stabilized by the oxy- 
gen-deficient zirconia and nitrogen in the 
system. Desmaison et al. (1976) have also 
observed a mixture of monoclinic zirconia 
and a mixture of cubic or tetragonal zirco- 
nia. Their kinetics and morphology obser- 
vations indicate the oxidation of ZrN is con- 
trolled by an interfacial chemical reaction. 

There is interest in TiN both as a wear- 
resistant material and as a diffusion barrier 
in electronics. 
TiN exhibits a range of non-stoichiometry, 
with different compositions showing differ- 
ent oxidation mechanisms (Desmaison 
et al., 1979). However it is reported to have 
better oxidation resistance than ZrN or HfN 
(Voitovich and Pugach, 1975). The TiO, 
scale forms in layers with pores and tends 
to exfoliate (Desmaison et al., 1979), lead- 
ing to complex oxidation kinetics. Tampie- 
ri and co-workers (1991) report varying 
oxidation kinetics, depending on the tem- 
perature range. At temperatures of 700- 
800 "C parabolic kinetics suggest diffusion 
control and at higher temperatures diffusion 
through micro-cracks in the scale becomes 
important. 

There is interest in TaN as a thin film re- 
sistor in the electronics industry. A range of 

oxidation kinetics and morphologies have 
been reported (Ibidunni, 1993; Bouzouita et 
al., 1987, 1988). In one case tantalum oxy- 
nitride is reported, in some cases porous 
scales are reported. These differences are 
partially due to oxidizing gases (O,, CO,/ 
CO, or air) and may also be due to differ- 
ences in the starting materials. 

7.7 Oxidation of Ceramics 
Forming Multi-Component 
Scales 

Thus far, the oxidation/corrosion behav- 
ior of materials which are nominally single 
phase, and form scales which are nominal- 
ly single phase oxides has been discussed. 
In practice, composite materials are often 
desired to enhance mechanical properties or 
to improve other properties of the materials 
such as thermal conductivity, electrical con- 
ductivity, as well as oxidation resistance. In 
these cases, multi-phase materials are de- 
veloped to enhance the desired properties. 
When these materials are subjected to high 
temperature oxidizing environments, the 
resulting oxidation products are also more 
complex. In general oxidation results in 
three classes of scales: mixed oxides, com- 
pound oxides, or solution oxides. Examples 
of each will be discussed below. In addition, 
fiber reinforced composites are a special 
class of composite materials in which an 
interphase material is required between the 
fiber and the matrix to provide the required 
fracture toughness. The unique issues with 
these materials will also be discussed. 

7.7.1 Mixed Oxide Scales 

7.7.1.1 Transition Metal Borides 

This section reviews the oxidation behav- 
ior of HfB,, ZrB,, and TiB,. HfB2 and ZrB2 
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as well as their oxides, HfO, and ZrO,, are 
ceramics with capability for short-time use 
at ultra-high temperatures for applications 
such as rocket engine components and re- 
entry shields. TiB, is of interest for its high 
hardness, high melting point, and especial- 
ly its good electrical and thermal conductiv- 
ity. Applications of TiB2 include coatings 
resistant to liquid metals and wear resistant 
parts. Unlike transition metal carbides and 
nitrides, the oxidation of transition metal 
borides can result in a two phase scale con- 
sisting of boria in addition to the transition 
metal oxide. In general, at low temperatures 
and short times the borides have lower par- 
abolic oxidation rates because transport of 
oxidant now occurs through a liquid boria 
phase rather than through the gas phase. The 
oxidation resistance of several transition 
metal diborides have been ranked by Kauf- 
mann et al. (1967) in order of decreasing 
oxidation resistance as follows: HfB,, ZrB,, 
TiB,, TaB,, NbB,. 

The oxidation of borides is complex for 
a number of reasons. First, consider the for- 
mation of liquid boria. It is well known that 
boria is very volatile, forming both B,O,(g) 
(Soulen et al., 1955) and volatile hydroxide 
species (Margrave, 1956; Meschi et al., 
1960). At temperatures where the volatility 
of boria is readily observed, oxidation ki- 
netics will therefore follow a paralinear rate 
law in which oxidation weight gains occur 
simultaneously with boria volatilization. At 
temperatures below 1000 "C, both Irving 
and Worsley (1 968) and Courtois et al. 
( 1993) find protective oxidation behavior 
of TiB, attributed to a liquid boria film. A 
layered oxide is observed at these tempera- 
tures and is shown schematically in Fig. 
7-47. At temperatures higher than 1000 "C, 
Courtois et al. (1993) observe paralinear be- 
havior due to boria formation and volatil- 
ization. At these temperatures, Irving and 
Worsley (1968) observe that boria is volati- 

I Ti02 + 6203 

Figure 7-47. Schematic of TiB, oxidation products 
and morphology at 800°C. (Adapted from Courtois 
et al., 1993.) 

lized as soon at is formed and the titania 
layer controls the oxidation kinetics. Tripp 
and Graham (1971) developed an experi- 
mental TGA technique for oxidation of ZrB, 
which measures each component of the par- 
alinear kinetics: consumption of oxygen, 
weight change due to boria volatility, as well 
as total sample weight change. Typical re- 
sults are shown in Fig. 7-48. At higher tem- 
peratures, the boria will volatilize as soon 
as it is formed leaving only a porous transi- 
tion metal oxide scale, just as in the case of 
carbides and nitrides. Parabolic kinetics 
may still be observed, but the rate limiting 
step is gas phase diffusion in the pores rath- 
er than diffusion through a condensed phase. 
In other cases, at high temperatures and low 
pressures, boiling boria may rupture the 
transition metal oxide scales resulting in lin- 
ear oxidation rates controlled by the chem- 
ical reaction at the scale/matrix interface. 

Other complications for oxidation of 
transition metal borides at high tempera- 
tures, where boria no longer offers protec- 
tion, result from the properties of transition 
metal oxides. The monoclinic to tetragonal 
phase transition for zirconia and hafnia is 
accompanied by a volume changes which 
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Figure 7-48. ZrB, oxidation kinetics at 1200 "C in 
0.33 bar 0,. (AdaptedfromTripp andGraham, 1971.) 

results in less protective scales (Berkowitz- 
Mattuck, 1966; Kaufmann et al., 1967). In 
addition, the titania grown on TiB, is usu- 
ally highly textured and cracked resulting in 
linear kinetics at longer times (Tampieri and 
Bellosi, 1993). 

7.7.1.2 Oxidation of Complex Systems 
Resulting in Mixed Oxide Scales 

While any number of complex mixtures 
of non-oxide ceramics can be formulated 
and studied with regard to their oxidation 
resistance, one hopes to obtain a material 
whose oxidation properties are dominated 
by the most protective oxide in the system. 
However, for this to occur, a continuous 
layer of this oxide must be formed in the 
scale, otherwise the oxidation rates are con- 
trolled by less protective oxides, gas phase 
diffusion, or the linear reaction rate of oxi- 
dant with the matrix. Only several systems 
of particular note will be discussed here. In 
the first of these systems, Si-containing ma- 
terial, e.g. Sic ,  additions are made to less 

oxidation-resistant materials in hopes of im- 
proving the oxidation behavior by forming 
silica layers. In other systems, additions are 
made to S i c  or Si,N, to improve properties 
such as wear resistance. The oxidation be- 
havior is then tested to ensure that these ad- 
ditions do not degrade the matrix oxidation 
resistance to unacceptable levels. 

HjB,-SiC 

The first system of interest is the 
HfB,-Sic system. While HfB, is the most 
oxidation resistant transition metal boride, 
oxidation rates are still quite high, especial- 
ly at high temperatures where boria volati- 
lizes as soon as it is formed. Claugherty 
et al. (1968) explored a variety of ways for 
improving the oxidation resistance of HfB,. 
It was found that S i c  additions increased 
the oxidation resistance of HfB, with best 
results obtained for 20 vol% Sic .  The re- 
sulting scale was more adherent than that 
formed on pure HfB,. The increased oxida- 
tion resistance of borides with S i c  additions 
was explored further for ZrB, by Tripp et al. 
(1973) and for HfB, by Hinze et al. (1975 b). 
At short times a transient rapid oxidation 
rate occurred as short circuit diffusion 
through ZrO, or HfO, controlled the oxida- 
tion rate. After this transient, parabolic ki- 
netics were observed in both cases with the 
reaction rate controlled by diffusion of ox- 
idant through a protective silica layer in the 
scale. Microscopy revealed a layer of silica 
on top of porous Hf0,. At temperatures be- 
low 13OO0C, boria is found in the scale in 
the form of a borosilicate glass. Boria vol- 
atility is suppressed by the silica. At higher 
temperatures, selective vaporization of the 
boria occurs from the borosilicate glass. 

Ti,SiC, 

Another material of more recent interest 
is Ti,SiC,. This material has unique prop- 
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erties such as easy machinability, high ther- 
mal shock resistance, good ductility and 
high yield points at high temperatures. It has 
only recently been formulated as a single 
phase compound. The oxidation resistance 
has been studied by Barsoum et al. (1997). 
Parabolic oxidation is observed. Again a 
layered structure is observed with an inner 
layer of silica and titania and an outer layer 
of oriented rutile. The oxidation rates of this 
material are quite high suggesting diffusion 
control by the titania layer. Barsoum et al. 
( 1997) suggest that it may be possible to im- 
prove the oxidation resistance of Ti,SiC, by 
adding TiSi, to form a continuous silica 
layer upon oxidation. 

T i c  or TiN additions to Si,N, 

Composite materials based on Si,N, with 
additions of T ic  or TiN have been devel- 
oped to increase wear resistance. The effect 
of the T ic  (Opsommer et al., 1998) and TiN 
(Bellosi et al., 1990) additions on the oxi- 
dation behavior of these Si,N, composites 
has been studied. In both cases, these addi- 
tions have adverse effects on the oxidation 
resistance of Si,N, especially at low tem- 
peratures. At low temperatures Bellosi et al. 
(1990) have shown that the Si,N,-TiN 
oxidation rate is dominated by the rate of 
reaction of the TIN phase with oxygen. At 
intermediate temperatures oxidation is rap- 
id and parabolic, dominated by diffusion in 
the titania. At temperatures of 1200 "C and 
higher, rates are parabolic and transport i n  
the silicate phase in the scale limits the ox- 
idation rates. In all three regimes, oxidation 
rates increase with the amount of T ic  or TiN 
additive. At high temperatures, incorpora- 
tion of titanium into the silicate scale as well 
as formation of TiO, may contribute to these 
enhanced oxidation rates (Opsommer et al., 
1998). Therefore, additions of T ic  or TiN to 
Si,N4 must be optimized so that wear resis- 

tance can be increased enough while not de- 
grading the oxidation resistance of the Si3N, 
matrix to unacceptable levels. 

7.7.2 Composites which form Compound 
Oxides 

In the preceding discussion on oxidation 
of composites, each matrix phase reacted 
with oxygen to form its corresponding ox- 
ide. No interactions between matrix or ox- 
ide phases were reported. In this section, a 
few examples are discussed in which the 
composite scale contains oxide compounds 
formed from more than one component of 
the matrix phases, e.g. mullite, zircon, or 
aluminum borates. This is not intended to 
be a complete review, but an illustration of 
the kinds of effects compound formation can 
have on oxidation behavior. For example, 
formation of the compound oxide scales 
may result in higher oxidation rates if the 
compound oxide is more permeable to oxy- 
gen, or likewise, lower oxidation rates if the 
compound oxide is less oxygen permeable. 
The volatility of scale components can also 
be reduced by the formation of compound 
oxides as will be discussed below for alu- 
minum borates. 

7.7.2.1 Sic-Reinforced A1203 

S i c  reinforcement of alumina results in 
significant improvements in mechanical 
properties such as toughness, creep strength, 
wear, and thermal fatigue compared with 
monolithic alumina, however, these com- 
posites suffer from degradation due to ther- 
mal oxidation. Luthra and Park (1990) and 
Deqing and Lopez (1994) have studied the 
oxidation behavior of these composites. 
Parabolic oxidation is observed but at rates 
three orders of magnitude higher than for 
pure S i c  indicating the reaction product is 
not pure silica. Oxidation rates increase with 
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amount of S i c  reinforcement. The observed 
reaction products are not the predicted equi- 
librium phases. For low S i c  contents where 
alumina and mullite are predicted, alumina, 
mullite, and a glassy aluminosilicate are 
present in the oxidized zone. For higher S i c  
contents where silica and mullite are pre- 
dicted, primarily mullite and glassy alumino- 
silicate phases are present after oxidation. 
Luthra and Park (1990) propose that oxygen 
diffusion through alumina controls the oxi- 
dation rate for low S i c  concentrations. At 
higher concentrations the oxidation rate is 
controlled by oxygen diffusion in and/or 
diffusion of CO out through mullite or the 
glassy aluminosilicate phase. The compos- 
ites form a layered structure in which a thin 
layer containing partially-reacted S i c  par- 
ticles is found beneath a completely react- 
ed zone. A schematic of this structure can 
be found in Fig. 7-49. TEM work on a sim- 
ilar composite (also containing zirconia in 
the alumina matrix) shows amorphous car- 
bon and graphite (Backhaus-Ricault, 199 1)  
are also present in the inner partially react- 
ed S i c  oxidation zone. The outer fully re- 

Unreacted Semi- Reaction 
composite +reacted--product - 

acted zone contains porosity which is attrib- 
uted to bubbles from CO evolution (Luthra 
and Park, 1990; Deqing and Lopez, 1994; 
Backhaus-Ricault, 1991). Thus, the forma- 
tion of mullite and aluminosilicate glassy 
phases result in enhanced rates of transport 
of oxygen to the S i c  reinforcement phase 
and corresponding rapid oxidation rates. 

7.7.2.2 Si2N20-Zr02 

The porous Si2N20-ZrO, composite ma- 
terial is another interesting example of the 
effects of compound formation on oxidation 
behavior. O'Meara et al. (1995) and Heim 
et al. (199S,1997a, b) have documented the 
case in which Si2N20 in this composite ox- 
idizes to form Si02 at increasing rates up to 
temperatures around 1300 "C. At tempera- 
tures higher than this, it is proposed that zir- 
con, ZrSiO,, or a mixture of zircon and an 
amorphous zircon silicate forms which ef- 
fectively acts as a barrier to further oxida- 
tion. Schematics of the oxidation structure 
below and above the zircon formation tem- 
perature are shown in Fig. 7-SO. Courtright 

Sic particles 

Figure 7-49. Schematic representation of reaction product morphology from oxidation of a S i c  particulate re- 
inforced A1,0, composite. (Luthra and Park, 1990. Reprinted with permission of the American Ceramic Soci- 
ety.) 
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Figure 7-50. Schematic representation of reaction product morphology from oxidation of a Si,N,O/ZrO, com- 
posite at a) 1000°C and b) 2 1250 "C. (Adapted from Heim et al., 1995.) 

et al. (1991) have summarized the oxygen 
permeability of a number of oxides. In this 
summary the oxygen permeability of zircon 
is reported to be higher than that of silica. 
Therefore, the results of Heim et al. (1995, 
1997 a, b) are inconsistent with the perme- 
ability of zircon reported by Courtright 
(1991). Nevertheless, the concept of in- 
creasing the oxidation resistance of a mate- 
rial by choosing a composite which forms a 
less oxygen permeable compound oxide is 
viable. 

7.7.2.3 TiB2-A120, 

From the discussion above on TiB, oxi- 
dation, it is known that the oxidation resis- 
tance of TiB, relies on the formation of a 
protective liquid boria scale. At tempera- 
tures high enough to volatilize the boria di- 
rectly, linear oxidation rates are sometimes 
observed due to the non-protective nature 
of the titania scale. The addition of A1,0, 
or AlN to the TiB2 results in better oxida- 
tion resistance (Tampieri and Bellosi, 1993; 
Schneider et al., 1996). At intermediate 
temperatures, 700-900 "C, A14B209 is 
formed which slows the oxidation rate 
(Tampieri and Bellosi, 1993). In addition, 
boria volatility is reduced since it is en- 
trapped in the aluminum borate phase 

(Schneider et al., 1996). At higher temper- 
atures a less boria-rich phase is formed, 
Al,,B,O,,, and higher oxidation rates are 
observed in the case of the A1N composite 
(Schneider et al., 1996). This system dem- 
onstrates the possibility to suppress volatil- 
ity by compound formation during oxida- 
tion. 

7.7.3 Composites which form Single 
Phase Oxide Solid Solutions 

While few examples of this phenomenon 
exist and little work has been done in this 
area, it is possible to affect the oxidation be- 
havior of materials which form a single 
phase oxide solid solution. For example, 
upon oxidation, a HfC/ZrC composite 
would form a solution of HfO,/ZrO,. Use 
of this type of composite, and choosing the 
HfC to ZrC ratio might be useful to control 
the monoclinic to tetragonal transformation 
temperature of the resulting scale or other 
properties of the matrix or scale. 

7.8 Ceramic Matrix Composites 

Ceramic matrix composites (CMCs) are 
perhaps the most promising ceramics today 
for high temperature structural applications. 
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These CMCs include a wide range of mul- 
tiphase ceramics with the additional phase 
added to impart improved fracture tough- 
ness. Examples of this include whiskers, 
particulates, and continuous fibers in a ce- 
ramic matrix (Evans, 1990). In many cases, 
the additional phase and/or coating around 
that phase has substantially different oxida- 
tion behavior than the matrix. This leads to 
complex oxidation and corrosion behavior 
for the entire composite. 

Most of the current research on CMCs is 
focused on S i c  fibers in matrices of oxides, 
Si,N,, or Sic.  The fibers impart fracture 
toughness by deflecting the matrix cracks. 
To properly deflect cracks, a fiber must not 
bond with the matrix. For this reason, inert 
fiber coatings are needed. To date, only two 
adequate coatings have been found - gra- 
phitic carbon and boron nitride. Thus the en- 
tire composite has a slowly oxidizing phase 
(fibers and matrix) and an easily oxidizable 
phase (fiber coating). Generally at high 
temperatures, Si02 rapidly forms on the out- 
side of the matrix and attack of the fiber 
coating is minimized. Even a matrix crack 
may quickly seal. However at intermediate 
(500- 1000 "C) temperatures, silica forms 
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very slowly and oxidative attack of the fi- 
ber coating becomes a critical issue. These 
constituents are shown schematically in Fig. 

Consider first carbon fiber coatings. The 
attack of the coating at low temperatures is 
evident in the TGA data shown in Fig. 7-52 
(Bhatt, 1989). Note that the lower tempera- 
tures show an initial weight loss due to the 
oxidation of the carbon coatings of the fi- 
bers. At higher temperatures the matrix rap- 
idly forms a film of SiO, and this oxidation 
is not evident. However in applications, 

7-5 1. 

I 

I SIC Mattix I 
L-,, , ,----------J 

Figure 7-51. Schematic showing constituents of S i c  
fiber reinforced S i c  matrix composite. 

Exposure time, hr 

r 1400OC 

Figure 7-52. TGA oxida- 
tion curves for SiC/Si,N, 
composites in flowing 
oxygen. (Adapted from 
Bhatt, 1989.) 
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components must operate at intermediate 
temperatures and hence it is important to 
understand this problem. 

The most thorough treatment of this prob- 
lem is from Filipuzzi and co-workers (1994) 
for carbon-coated S i c  fibers in a S i c  ma- 
trix. Their initial treatment consists of a ma- 
trix with uni-directional fibers with one end 
exposed. The process consists of a two-step 
oxidation of carbon and concurrent oxida- 
tion of the fiber and surrounding matrix. As 
carbon oxidizes, an annular region around 
the fiber is left. A schematic of this region 
is shown in Fig. 7-53. The pressure depen- 
dence of S ic  oxidation indicates that most 
of the oxidation would occur at the mouth 
of pore, as shown in Fig. 7-53. Filipuzzi and 
co-workers first measured oxidation prop- 
erties of each of the constituent parts of the 
composite as well as the composite as a 
whole. Standard TGA methods as well as re- 
sistivity measurements give an indication of 

I Matrix 

Pyrocarbon 

Figure 7-53. Schematic of oxidation model for car- 
bon fiber coating in S i c  fiber/SiC matrix composite. 
(Adapted from Filipuzzi and Naslain, 1994.) 

the amount of carbon consumed. These data 
are used in an overall description of the com- 
posite oxidation. 

The constituent data for the composite is 
used in the following analytical model. This 
is based on differential equations, which de- 
scribe: 

- Diffusion of oxygen into the pore. 
- Two step oxidation of carbon to CO and 

- Diffusion of CO/C02 out of the pore. 
- Consumption of oxygen by oxidation of 

- Consumption of oxygen by oxidation of 

co*. 

the matrix. 

the fiber. 

Appropriate boundary conditions are intro- 
duced and the equations are solved to 
generate kinetic curves such as those in 
Fig. 7-52. Excellent agreement between 
their model and experiments are obtained. 
Their analysis indicates that thinner carbon 
coatings give better performance. 

This analysis has been extended to other 
situations. Eckel and co-workers (1995) 
have examined the lower temperature re- 
gime, where S i c  oxidation can be ignored. 
At temperatures near about 500 "C reaction 
control becomes important in the oxidation 
of carbon. Windisch and co-workers (1997) 
have seen evidence of reaction control at 
higher temperatures (1073- 1373 K) and re- 
duced oxygen pressures. 

Recently Halbig et al. (1998) have exam- 
ined the oxidation of S i c  matrices with car- 
bon fibers. Oxidation tests indicate low tem- 
perature oxidation is kinetically controlled 
by reaction of oxygen with the fibers and 
high temperature oxidation is diffusion con- 
trolled by diffusion of oxygen to the fibers. 
They have developed finite difference mod- 
els of this process. 

The other commonly used fiber coating 
is hexagonal BN. There are several impor- 
tant phenomena in the oxidation of a sili- 
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Figure 7-54. Two types of oxidation of S i c  fiberlSiC matrix composites with BN fiber coatings: (a) Borosili- 
cate glass formation after oxidation at 816°C in oxygen for 100 h. (b) Volatilization of BN due to water vapor 
interactions after oxidation at 500°C in humid air. (Jacobson et al., 1999b). 

con-based composite with BN fiber coat- 
ings. These are illustrated in Figs 7-54a 
and b. As the silicon-based material and the 
BN oxidize, both B,O, and the SiO, form. 
These react to form low melting borosilicate 
melts, as shown in Fig. 7-54a. Related to 
this, it is well-known that boron dramatical- 
ly enhances the oxidation of silica forming 
materials (Schlicting, 1984). As discussed 
in Section 7.5 on monolithic BN, water va- 

por readily reacts with the B,O, oxidation 
product and forms volatile HxB,Oz(g) spe- 
cies. This can lead to effective volatilization 
of BN, much as carbon volatilizes, illustrat- 
ed in Fig. 7-54b. However, unlike carbon, 
distinct interfaces are not formed with the 
BN. Rather there is a 'plug' of borosilicate 
formed and a gradual transition from oxide 
to nitride (Jacobson et al., 1999b) This is il- 
lustrated in Fig. 7-55. 

Figure 7-55. Transition 
from borosilicate glass 
product to BN in composite 
oxidized in 10% H,OIO, 
for 20 h at 700 "C. (Adapt- 
ed from Jacobson et al., 
1999b.) 
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A description of this has been devel- 
oped based on gas phase diffusion of the 
H,B,O,(g) species outward and boron-en- 
handed oxidation of the S i c  to form a bor- 
osilicate plug (Jacobson et al., 1999b). This 
is shown schematically in Fig. 7-56. Expo- 
sures of the S i c  fiber with BN fiber coat- 
ings in a S i c  matrix were conducted at 700 
and 800°C in 1 and 10% H20/02  atmo- 
spheres with one end of the test sample 
ground off to expose the fiber ends and coat- 
ings. Then recession distances were meas- 
ured. As illustrated in Fig. 7-55, the exact 
distance was difficult to determine as inter- 
faces were not always sharp. In order to 
apply the model to the experiments an ad- 
justable parameter of boron-influenced S i c  
oxidation rates had to be introduced. Using 
substantially enhanced oxidation rates, rea- 
sonable agreement between the model and 
experimentally measured recession distanc- 
es were obtained. 

Figure 7-56. Model for water vapor-induced volatil- 
ization of BN fiber coatings. (Adapted from Jacobson 
et al., 1999b.) 

7.9 Summary 

As structural ceramics find more applica- 
tions in high temperature systems, oxidation 
and corrosion at high temperatures becomes 
an important field of study. In this chapter, 
the critical issues in this field have been sur- 
veyed. Ceramics have been classified ac- 
cording to the type of protective oxide they 
form. These include silica formers, alumina 
formers, boria formers, and transition met- 
al oxide formers. Most of the literature cov- 
ers silica formers since there are a number 
of near-term applications for these materi- 
als. Basic oxidation mechanisms, water va- 
por interactions, volatilization routes, and 
salt-induced corrosion were discussed for 
these materials. Less information is avail- 
able on alumina-forming ceramics. Howev- 
er the rapid oxidation rate in water vapor ap- 
pears to be a major problem. Boria formers 
show rapid oxidation rates due to the forma- 
tion of a liquid oxide film and are volatile 
in the presence of water vapor due to high- 
ly stable H,-By-O,(g) species formation. 
Transition metal carbides and nitrides also 
show rapid oxidation rates due to rapid 
transport in the oxide scale and cracking of 
that scale. 

Multi-component ceramics allow the op- 
timization of various physical properties. 
These include ceramics which form multi- 
component oxides as well as fiber-rein- 
forced ceramic matrix composites. Howev- 
er, the oxidation behavior of these materials 
is complex compared with the pure materi- 
als. The leading fiber-reinforced compos- 
ites are silicon-based and contain continu- 
ous S i c  fibers with coatings of graphitic car- 
bon or hexagonal boron nitride. The oxida- 
tion of the fiber coating at intermediate tem- 
peratures is a major issue and models of this 
process are discussed for both carbon and 
boron nitride coatings. 
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8.1 Introduction 

Concrete buildings like the Pantheon 
constructed by the Romans nearly 2000 
years ago are still in very good condition and 
demonstrate the durability of concrete struc- 
tures (Collepardi, 199 1). Reinforced con- 
crete (RC) has been developed and applied 
extensively in the 20th century. It combines 
the good compressive strength of concrete 
with the tensile strength of steel and has 
proven to be successful in terms of both 
structural performance and durability also 
in aggressive environments. The develop- 
ment of post-tensioning systems enabled 
further progress in the construction, for 
example, of reinforced concrete bridges 
(Fig. 8-1). However there are instances of 
premature failure of reinforced concrete 

components due to corrosion of the rein- 
forcement. A large proportion of such dam- 
age is caused by insufficient planning, in- 
correct assessment of the environment (e.g. 
chloride exposure) and by poor workman- 
ship. When engineers responsible for the de- 
sign and execution of RC structures are not 
aware of the mechanisms causing corrosion 
they may underestimate the problems espe- 
cially of chloride induced corrosion. The ec- 
onomic implications of such damage are 
enormous. The annual cost of repairing 
bridge decks in the USA is estimated by the 
US Federal Highway Administration to be 
between 50 and 200 million dollars (Men- 
zies, 1992), substructures and other compo- 
nents requiring another 100 Million Dollars 
a year. A recent study in Switzerland puts at 
between 700 and 1200 US$ the cost of re- 

Figure 8-1. Ganterbriicke: an example of an elegant post-tensioned highway bridge in the Swiss Alps construct- 
ed 1980 (Menn, 1997). 
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pairing one square meter of highway bridge 
deck (Figi, 1996), against estimated costs 
of new constructions of about 1600 $ m-*. 
Overall, repair and maintenance of rein- 
forced concrete structures require 1-2% of 
the cost of new constructions per year. It is 
clear that adequate, cost effective measures 
for avoiding poor performance of remedial 
work need to be taken. This is possible on- 
ly when the design, choice of materials and 
workmanship can rely on a knowledge of 
the critical processes that have caused the 
damage and which need to be prevented 
from recurring. 

This chapter will focus primarily on the 
corrosion of steel in concrete, the main 
cause of premature deterioration of RC 
structures. Well established mechanisms 
and concepts will be briefly described with 
reference to the literature (see General 
Reading); new methods and materials for 
preventive measures, condition assessment 
and repair will be treated in more detail. 
First a few basic concepts will be intro- 
duced, necessary for understanding con- 
crete as a porous composite material whose 
mechanical, structural and chemical prop- 
erties evolve with time. Then the transport 
mechanisms underlying the penetration of 
water, chlorides or gases into concrete will 
be examined. In the next part the general 
scheme of deterioration of concrete struc- 
tures is introduced, followed by a discussion 
of the time to initiation of steel corrosion. 
The factors influencing the propagation of 
steel corrosion in concrete will be dealt with 
in detail with the aid of electrochemical fun- 
damentals of corrosion. Techniques for rec- 
ognizing and thus locating the corrosion site 
and quantifying the corrosion rate will be 
described in the context of RC structure con- 
dition assessment. Various means of pre- 
venting the onset of rebar corrosion (main- 
ly on new structures) are outlined and an 
overview on possible rehabilitation tech- 

niques for (existing) reinforced concrete 
structures is' provided, with a critical exam- 
ination of their advantages and disadvantag- 
es. The reader is also referred to Chapter 1 
by Strehblow (Phenomenological and Elec- 
trochemical Fundamentals of Corrosion) 
and Chapter 7 by Juchniewics et al. (Ca- 
thodic and Anodic Protection) in Vol. 19A 
of this series and to Chapter 1 by Hagen 
(Corrosion of Steels) in this volume. They 
cover the basic aspects of electrochemistry 
of both corrosion and corrosion protection 
of steel. 

8.2 Concrete 

Concrete is a composite material of 
(mostly inert) aggregates and the reaction 
product of cement and the mixing water, i.e. 
the (porous) cement paste. The aggregates 
act as a filler, enhancing the compressive 
strength, but it is the water-to-cement ratio, 
thus the resulting structure and composition 
of the cement paste that determines the dur- 
ability and long-term performance of con- 
crete. Unlike most other structural materi- 
als, the compressive strength and perme- 
ability of concrete improves with time due 
to the continuing slow reaction between wa- 
ter and cement (hydration). For more de- 
tailed information on concrete, its structure, 
properties and technology the reader is re- 
ferred to standard text books on concrete 
(Mehta and Monteiro, 1993; Neville and 
Brooks, 1990). 

8.2.1 Cement Qpes and Hydration 
Reaction 

The European Standard ENV 197/1 dis- 
tinguishes five types of cements: Portland 
cement (type I), Portland cement with addi- 
tives (type II), blast furnace slag cement 
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(type 111), pozzolanic cement (type IV) and 
composed cement (type V). 

The most widely used cement is Portland 
cement (OPC). Its principal components, 
listed in Table 8-1, are calcium silicates 
(C3S and C2S), calcium aluminates (C3A), 
calcium-iron aluminates (C4AF) and alkali 
oxides (Na,O, K20).  The composition var- 
ies depending on the site and the clinker 
minerals used to prepare the Portland ce- 
ment. In order to slow down the rapid reac- 
tion of C3A with water, small proportions of 
gypsum are added. 

When the cement comes into contact with 
water, chemical reactions start between 
the clinker minerals (CaO = C, S O 2 =  S, 
Al,03 = A) and the water (abbreviated in the 
terminology as ‘H’), forming colloidal, in- 
soluble reaction products such as calcium 
silicate hydrates (CSH), calcium aluminate 
hydrates (CAH): 

2C3S + 6 H  + C,S2H3 + 3 Ca(OH), (8-1) 

2C2S + 4 H  + C3S2H3 + Ca(OH), (8-2) 

Together the reaction products are called 
the cement gel or cement paste. In addition 
free lime, crystalline calcium hydroxide, 
Ca(OH),, is formed, which is not readily 
soluble. During the first hours of cement hy- 
dration the pH is determined by the saturat- 
ed Ca(OH), solution (pH ca. 12.5) but sub- 
sequently the sodium and potassium hy- 
droxides (NaOH, KOH) in the pore solution 
increase the pH to values of up to 13.8 (Lea, 
1970; Page, 1992). The chemical reaction 
starts at the surface of the clinker particles, 

Table 8-1. Composition of Portland cement (OPC). 

the reaction products growing around the 
unhydrated particles occupying the voids 
more and more. The resulting nano- and mi- 
cro-porous structure is shown in Fig. 8-2. 
As a consequence, the reaction rate of hy- 
dration slows down progressively until the 
process is completed, thus 100% hydration 
of cement is only found in old concrete. 

Ground granulated blast furnace slag 
reacts with water, like the clinker minerals 
in OPC, giving rise to CSH and CAH: 

slag + H + C,S2H3 + C4AH (8-3) 

This reaction - in contrast to OPC - is 
slow and slag cement needs an activator, 
usually NaOH, KOH or sulfates. In blast fur- 
nace slag cement, a mixture of OPC and up 
to 70% slag, these activators are present. 
The hydration of slag does not produce 
Ca(OH), but rather consumes it, incorporat- 
ing the reaction products into the cement 
gel. The quantity of free lime in hydrated 

Figure 8-2. Structure of cement paste (wlc 0.48, age 
1 day, SEM photograph). 

c3s Tricalcium silicate 3 CaO . SiO, 45-60% 
c2s Dicalcium silicate 2 CaO . SiO, 5-30% 
C3‘4 Tricalcium aluminate 3 CaO . A1,0, 6-15% 
C,AF Tetracalcium iron aluminate 4 CaO . A1,0, . Fe,O, 6-870 

Alkalis NazO, K,O 0.5- 1.5% 
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blast furnace slag cement is therefore low- 
er. Slag cement has been used since about 
1930, for example in the Netherlands for all 
coastal structures. In Belgium and Germa- 
ny  blast furnace slag is used as an additive 
in OPC (COST 509, 1997). 

Pozzolanic materials such as natural poz- 
zolans (volcanic origin), fly ash (product of 
combustion of carbon in thermoelectric 
power stations) or silica fume (very fine 
powder obtained as waste in the metallurgy 
of silicon or iron-silicon alloys) do not con- 
tain calcium oxide and thus cannot react 
with water. Instead, these pozzolanic mate- 
rials react with the free lime (produced by 
the OPC clinker) according to the pozzolan- 
ic reaction 

3 Ca(OH), + 2 SO,  + 3 CSH 03-41 

The final reaction product is again a ce- 
ment gel but with a lower free lime and al- 
kali content, e.g. the addition of 20% of sil- 
ica fume to OPC reduces the pH from 13.8 
to 12.8 (Page, 1992; Sandberg, 1995). 

Concretes prepared with blast furnace 
slag cement and pozzolanic cement have 
lower Ca(OH)* content and pH of the pore 
solution, thus in principle providing less 
protection against carbonation or chloride 
induced corrosion with time. However, the 
pozzolanic reaction leads to a filling and re- 
fining of the pore system and thus to a less 
or much less permeable concrete. Due to the 
slow hydration reaction curing (keeping wet 
the concrete in its early age) is much more 
important to achieve low porosity. 

8.2.2 Porosity and Transport Properties 

The cement paste formed by the hydra- 
tion reactions always contains interconnect- 
ed pores of different diameters (Fig. 8-2). 
These pores can be divided into macro- 
pores, originating from compaction voids or 
entrained air with diameters in the order of 

magnitude of 0.05-2 mm, capillary pores 
ranging from 0.05 to 20 ym and gel pores 
in the range 0.5-20 nm (Mehta and Mon- 
teiro, 1993). Only through this pore system 
is the bulk of the concrete (and the rebars) 
able to come into contact with the outside 
environment. The amount of pores (ex- 
pressed in % ( v / v ) )  and the pore size distri- 
bution are thus decisive in establishing how 
far and how fast water, chlorides or gases 
penetrate into concrete. 

8.2.2.1 Water-to-Cement Ratio 
and Curing 

Porosity of the OPC paste is determined 
by the ratio of water to cement: a w/c ratio 
of 0.4 allows complete reaction of the OPC 
clinker with water and the gel pores with a 
diameter of several nm remain (Powers, 
1954). Total porosity and capillary porosity 
for OPC cement paste (Fig. 8-3) increases 

0 '  " " " ' 

0.2 0.4 0.6 0.8 1 

w/c ratio 
Figure 8-3. Total porosity and capillary porosity of 
OPC cement paste for different watedcement ratios 
(after Page, 1992). Degree of hydration ---67%, 
- 100%. 
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markedly with higher w/c ratios. It should 
be noted that even after complete hydration 
cement paste with a w/c ratio of 0.4 contains 
about 30% of pores - but only very fine gel- 
pores (Powers, 1954). The pore size distri- 
bution of cement paste and mortar of differ- 
ent age has been studied using mercury in- 
trusion porosimetry (Burchler et al., 1996). 
As shown in Fig. 8-4, cement paste exhib- 
its smaller pores than mortar, at a w/c ratio 
of 0.4 the pore system of cement paste and 
mortar contains less and smaller pores com- 
pared with w/c = 0.6. Adsorption and de- 
sorption and thus water content in cement 
paste are dominated by pore volume and 
pore size distribution and relative humidity 
(RH) of the environment. These interactions 
leading to capillary condensation can be ex- 
pressed by the Kelvin-Thomson equation, 
giving a relation between RH and the larg- 
est pore filled with water (Burchler et al., 
1996). In a pore system originally filled with 
water, in contact with the atmosphere with 
lower relative humidity, the water from the 
largest pores (capillary pores with diame- 
ters of several pm) partially evaporates re- 
sulting in an open system of pores of differ- 
ent diameters. 

0.001 0.01 0.1 1 10 100 

pore size [pm] 

Figure 8-4. Pore size distribution of hardened ce- 
ment paste and mortar determined by mercury intru- 
sion porosimetry (MIP). Age 192 days, stored at 
98.5% relative humidity (Burchler et al., 1996a). 

Curing 

The availability of water (or in practice 
to avoid the evaporation of water) during the 
initial period of the hydration reaction (the 
curing period) is crucial in reducing capil- 
lary porosity. Longer curing times reduce 
the amount of capillary pores (Table 8-2). 
Thus with decreasing water-to-cement ratio 
and increasing degree of hydration of the ce- 
ment, both the volume and size of large 
pores are reduced, thereby diminishing 
the permeability of the hardened cement 
(RILEM, 1988). 

Table 8-2. Time of moist curing necessary to produce 
a degree of hydration sufficient to break long capil- 
lary pore systems (RILEM, 1988; Pedeferri, 1996). 

w/c ratio Degree of hydration Time of curing 

0.40 50% 3 days 
0.45 60 % 7 days 
0.50 70% 14 days 
0.60 92% 6 month 
0.70 100% 1 year 
>0.70 100% impossible 

8.2.2.2 Porosity, Permeability 
and Percolation 

Fig. 8-5 shows the relation between the 
transport properties of cement paste (ex- 
pressed as coefficient of water permeabil- 
ity) as a function of w/c ratio and degree of 
hydration (Powers et al., 1954). It is clear 
that at w/c ratios ~0.45, the paste is practi- 
cally impermeable to water whereas at w/c 
>0.55 there is a dramatic increase in perme- 
ability. This ‘break point’ is the reason why 
a w/c ratio of ~0.45 is specified in the codes 
of practice for high quality concrete (Ben- 
tur et al., 1997). 

The influence of porosity on the transport 
processes can be explained by means of the 
concept of connectivity or the degree of con- 
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Figure 8-5. Effect of waterkement ratio, porosity 
and degree of hydration of OPC cement paste on the 
coefficient of water permeability (after Powers et al., 
1954). 

tinuity of the pore system. At high poros- 
ities the interconnected capillary pore 
system (larger pores, Fig. 8-3) extends from 
the concrete surface to the bulk of the con- 
crete. Permeability is high and transport 
processes like e.g. capillary suction of 
(chloride containing) water take place rap- 
idly. With decreasing porosity the capillary 
pore system loses its connectivity, thus 
transport processes are controlled by the 
small gel pores. As a result, water and chlo- 
rides will penetrate only a short distance into 
concrete. This influence of structure (geom- 
etry) on transport properties can be de- 
scribed with the percolation theory (Stauf- 
fer, 1985): below a critical porosity p c ,  the 
percolation threshold, the capillary pore 
system is not interconnected (only finite 

clusters are present), above pc  the capillary 
pore system is continuous (infinite clusters). 
The percolation theory has been used to de- 
sign numerical experiments and applied to 
transport processes in cement paste and 
mortars (Fluckiger, 1993; Fliickiger and El- 
sener, 1996; Elsener et al., 1 9 9 9 ~ ) .  

The addition of reactive binders to OPC 
(blast furnace slag, silica fume, pozzolans), 
reduces capillary porosity even further on 
account of the products of the pozzolanic 
reaction, refines the pore system and the 
cement paste becomes less or much less 
permeable. This is confirmed by the good 
long term behaviour of coastal structures in 
Holland (COST 509, 1997) or by laborato- 
ry tests where the chloride diffusion coeffi- 
cient was found to be up to 10 times lower 
when using blast furnace cement (Polder, 
1995) or silica fume (Sandberg, 1995). It 
should be considered, however, that con- 
crete with mineral additives is much more 
sensitive to poor curing and the mix design 
requires more care in order to achieve good 
workability. In addition, the general state- 
ment that concrete with the lowest rate of 
chloride penetration will also show the best 
performance, is not always true: The situa- 
tion can be reversed when the threshold val- 
ue for corrosion initiation due to chlorides 
in silica fume concrete is taken into consid- 
eration (Tuutti, 1993). 

8.2.3 Deterioration of Concrete 

Concrete itself can be destroyed by phys- 
ical, mechanical, chemical or biological ac- 
tions. Concrete deterioration can be the first 
step in corrosion of the reinforcement (e.g. 
when freeze-thaw processes induce crack- 
ing and spalling of the concrete cover). The 
chemical and physical attacks of concrete 
are described in detail in (Biczoc, 1986; 
Nurnberger, 1995). 
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8.2.3.1 Frost and De-icing Salts 

At temperatures below 0 "C water in the 
capillary pores of concrete starts to freeze 
and increases in volume. Repeated freeze/ 
thaw cycles can lead to cracks in the con- 
crete cover, superficial spalling or complete 
disintegration of the concrete cover. In la- 
boratory tests the weight loss after a defined 
number of cycles is taken as a criterion for 
withstanding frost action. Different mecha- 
nisms like the volume increase when water 
turns to ice (+9%) and the hydraulic pres- 
sure on liquid water in the pores have been 
proposed to explain these phenomena 
(Jungwirth et al., 1986). To avoid freeze/ 
thaw damage small, round and evenly dis- 
tributed voids (about 5 %) are intentionally 
formed during concrete mixing using air en- 
training admixtures. The presence of deic- 
ing salts leads to a sharp temperature de- 
crease on the concrete surface, freezing oc- 
curs more rapidly and the pressure in the 
pore system increases. Concrete that resists 
freezekhaw attacks even in the presence of 
deicing salts is specified e.g. in DIN 1045; 
high cement content (350 kg rn-,), frost re- 
sistant aggregates, w/c ratio < O S ,  air voids 
of 5 % ( v / v )  and large concrete cover are re- 
quired. 

8.2.3.2 Chemical Attack of Concrete 

Concrete can be attacked by chemical re- 
actions that dissolve the components of the 
cement paste (usually reactions with acids, 
soft tap water or sea water) or by chemical 
reactions that form insoluble corrosion 
products with large volume (e.g. reactions 
with sulfates, magnesium ions). The dis- 
solving potential of diluted acids depends 
on their concentration and on the type of ac- 
id; strong acids such as sulfuric, nitric or hy- 
drochloric acids react with the free lime in 
the cement paste and form soluble salts. Due 

to chemical attack the pH falls and at pH < 6 
the concrete structure is damaged (Biczok, 
1968; Niirnberger, 1995). 

Usually concrete withstands tap water be- 
cause the free lime reacts with CO, forming 
CaCO,, which is not readily soluble and 
forms a protective skin on the concrete sur- 
face. Only in soft tap waters with a high con- 
centration of free CO, is this protective 
layer dissolved by the formation of soluble 
Ca(HCO,),. The intensity of the attack is 
higher in flowing water because fresh, di- 
luted solutions are always in contact with 
the concrete. A special case is the attack of 
concrete by very soft waters (rain, conden- 
sation etc.), that dissolve the free lime (sol- 
ubility 1.7 g L-'). When free lime is dis- 
solved or leached out, the other constituents 
of the cement paste are attacked and the 
resistance of the concrete diminishes. The 
aggressiveness of waters to concrete can 
be classified e.g. according to DIN 4030, 
where pH, free CO, content, ammonium, 
magnesium and sulfate ions are taken as cri- 
teria (Table 8-3). 

8.2.3.3 Sea Water 

The criteria of Table 8-3 cannot be ap- 
plied to sea water, which, as it contains 
around 1200 mg L-' magnesium and has a 
high sulfate content, would be classified as 
aggressive. Practical experience on the dur- 
ability of RC structures in marine environ- 
ments and case studies show that dense con- 
crete structures in sea water are not corrod- 
ed (Metha, 1980). Laboratory studies con- 
firm that concrete with low permeability 
(high cement content, low w/c ratio) is not 
attacked by cold sea water (Buenfeld et al., 
1986). This fact has been ascribed to the for- 
mation of a protective layer of aragonite and 
calcite (CaCO,) (Regourd, 1980). The best 
resistance was found for concretes prepared 
with slag cement. 
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Table 8-3. Classification of the aggressiveness of waters according to DIN 4030. 

Aggressive components Degree of attack 

Fair Strong Very strong 

1. pH value 6.5-5.5 c5.5-4.5 c4.5 
2. Free COz (mg L-I) 15-40 40- 100 > 100 
3. Ammonium NH; (mg L-I) 15-30 30-60 > 60 
4. Magnesium Mg2+ (rng L-I) 300 - 1 000 1000-3000 > 3000 
5. Sulfates SO:- (mg L-') 200-600 600-3000 > 3000 

8.2.3.4 Attack by Sulfates 

Chemical attack by sodium, magnesium, 
or calcium sulfates (contained in water, soil, 
waste water etc.) leads to reaction products 
with a large volume such as ettringite; the 
expansion of ettringite creates high internal 
pressures and as a consequence the concrete 
cracks (Nurnberger, 1995). The intensity of 
the attack increases with increasing sulfate 
content in the soil or water. As specified e.g. 
in ACI recommendation 3 18, sulfate resist- 
ant cements with a low C,A content should 
be used for moderate or aggressive con- 
ditions and the w/c ratio should be ~ 0 . 4 5  
(ACI 318, 1992). Highly aggressive envi- 
ronments require the addition of pozzolan- 
ic additives in order to obtain concrete as 
impermeable as possible. 

8.3 Corrosion of Steel in Concrete 

8.3.1 General 

In the highly alkaline pore solution of the 
concrete (pH of between 12.5 and 13.8, de- 
pending on the type of cement used) formed 
during the hydration of cement, a very thin 
oxide film (the passive film) protects ordi- 
nary reinforcing steel from further dissolu- 
tion. This passive film remains stable as 
long as the pore water composition remains 
constant. When sufficient chloride ions 

(from deicing salts or from sea water) have 
penetrated into the reinforcement or when 
the pH of the pore solution drops to low val- 
ues due to carbonation, the protective film 
is destroyed and the reinforcing steel is de- 
passivated (Fig. 8-6). Depassivated steel in 
concrete presents a corrosion risk but met- 
al dissolution (corrosion in the form of rust 
formation, loss in cross section etc.) is pos- 
sible only in the presence of oxygen and wa- 
ter (humidity). 

On the time axis, as introduced by Tuut- 
ti (1982), the deterioration process of con- 
crete structures due to corrosion of the re- 
bars can be divided into an initiation phase 
and in a propagation phase (Fig. 8-7). The 
end of the initiation phase is marked by the 
depassivation of the steel (time td) .  The time 
of corrosion propagation is given by the ad- 
missible degree of damage (loss in cross 
section, spalling) and by the corrosion rate. 
Durable reinforced concrete structures can 
thus in principle be achieved by a very long 
initiation phase and/or a negligibly low cor- 
rosion rate. As mentioned above, in the de- 
sign stage, thus for new constructions, the 
engineer will try to achieve a long initiation 
phase in defining concrete cover and quality 
according to the specifications. In the case 
of rehabilitation a prolongation of service life 
can be achieved by a reduction in the corro- 
sion rate. Initiation phase and propagation 
phase are governed by different factors. 
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Figure 8-6. Degradation mecha- 
nisms in the corrosion of steel in 
concrete. 
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8.3.2 Electrochemistry of Steel 
in Concrete 

The principles which form the basis for 
understanding metallic corrosion processes 
in general are described by Strehblow in 
Chapter 1 of Volume 19A of this series. The 
corrosion reaction for black steels in oxygen- 
containing electrolytes can be written as 

Fe + H 2 0  + %O, -+ Fe(OH), Total (8-5) 

This reaction is composed of two electro- 
chemical processes, the oxidation of iron at 
the anode and the reduction of oxygen at the 
cathode: 

Fe + Fe2+ + 2e- Anode (8-5a) 

H20  + %02 + 2e- + 20H- Cathode (8-5b) 

tb 

Figure 8-7. Development 
of corrosion of steel in con- 
crete with time (adapted 
from Tuutti, 1982). Id, time 
of depassivation; la, tb time 
to reach the final state with 
corrosion rates a and b, re- 
spectively; a, b, c increasing 
corrosion rate (a > b > c). 

The electrons liberated in the anodic 
reaction (Eq. (5a)) have to be consumed 
immediately by the cathodic reaction (Eq. 
(5  b)) (condition of electroneutrality), thus 
both reactions have to take place with the 
same reaction rate. In the atmosphere or in 
soil, the corrosion product Fe(OH)2 is fur- 
ther oxidized and forms rust; in the highly 
alkaline pore solution in concrete the same 
reaction forms a protective, very thin oxide 
film on the steel and corrosion stops. 

Fig. 8-8 shows schematically the electro- 
chemical kinetics of anodic and cathodic re- 
actions of steel in concrete. 

- The anodic partial reaction of iron dis- 
solution is characterized by an exponen- 
tially increasing dissolution rate. Cur- 
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Figure 8-8. Anodic and cathodic 
polarization curves for passive and 
corroding reinforcing steel with the 
respective corrosion potentials. 

Fe- Fe2++ 2e- 

passive state 

112 0, +H20 + 2 e  - 2 OH- 

rent density, weight loss or decrease thus both anodic and cathodic partial reac- 
in thickness are equivalent units for the 
corrosion rate: 1 pA cm-* = 0.25 gm-* 
day-' = 12 pm year-'. Instead in the pas- 
sive state a negligible dissolution rate 
(passive current density) is measured 
over a wide potential range. 

- The cathodic partial reaction, the reduc- 
tion of oxygen, is characterized by an ex- 
ponential increase of the reaction rate 
with decreasing potential. The thermo- 
dynamic equilibrium potential of the 
oxygen reduction, Eo2, depends mainly 
on the pH of the pore solution, 
E,, = Eg,-0.059 x pH, oxygen concen- 
tration having only a minor influence. 
With increasing pH of the solution E,, 
becomes more negative. On passive met- 
als the oxygen reaction is kinetically in- 
hibited, only at low oxygen contents and/ 
or at very negative potentials a constant 
reaction rate, limited by the oxygen dif- 
fusion, is observed (Jaggi et al., 1999). 

tions influence E,,, . 
- The corrosion potential of a non corrod- 

ing, passive steel in concrete is deter- 
mined by the passive current density and 
the current density of the oxygen reduc- 
tion (Fig. 8-8). The passive current den- 
sity is very low, thus for aerated concrete 
structures E,,,, = Eo2. The main influ- 
encing factor is the pH: with decreasing 
pH the corrosion potential becomes more 
positive. This is important for concretes 
with additives where the pozzolanic re- 
action takes place. In practice, variations 
in the corrosion potential of passive steel 
of up to 200mV are observed due to 
changes in concrete humidity and pH. In 
aerated alkaline concrete values of E,,,, 
in the range -0.15 V to +0.1 V SCE are 
measured, in very wet concrete oxygen 
depletion occurs and the corrosion poten- 
tial drops to very negative values (ca. 
-0.9 V SCE). 

- The corrosion potential of corroding steel 
in concrete is close to the pitting poten- 
tial EL.  The pitting potential of black steel 
in concrete depends on the chloride con- 
centration in the pore solution: with in- 
creasing chloride content the pitting po- 

8.3.2.1 Corrosion Potential 

The corrosion potential E,,, is deter- 
mined by the condition of electroneutrality 
(anodic and cathodic current is identical), 
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tential decreases to more negative values. 
An additional influence is the pH of the 
pore solution, because hydroxyl ions can 
inhibit pitting corrosion. An increase in 
temperature generally leads to more ag- 
gressive corrosion conditions and the pit- 
ting potential decreases. 

8.3.3 Initiation Phase 

During the initiation phase aggressive 
substances (chlorides, CO,) that can depas- 
sivate the steel penetrate from the surface 
into the bulk of the concrete. The initiation 
phase ends at time td when the steel has been 
depassivated (Fig. 8-7). The duration of the 
initiation phase depends on the concrete 
cover depth, the penetration rate of the ag- 
gressive agents and on the concentration of 
the aggressive substances necessary to de- 
passivate the steel. The influence of con- 
crete cover is obvious and all new design 
codes define cover depths according to the 
expected environment class (Table 8-4). 
The rate of penetration depends on the qual- 
ity of the concrete cover (porosity, perme- 
ability) and on the microclimatic conditions 
(wetting, drying) at the concrete surface. 

Prolongation of the initiation phase can 
be achieved through additional preventive 
measures: 

- reduce the penetration rate of depassivat- 
ing agents (e.g. chlorides) by adding 
reactive binders to the cement (e.g. blast 
furnace slag, fly ash, silica fume, etc.) 
that diminish porosity of the hydrated ce- 
ment matrix or by producing low perme- 
ability cover concrete employing con- 
trolled permeability formwork 

- increase the tolerable concentration of 
depassivating agents by using more cor- 
rosion resistant materials for the rebars 
such as e.g. epoxy-coated steels, stainless 
steels, galvanized steels or non-metallic 
materials or by using protective additives 
(corrosion inhibitors) or electrochemical 
protection (cathodic prevention). 

8.3.3.1 Depassivation Due 
to Chloride Ions 

Chloride ions can be admixed to concrete 
or penetrate into hardened concrete via dif- 
ferent transport mechanisms: diffusion of 
ions into water saturated concrete (e.g. in 

Table 8-4. Concrete requirements for durability according to European Pre-Standard ENV 206 (first column 
normal reinforced concrete, second column prestressed concrete). 

Exposure class Max. w/c ratio Min. Cement Min. Concrete 
content [kg/m3] cover [mm] 

I .  Dry 0.65 0.6 260 300 15 25 

2. Humidno frost 
Humidlfrost 

0.60 0.60 280 300 20 30 
0.55 0.55 280 300 25 35 

3. Humidfrostlde-icing salts 0.50 0.50 300 300 40 50 

4. Sea Waterlno frost 0.55 0.55 300 300 40 50 
Sea watedfrost 0.50 0.50 300 300 40 50 

5 .  Aggressive chemicals 
Slightly 0.55 0.55 280 300 25 35 
Moderate 0.50 0.50 300 300 30 40 
Highly 0.45 0.45 300 300 40 50 



8.3 Corrosion of Steel in Concrete 403 

submerged marine structures), by capillary 
suction into dry or partially dry concrete 
(rapid transport of chloride ions with water) 
or by ion migration (under an electric field). 
In most practical conditions (i.e. marine 
splash zone, deicing salt service) capillary 
suction is the most important and most rap- 
id process. Diffusion of chloride ions takes 
place in water saturated (submerged) con- 
crete. A state of the art on chloride penetra- 
tion into concrete, covering transport pro- 
cesses and modelling, corrosion initiation, 
test methods and prediction models has been 
published recently (HETEK, 1996 and lit- 
erature cited therein). The importance of 
low porosity concrete is stressed. Chloride 
ions are transported more slowly in cement 
paste and concrete with low w/c ratio (Page 
et al., 1981). At a constant w/c ratio of 0.5, 
concretes with reactive binders (fly ash, 
blast furnace slag, silica fume) show effec- 
tive diffusion coefficients for chloride ions 
nearly one order of magnitude lower than 
for OPC (Browne, 1980). 

For the depassivation of steel only the 
free chlorides in the pore solution of con- 
crete are relevant. Chloride ions entering 
into hardened concrete can be bound phys- 
ically and chemically in the pore system of 
concrete and only a fraction of the total (ac- 
id soluble) chlorides are free. The amount 
of bound chlorides depends on the chloride 
content, on the cement type and content, po- 
rosity and pore size distribution of the con- 
crete and on the pH of the pore solution (HE- 
TEK, 1996). The hydroxides in particular, 
i.e. the pH of the pore solution, have a sig- 
nificant effect on chloride binding since the 
hydroxides compete with chloride ions for 
the binding sites (Tritthart, 1989; Tang and 
Nilsson, 1993). Only very recently a chlo- 
ride sensitive sensor element for use in ce- 
ment paste and mortar has been developed 
that allows to measure and monitor the free 
chloride concentration in the pore solution 

(Elsener et al., 1997). Studies on the time to 
corrosion initiation (Rasheeduzafar, 1990) 
show that sulfate resistant (low C,A) ce- 
ment with low binding capacity for chlo- 
rides accelerates the initiation of corrosion. 

Electrochemically, the condition for de- 
passivation of the steel due to the action of 
chlorides is Ecorr> EL; depassivation and 
subsequent pitting corrosion occurs when 
the corrosion potential, Ecorr, of the rebars 
is more positive than the pitting potential 
EL. In practice, the corrosion potential of 
the (passive) rebars will have a more or less 
constant value, depending on the pH and on 
the oxygen content of the pore solution (see 
above). To establish the conditions for de- 
passivation, the pitting potential EL has to 
decrease - or in other words, the chloride 
concentration at the rebars has to increase. 
Laboratory experiments have confirmed 
that the time required to reach depassivation 
is not a constant but distributed around 
a mean value (Breit, 1998; Zimmermann 
et al., 1999). 

In civil engineering practice a so called 
‘critical chloride content’ for pitting corro- 
sion is often reported. The value 0.4% chlo- 
rides per weight of cement frequently cited 
is based on results of experiments for chlo- 
ride binding (Richartz, 1969) and was not 
intended to be related to steel corrosion in 
concrete. Experiments in solutions with dif- 
ferent pH and chloride content resulted in a 
critical Cl-/OH- of 0.6 (Hausmann, 1967) 
to 0.3 (Gouda, 1970). In light of the above 
it is clear that a universal ‘critical chloride 
content’ for pitting corrosion cannot exist, 
because every critical chloride concentra- 
tion is associated to a certain corrosion 
potential. On real structures where the pore 
solution pH of concrete, concrete humidity 
and thus the corrosion potential may vary 
significantly, a critical chloride content can 
only be defined for reinforced concrete ele- 
ments with similar concrete quality (w/c ra- 
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Crit Ci-/cement Figure 8-9. Influence of environment 
and concrete quality on the critical 
chloride content (according to CEB 
Bulletin 182). 
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tio and curing), cover and exposure condi- 
tions. The influence of concrete quality and 
environment on the critical chloride for 
chloride induced corrosion is schematically 
shown in Fig. 8-9. 

8.3.3.2 Depassivation Due 
to Carbonation 

The pH of the concrete can change by in- 
gress of acids from the environment, main- 
ly C 0 2  from the air and SO, from acid rain. 
The basic reaction is: 

C02 + Ca(OH), + CaCO, + H,O (8-6) 

This reaction leads to a neutralization of 
the alkaline pore solution of concrete and 
requires both CO, and water in order to pro- 
ceed. As soon as the pH at the reinforcement 
is near neutrality the steel becomes depas- 
sivated (ACI 222,1985). The time to depas- 
sivation of reinforcing steel depends on the 

total amount of alkaline hydration products 
present and on the availability of C 0 2  and 
water. 

The total amount of CO, necessary to 
neutralize the concrete to a certain depth is 
related to the amount of alkaline hydration 
products in the concrete volume. In con- 
cretes with higher cement content and ce- 
ment types that do not consume Ca(OH), 
carbonation proceeds more slowly (Hobbs, 
1994). 

The rate of carbonation also depends on 
the availability of C02,  thus on the perme- 
ability of concrete to CO,. The environmen- 
tal conditions determine the moisture con- 
tent of the concrete cover and in turn the 
moisture content determines the saturation 
of the pores and hence their permeability 
to CO,. Experiments have shown that the 
carbonation rate reaches a peak at around 
40-60% relative humidity (RH) (Wierig, 
1984). Under such constant microclimatic 
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conditions the growth of the carbonated 
zone is dependent on the square root of time, 
both in controlled laboratory environments 
(20 "C and 65% RH) and in natural expo- 
sure conditions sheltered from rain (Fig. 
8- 10). Outdoors when wetting and drying 
cycles occur, quite small and limited carbo- 
nation depths are found; this is due to the 
fact that rain wets the concrete rapidly 
whereas the drying out process is quite slow 
and carbonation can proceed only when the 
concrete cover has reached a non-saturated 
pore system again (Bakker, 1988). Good 
quality concrete (low w/c) that is frequent- 

ly wetted will be less prone to carbonation. 
Laboratory tests under constant climatic 
conditions represent a worst-case scenario. 

The chemical reaction of CO, with the al- 
kalis (NaOH, KOH, Ca(OH),) can only 
come about in the presence of water. If the 
pores are dry, C 0 2  diffuses rapidly into the 
concrete but no significant carbonation can 
take place because of the lack of water. In 
most practical situations, water will be 
present in concrete to allow carbonation but 
the rate of corrosion in dry concrete is neg- 
ligible. 

0 1 2 3 4  ff 16 
Time (years) 

Figure 8-10. Rate of carbonation (carbonation depth) in dependence of micro climatic conditions (Wierig, 1984). 
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8.3.4 Propagation Phase 

Once the steel is depassivated due either 
to chlorides or to carbonation, corrosion can 
proceed in the presence of oxygen and hu- 
midity. The corrosion rate determines the 
time it takes to reach the final state of the 
structure (Fig. 8-7), but it should be borne 
in mind that this rate can vary considerably 
depending on temperature, humidity, etc. 
(Andrade et al., 1996; Zimmermann et al., 
1997). 

8.3.4.1 Chloride-Induced Corrosion 

A characteristic feature for the chloride 
induced corrosion of steel in concrete (pit- 
ting) is the development of macrocells, that 
is the coexistence of passive and corroding 
areas on the same rebar forming a short cir- 
cuited galvanic element with the corroding 
area acting as anode and the passive surface 
as cathode (Fig. 8-11). The cell voltage, 

AU,  in this macrocell equals the potential 
difference between corroding and passive 
steel and may attain as much as 0.5 V. The 
resulting current flow, I ,  (which is directly 
proportional to the mass loss of the steel) is 
determined by the electrical resistance of 
the concrete RE and the anodic (RA) and ca- 
thodic (R,) reaction resistance: 

I = AU/(RE + RA + R,) (8-7)  

At the anode, iron dissolution is acceler- 
ated, while hydroxide ions are produced at 
the cathode and the macrocell stabilizes it- 
self. A key factor controlling the corrosion 
rate is the electrical resistivity of the con- 
crete, governed mainly by temperature, con- 
ductivity of the pore solution and porosity 
of the concrete. 

On laboratory samples exposed to weath- 
ering and on bridge structures, big varia- 
tions have been observed in concrete resis- 
tivity, humidity and corrosion rate versus 
temperature in daily and seasonal changes 
(Andrade et al., 1996; Zimmermann et al., 
1997) The propagation rate of corrosion 
(Fig. 8-7) is thus an integral value, electro- 
chemical corrosion rate measurements in- 
stead give instantaneous values. 

8.4 Preventive Measures 

As outlined above (Fig. 8-7), the required 
service life of a structure can be achieved 
by prolonging the initiation period. First of 
all concrete cover and quality need to be es- 
tablished according to the exposure class de- 
fined in standards, e.g. ACI Guide to dur- 
able concrete (1994), CEB guide (1992), EN 
206 (1997) specify maximum wlc ratio and 
minimum cement content (Table 8-4). The 
control of carbonation and chloride ingress 
by concrete technology is treated extensive- Figure 8-11. Increased localized corrosion of steel in 

concrete due to the formation of a macrocell ac- 
tive/passive. The current (0 is flowing from the local lY  (e-g. Nurnberger, l995; et al., - 
anode to the cathode. 1997). Additional preventive measures can 
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be the use of additives to the cement (e.g. 
pozzolans, fly ash etc.) so as to reduce 
permeability of the concrete and the ingress 
of chlorides. In this section preventive cor- 
rosion protection measures, such as coated 
or alternative rebar materials, the use of in- 
hibitors and cathodic prevention will be pre- 
sented and discussed. 

8.4.1 Inhibitors as a Preventive Measure 

Corrosion inhibitors are chemical com- 
pounds that, when added in adequate (pref- 
erably small) amounts to the concrete mix- 
ing water, can prevent corrosion of the re- 
bars. These admixtures should not adverse- 
ly affect the concrete properties (e.g. com- 
pressive strength) and the nature and micro- 
structure of the cement paste. Inhibitors - 
well known in other areas of industry - have 
been studied since 1960 for reinforcing steel 
in concrete, mainly in relation to chloride- 
induced corrosion. A summary of informa- 
tion on steel corrosion inhibitors in concrete 
have been published (Page and Ngala, 1999; 
Elsener, 1998) and a state of the art report 
is to be published shortly by the European 
Federation of Corrosion (EFC, 1999). 

- passivators favoring the passivation reac- 
tion of the steel (e.g. hydroxyl ions). 

Inhibitors for pitting corrosion are by far 
less widely studied (De Berry, 1993). They 
can act: 

- by a competitive surface adsorption pro- 
cess of inhibitor and chloride ions (reduc- 
ing the effective chloride content on the 
passive surface); 

- by buffering the pH in the local pit envi- 
ronment; and 

- by competitive migration of inhibitor and 
chloride ions into the pit (low pH and high 
chloride contents necessary to sustain pit 
growth cannot develop). 

Commercial inhibitors are frequently 
blends of several compounds, thus the me- 
chanistic action can be multiple and diffi- 
cult to identify. While numerous inhibitors 
have been suggested, only a small group has 
been seriously studied. Earlier literature re- 
views are available (Griffin, 1975; Berke, 
1989); these studies have focused mainly on 
anodic inhibitors, especially calcium nitrite, 
sodium nitrite, stannous chloride, sodium 
benzoate and some other sodium and potas- 
sium salts (e.g. chromates). 

8.4.1.1 Mechanism 
8.4.1.2 Nitrites 

From the point of view of the mechanism 
of corrosion inhibitors it should first be es- 
tablished whether uniform corrosion (e.g. 
iron in acidic or neutral media) or pitting 
corrosion prevails. Inhibitors for general 
corrosion can be classified into (Trabanelli, 
1986; Nurnberger, 1996): 

- adsorption inhibitors, acting specifically 
on the anodic or on the cathodic partial 
reaction of the corrosion process or on 
both; 

- film forming inhibitors blocking the sur- 
face more or less completely; and 

The efficiency of calcium and sodium ni- 
trite as inhibitors in concrete has been re- 
ported by several authors (Gaidis and Ro- 
senberg, 1987; El-Jazairi and Berke, 1990) 
since the early 1970s. The investigations, 
conducted using different experimental 
techniques in solutions, mortar and con- 
crete, revealed a critical inhibitor (nitrite) to 
chloride concentration ratio of about 0.6. 
This implies fairly high nitrite concentra- 
tions in the pore water of concrete. Nitrite 
acts as a passivator due to its oxidizing prop- 
erties and stabilizes the passive film accord- 
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ing to the reaction 

2Fe2++20H-+2NO;+ 
2 N 0  + Fe203 + H20 (8-8) 

The effect of nitrite in enhancing passiv- 
ity is related to its ability to oxidize ferrous 
ions (Fe2') to ferric ions (Fe3+), which are 
insoluble in alkaline aqueous solutions. 
Sodium nitrite, despite its good inhibitive 
properties, causes severe strength loss when 
admixed with concrete. Calcium nitrite acts 
as an accelerator and normally requires the 
addition of a water reducer and retarder in 
the concrete mix. Calcium nitrite dosage 
should be related to the level of chloride 
concentration expected during the design 
life of the structure in order to achieve ef- 
fective corrosion protection. Too low con- 
centrations of nitrites in poor quality con- 
crete may increase the corrosion risk as has 
been found in laboratory studies on cracked 
reinforcing beams (Nurnberger, 1996). Ni- 
trites -when applied according to the spec- 
ifications together with high quality con- 
crete - have a long and proven track record 
in the USA, Japan and in the Middle East 
(Berke et al., 1992). Due to environmental 
regulations and concern about a possible in- 
crease of the corrosion rate as a result of in- 
sufficient inhibitor concentrations nitrites 
have found few applications in Europe. 

8.4.1.3 MFP 
(Sodium Monofluoro Phosphate) 

MFP (Na,P03F) has been studied (Hynes 
and Malric, 1997) in the laboratory as inhib- 
itor in neutral aqueous solutions (Alonso 
et al., 1992), then as admixture to deicing 
salts and has been patented in the U. S. on 
the basis of the findings of Canadian stud- 
ies (DOMTAR Inc.). MFP cannot be used 
as admixture due to its chemical reaction 
with the fresh concrete, thus it has to pene- 
trate from the concrete surface to the steel. 

8.4.1.4 Organic-Based Inhibitors 

Organic based inhibitors for new con- 
crete structures, where the admixture com- 
prises an oil/water emulsion, have been pro- 
posed in a United States Patent (Bobrowski 
et al., 1993). Upon contact with the high 
pH environment of concrete the emulsion 
collapses allowing contact between the ac- 
tive agents and the steel reinforcing bars. 
Anodic polarization and time to corrosion 
tests showed good inhibitor efficiency. The 
mechanism is described as the formation of 
a physical barrier against the action of ag- 
gressive agents such as chloride ions (Nmai 
et al., 1992). In addition, the chloride in- 
gress into concrete is reduced. 

Alkanolamines and Amines 

Alkanolamines and amines and their salts 
with organic and inorganic acids have been 
described and patented for a variety of ap- 
plications, such as the protection of steel in 
cementitious matrices (Mader et al., 1994 
and literature cited therein). A European 
Patent Application ( 1987) describes the use 
of one or more hydroxyalkylamines having 
molecular weights ranging from about 48 to 
500 and vapor pressures at 20°C ranging 
from to 10 mm Hg that are employed 
as major ingredient of a corrosion inhibitor 
to be mixed into hydraulic cement slurry. 
Typical compounds include diethanola- 
mine, dimethylpropanolamine, monoetha- 
nolamine and dimethy lethanolamine. Com- 
pressive strength and setting time do not al- 
ter by more than 20%. Fig. 8-12 shows the 
corrosion rates obtained in laboratory ex- 
periments in presence of different hydroxy- 
alkylamines or their mixtures compared 
with the control sample. Several proprietary 
blends produced by a number of companies 
(as e.g. Cortec VCI-1337 or MCI-2020, 
Cortec VCI-1609 or MCI-2000, SIKA Ar- 
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Figure 8-12. Reduction of the corrosion rate of steel 
in alkaline pore solutions due to different alcohol- 
amine components compared with the control sample 
without inhibitor. 

matec 2000 or SIKA Ferrogard) rely on 
the principle of using alkanolamines and 
amines and their salts with organic and in- 
organic acids. The Cortec inhibitors were in- 
cluded in the comparative tests of the SHRP 
project (SHRP S-666, 1993; Prowell, 1993) 
and good inhibitive properties were report- 
ed. A recent comparative test of different or- 
ganic amines in alkaline solutions (Phanas- 
gaonkar, 1997) showed good corrosion in- 
hibition of the commercial MCI inhibitor, 
while pure dimethylethanolamine was prac- 
tically ineffective. SIKA Ferrogard 901 was 
tested as admixture in mortar and concrete 
samples exposed to chlorides (Laamanen 
and Byfors, 1996). After one year corrosion 
had started in specimens with wlc = 0.6; the 
chloride threshold values are in all cases 
higher for the inhibitor containing samples 
(4-6% C1- by weight of cement) than for 
the control samples (1-3% C1-). An exten- 
sive study on the inhibitors MCI 2000 re- 
vealed that these substances inhibit the on- 
set of chloride induced corrosion in solu- 
tion, but are less effective in preventing cor- 
rosion in mortar samples (Buchler et al., 
1998). Mechanistically these inhibitors are 
claimed to belong to the film forming inhib- 
itors, thus blocking both the anodic and ca- 
thodic reaction of the corrosion process. 

Film formation has indeed been detected by 
examining the steel surface after immersion 
in inhibitor containing solutions using sur- 
face analytical techniques (Miksik et al., 
1989; Rossi et al., 1997). 

In contrast to nitrites, little has been pub- 
lished on the performance of organic inhib- 
itors on real structures insofar as the use of 
this class of inhibitors is relatively recent. 

8.4.2 Stainless Steels 

Stainless steels, iron based materials al- 
loyed with chromium (ferritic steels), chro- 
mium and nickel (austenitic steels) and du- 
plex steels (austenitidferritic) are widely 
used in civil engineering for fasteners and 
fixation elements in buildings or road tun- 
nels in aggressive environments (Bohni 
et al., 1994). From the wide range of alloys 
available (Stahlschliissel, 1997) only some 
materials have been tested in concrete (Ta- 
ble 8-5) and very few are standardized and 
manufactured as rebars (British Standard 
6744 (1986) and ASTM A955 (1996)). Re- 
views on tests and in service use of stainless 
steels as reinforcements have been published 
(MacDonaldet al., 1995; EFC Report, 1996). 
Stainless steels have been used in relatively 
small quantities in a wide range of applica- 
tions like highway bridge decks and para- 
pets, retaining walls, underpasses and histor- 
ic buildings (Smith et al., 1997) and subse- 
quent investigations of the structures did not 
reveal any corrosion in the stainless steel 
bars. Further updated applications of stain- 
less steels as rebars in concrete can be found 
on the internet (www.stainlessrebar.org). 

Interest in the use of these alloys as rein- 
forcements for concrete stems from their 
greater resistance to chloride induced cor- 
rosion. Thus they exhibit a higher pitting po- 
tential than plain carbon steel and as a con- 
sequence the chloride content required to 
depassivate the stainless steels is much 
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Table 8-5. Fe-Cr alloys and stainless steels studied for rebars in concrete. 

Material DIN % Cr % Ni % Mo Reference 

ferritic steels 

unalloyed 1.0466 0 0 0 1 ,2 ,3 ,7  

XlOCrA17 1.4713 7 0 0 1 

X2CrNi 12 1.4003 1 1  1 0 1 

3Cr12 11 0 0 2 

AISI 405 13 3 0 3 

XIOCrl3 1.402 1 13 1 0 1 ,7  

AISI 430 17 3 0 3 

X6Cr 17 1.4016 17 1 0 1 

austenitic steels 

AISI 302 18 9 0 4 

AISI 304 18 8 0 2 ,5 ,6 ,7  

AISI 3 15 17 10 1.4 4 

AISI 316 18 12 2.1 2 ,4 ,5 ,6 ,7  

1.457 1 17 12 2.4 1 

1.4439 17 13 4.5 1 

Duplex 1.4462 22 5 3 1 ,6 ,7  

1 Nurnberger et al., (1995a); 
(1996); 

2 Hewitt and Tullin (1994); 3 Treadaway et al. (1989); 4 Cox and Oldfield 
6 Pastore et al. (1995); 7 Bertolini et al. (1996a) 5 Sorensen et al., (1990); 

higher (Fig. 8- 13). Obviously, performance 
depends on their composition, especially 
on the chromium content (Bertolini et al., 
1996a). 

Table 8-5 summarizes the stainless steels 
studied, giving their composition, the type 
of tests performed and reference to litera- 
ture work. Electrochemical experiments in 
simulated pore solution with different 
chloride content (Fig. 8- 13) demonstrate 
that the austenitic stainless steels have 
much higher pitting potentials than black 
steel. Laboratory experiments with chloride 
contaminated mortar samples (Nurnberger 
et al., 1995a; Nurnberger, 1996a) show the 
same behaviour: the pitting potential of all 
the steels studied decreases with increas- 

ing chloride content (Fig. 8- 14). Austenitic 
stainless steels (Table 8-5) show higher pit- 
ting potentials compared with ferritic steels 
(11-17% Cr). Ferritic steel with just 7% 
chromium behaved similarly to black steel. 
These results are in agreement with poten- 
tiostatic tests (Sorensen et al., 1990) where 
pitting was observed at 0 mV SCE for the 
AISI 304 steel at chloride levels of 5-8% 
per weight of cement. For the AISI 3 16 steel 
with 2.5% molybdenum in the alloy even 
8% chloride did not cause pitting corrosion. 
In another study (Pastore et al., 1995) stain- 
less steels AISI 304, 3 16 and a duplex steel 
did not show pitting corrosion when 3% 
chlorides were added to the mortar mix. In 
carbonated mortar and concrete samples 
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Figure 8-13. Critical chloride content for the initiation of corrosion on different stainless steel grades exposed 
to solutions simulating carbonated and alkaline, chloride containing pore solutions of concrete. Potentiostatic 
tests at +0.2 V SCE (after Bertolini et al., 1996a). 
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Figure 8-14. Pitting potentials of plain and welded steel specimens in PC mortar for different chloride contents. 
Potentiostatic tests (NUrnberger, 1996). 
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without chlorides, all the stainless steels re- 
main passive whereas the black steel is cor- 
roding (Nurnberger et al., 1995 a). When 
chlorides are present in carbonated concrete 
the pitting potential is lowered by about 
0.2 V compared with alkaline concrete with 
the same chloride content. 

These laboratory tests using electro- 
chemical methods allow to rank the perfor- 
mance of the different stainless steel grades 
(Table 8-5 from top to bottom). Whether pit- 
ting corrosion occurs or not in real struc- 
tures (or in exposure tests) will depend - as 
outlined above - on the condition EL< Ecorrr 
thus on the corrosion potential of the steels. 
Corrosion potentials of passive steel in aer- 
ated reinforced concrete structures usually 
range from -0.15 V to 0 V SCE (Elsener 
and Bohni, 1990) depending on the pH, hu- 
midity and oxygen availability. Corrosion 
potentials of between -0.18 V and +0.05 V 
SCE were observed in a two year test 
(Nurnberger et al., 1995a). The maximum 
value of E,,,, can thus be taken as about 0 V 
SCE. Examining the results of pitting po- 
tentials and critical chloride content pre- 
sented above it can be expected that stain- 
less steels will resist to chloride concentra- 
tions that are up to five times higher com- 
pared with black steel. 

Welding can affect the corrosion resis- 
tance of stainless steels (Sorensen et al., 
1990; Nurnberger et al., 1995a). Lower pit- 
ting potentials compared with unwelded 
steel were found on austenitic (DIN 1.457 1) 
and ferritic (DIN 1.4003) stainless steels. 
For 5 %  chloride additions the pitting poten- 
tial of the DIN 1.4571 stainless steel was 
about -0.1 V SCE, that of the ferritic stain- 
less steel DIN 1.4003 with 1 1 % chromium, 
-0.3 V SCE. MIG/MAG welding lowered 
the critical chloride content for pitting cor- 
rosion (potentiostatic test at 0 V SCE) by 
3.5-5% for the AISI 304 stainless steel (So- 
rensen et al., 1990). 

Field studies (exposure tests) in marine 
or simulated marine environments demon- 
strated the much better corrosion resis- 
tance of stainless steels in concrete. After 
4.5 years in natural marine conditions no 
cracking and no pitting corrosion occurred 
on an Fe-1 1 % Cr alloy (Hewitt and Tull- 
min, 1994). Under accelerated chloride in- 
gress the same alloy showed some pitting 
corrosion after one year, whereas specimens 
with plain carbon steel had already cracked. 
A 9.5 years exposure program on steels em- 
bedded in concrete containing up to 3.2% 
chloride additions with respect to the ce- 
ment content showed that ferritic stainless 
steel with 13 % Cr showed corrosion at chlo- 
ride levels over 1.9% (Treadaway et al., 
1989). 

The only real long term testing of types 
AISI 302, 315 and 316 stainless steels in 
chloride contaminated concrete is reported 
by Cox et al. (1996). Both industrial and 
marine splash conditions were tested with 
stainless steels embedded in prisms or 
beams of concrete with w/c ratio 0.75 (high 
permeability) and w/c 0.6. In the marine test 
site chlorides penetrated into the concrete 
and the chloride concentration after 22 years 
was found to be 0.5-0.75% C1-/cement at 
30 mm depth (position of the stainless steel 
rebars). Examination of the steels after 
22 years showed no signs of corrosion. At 
the industrial site beams with chlorides add- 
ed to the mix (up to 3.2% with respect to ce- 
ment content) were tested. Carbonation did 
not reach the steels and no corrosion was ob- 
served. 

Summing up these results it can be con- 
cluded that stainless steels improve the dur- 
ability of reinforced concrete constructions 
considerably. Depending on the expected 
severity of the environment different steel 
grades should be selected: for carbonated, 
chloride-free concrete ferritic stainless 
steels with low chromium content (e.g. DIN 
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1.4003 with 11 % Cr) can be used both un- 
welded and welded. For heavily chloride- 
contaminated concrete (alkaline and carbo- 
nated) only steel grades of the type AISI 3 16 
(corresponding to 1.457 1) or higher can be 
used without risk of corrosion. With respect 
to mechanical strength, costs and corrosion 
behaviour, the duplex steels (DIN 1.4462) 
are an interesting alternative to other pre- 
ventive measures. The cost of the stainless 
steel bars may seem high compared with 
normal reinforcement (ca. a factor of 5-7 
for austenitic bars), resulting in an increase 
of 5-15% of the overall cost of the struc- 
ture, but this increase may prove to be very 
cost effective when long-term durability is 
considered. 

8.4.3 Epoxy-Coated Rebars 

In the late 1960s premature deterioration 
of highway bridge decks was recognized in 
the United States as a serious problem, when 
many bridges on the interstate highway 
system needed repair just a few years after 
construction. As reported in a review of cor- 
rosion performance of epoxy-coated rein- 
forcing steels in North America (Manning, 
1996 and literature cited therein), research 
studies funded by the US Federal Highway 
Administration (FWHA) identified fusion- 
bonded epoxy-coating as an effective meth- 
od for (additional) corrosion protection, 
avoiding spalling of the concrete. Powder 
epoxy-coatings with an optimum thickness 
of 0.18 k 0.05 mm were found to be the 
best candidates for protecting reinforcing 
steel from corrosion, allowing cutting and 
bending of the coated steels. Criteria and re- 
quirements for testing organic coatings for 
reinforcing steel were developed (ASTM 
A775M, 1993). 

By 1977 already 17 US states had adopt- 
ed the use of epoxy-coated bars as a stan- 
dard construction procedure for bridge 

decks, parking garages etc. With the grow- 
ing market (in 1993 200000 tons were 
shipped in North America), the prices be- 
gan to fall and in 1993 the additional costs 
for epoxy-coated reinforcing bars on a 
bridge deck were as low as 20%. The wide- 
spread use of epoxy-coated rebars was 
based on the good corrosion performance 
even of non-specification bars in field tests: 
a reduction in corrosion current by 11.5 
times was reported when only the top mat 
was coated, and by 41 times if both mats 
were coated (Clear and Virmani, 1983). 
Thus, epoxy-coatings act as a physical bar- 
rier against the environment and it as as- 
sumed that corrosion can occur only at de- 
fects. As a consequence the number and size 
of defects is restricted in specifications such 
as ASTM A775. In 1986 the substructure of 
the Long Key Bridge (Florida) began to 
show signs of corrosion only five to seven 
years after construction and later on severe 
corrosion of the epoxy-coated bars in the 
substructure of other marine bridges was de- 
tected. Debonding of the coating from the 
steel substrate, detected on the structures 
and confirmed by laboratory tests, was iden- 
tified as the major cause of damage (Sagues 
et al., 1994) This prompted an investigation 
of other bridges in Florida and in other re- 
gions and though generally speaking good 
performance of epoxy-coated rebars was 
reported on bridge decks in deicing service 
in northern states and Canada after up to 
20 years service, on several bridge decks or 
substructures partial coating debonding was 
observed (Manning, 1996). 

In Europe comparatively few epoxy- 
coated rebars have been used mainly be- 
cause the huge problems with reinforcement 
corrosion appeared about ten years later 
than the US experience. The specifications 
- as far as not the ASTM standard was 
adopted - were more stringent, fewer de- 
fects were allowed and the test requirements 
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to be fulfilled were more severe as e.g. 
in the Swiss guidelines (ASB Richtlinie, 
1991). 

The effectiveness of fusion-bonded ep- 
oxy coatings as corrosion prevention re- 
mains controversial. Is the early damage ob- 
served in the marine substructures of the 
Florida Key bridges simply poor perfor- 
mance due to poor workmanship or the ul- 
timate state of all structures with epoxy- 
coated rebars? The initial degradation 
mechanism, debonding of the coating, is due 
to diffusion of water and oxygen through the 
organic coating - and the diffusion coeffi- 
cient of epoxy coatings (like all physical 
properties of organic materials) depends 
very much on temperature (Fig. 8-15). An 
increase in average temperature of 20" re- 
sults in a ten times higher water penetration 
rate through the coating causing debond- 
ing. In addition, epoxy-coated bars in con- 

60 "C 

.- E -*: 
a -  c -  
Q ) .  

-3- 
c -  
! ? ! .  
t, - 4 -  
L .  

-5 

reciprocal temperature 1/T "1000 [K] 
3 3.1 3.2 3.3 3.4 3.5 

Figure 8-15. Temperature-dependence of the diffu- 
sion of oxygen in epoxy-coated steel (175 pm) after 
73 days in seawater measured as cathodic current den- 
sity at -700 mV SCE (after Steinsmo and Bardal, 
1987). 

Crete that remains permanently wet (as in 
marine substructures) are expected to be 
more prone to debonding compared with 
'northern' bridge decks which are exposed 
for a large fraction of time to much drier con- 
ditions. This might suggest that temperature 
and humidity govern the debonding of ep- 
oxy-coatings from the steel bars and - when 
sufficient chlorides have penetrated into the 
coated, defective bar- corrosion starts at the 
defects. Limited information exists on the 
success of new, improved epoxy-coatings 
with primers for long term service. In view 
of these uncertainties, it is important to 
stress that epoxy coating should be used to 
provide additional protection and not as a 
substitute for proper concrete cover and 
quality. 

8.4.4 Non-Metallic Reinforcement 

An further alternative approach being de- 
veloped worldwide is to replace the steel 
completely by fibre-reinforced plastics 
(FRP), which consist of continuous fibres as 
carbon, glass or aramid, set in a suitable res- 
in to form a composite rod or grid. These 
materials have high tensile strength, low 
density and are non-magnetic; they can be 
used both for new structures and for repair 
of existing ones. The mechanical properties 
of FRP are determined by the amount and 
type of fibre, while the durability will be a 
function of both the resin and the fibre. 

Glassfibre reinforcing bars (GFRP) have 
a modulus of elasticity of about 25 % of that 
of steel (Ehsami, 1993) and their mechani- 
cal properties depend on many factors such 
as load duration and history, temperature 
and moisture. Glass fibres are 'corrosion 
resistant' but can be deteriorated rapidly in 
highly alkaline environments (Zayed, 199 1; 
Ehsami, 1993) which results in water uptake 
and loss of strength. These results point to 
the importance of the proper choice of fibre 
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(alkali resistant) and matrix. GFRP rebars 
have been used in precast elements for ar- 
chitectural purposes, highway traffic barri- 
er walls and in bridge decks (Taerwe, 1993). 
Glass-fibre prestressing systems have been 
developed in Germany (Wolff and Meissel- 
er, 1993) and applied to pilot projects and 
subsequently to several bridges, under- 
ground station and in rehabilitation of build- 
ings and suspension bridges (Bruce, 1990). 

Carbonfibre composites (CFRP) are used 
for strengthening existing structures. This 
technique, invented in France, was further 
developed at the EMPA Dubendorf, Swit- 
zerland (Meier et al., 1993). First non-pre- 
tensioned CFRP sheets were used with good 
results in the laboratory and in field appli- 
cations on reinforced concrete bridges and 
a historic wooden bridge (Meier, 1995). 
Carbon fibres (Santoh, 1993) and aramid fi- 
bres (Gerrise, 1993) are increasingly used 
in prestressing tendons. 

Although long-term experience is not yet 
available, these non-metallic tensile ele- 
ments may be considered a promising alter- 
native to steel. Probably the single most im- 
portant aspect of the use of FRP as reinforce- 
ment is the durability. Work has concentrat- 
ed on the development of alkali resistant 
glass or the use of carbons or aramids, but 
little attention has been paid to the resin. 
Considerable work is needed to establish 
methods and criteria by which the durabil- 
ity may be assessed (Clark, 1998). 

8.4.5 Cathodic Prevention 

Cathodic protection (CP) is a well known 
and proven means of protecting buried steel 
structures in soil or in seawater (see Juch- 
niewicz et al., Chapter 7 in Volume 19A). 
The potential of the steel structure is low- 
ered to values below the thermodynamic po- 
tential of iron dissolution. The same princi- 
ple is applied to reinforced concrete struc- 

tures to stop ongoing corrosion. Because 
steel in concrete is chiefly passive, the po- 
tential of the steel only needs to be lowered 
to below the pitting potential. On new struc- 
tures, expected to be exposed to severe, 
chloride induced corrosion conditions, this 
kind of cathodic protection can be applied 
from the beginning. This type of CP is 
known as cathodic prevention (Pedeferri, 
1992). It employs the same equipment but 
has different objectives: by imposing a 
small cathodic current the potential of the 
passive rebars is shifted towards negative 
values in the passive range in order to avoid 
depassivation of the steel due to chloride in- 
gress. In other words, lowering the poten- 
tial will markedly increase the critical 
chloride content for depassivation of the 
steel. Imposing a small cathodic polariza- 
tion on reinforcing steel from the beginning 
and throughout the service life of a structure 
will raise the critical chloride content to a 
level which is unlikely to be reached during 
its service life (Bertolini et al., 1996). 

Since 1990 cathodic prevention has been 
applied to new highway bridge decks in 
northern Italy over a surface of more than 
150 000 m2. Cathodic prevention has been 
applied both to the normal reinforcement 
and to the post-tensioned tendons of the Fre- 
jus highway, avoiding in this way severe re- 
inforcement corrosion observed in similar 
viaducts after only a few years in service 
(COST 509,1997). The throwing power, i.e. 
the distribution of the CP current on rein- 
forcement and the metallic duct of the ten- 
dons, is much more homogeneous in a com- 
pletely passive system like that encountered 
in new structures. It has been shown that in 
such conditions a lowering of the potential 
(protection against chloride induced corro- 
sion) can be achieved on bars with a distance 
of up to 0.8 m from the anode without low- 
ering the potential close to the anode to val- 
ues below -1.1 V SCE (Bertolini et al., 
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1993). The risk of hydrogen embrittlement 
is avoided due to the very low current den- 
sities required to lower the potential of pas- 
sive steel. 

8.4.6 Other Preventive Measures 

Ingress of chlorides can be impeded by 
applying an organic coating to the surface 
of concrete, that acts as a barrier to aqueous 
solutions. Several studies have been pub- 
lished on the formulation and performance 
of such kinds of protection but in general the 
long term behaviour is not satisfactory due 
to debonding, formation of scratches or 
coating degradation due to UV radiation, al- 
kalinity etc. Thin organic paints are porous 
and even more chlorides can be taken up in 
the dry concrete below the coating. 

Hydrophobic surface treatments, based 
mainly on silanes or siloxanes, are applied 
in order to reduce water (and chloride) in- 
gress into concrete. The success of the treat- 
ment depends on the concrete moisture and 
on the quantity applied to ensure formation 
of a continuous water repellent layer in the 
pore system and on the surface tension in 
order to ensure a penetration of at least 
2 mm (Polder, 1996). Hydrophobic treat- 
ments cannot protect concrete in perma- 
nently wet conditions. 

Galvanized reiizforcement, i.e. zinc coat- 
ings formed by dipping clean rebars in a bath 
of molten zinc, can protect steel in concrete 
from corrosion attack. However, the perfor- 
mance reported in the literature is contra- 
dictory (Bentur et al., 1997). Galvanized re- 
bars remain passive in carbonated concrete 
and the corrosion rate is much lower than 
with black steel. In situations where chlo- 
ride induced corrosion prevails, a delay in 
the initiation of corrosion can be expected, 
but at high chloride concentrations depassi- 
vation cannot be avoided completely. 

8.5 Monitoring and Condition 
Assessment of RC Structures 

Concrete structures showing damage 
caused by reinforcement corrosion have to 
be repaired in order to reach their expected 
service life. To find the optimum repair so- 
lution and to avoid further corrosion prob- 
lems in the future, a thorough condition as- 
sessment of the structure has to be per- 
formed, concentrating on the location of 
those areas already corroding, the identifi- 
cation of the cause of damage and the pre- 
diction of the expected progress of damage 
with time. As corrosion is an electrochemi- 
cal process, electrochemical techniques are 
especially well suited to assess the corro- 
sion state of the reinforcement, to pinpoint 
corrosion sites and to measure the corrosion 
rate. 

8.5.1 Half-Cell Potential Mapping 

Today potential mapping is the only com- 
monly recognized and standardized non-de- 
structive method for assessing the corrosion 
state of the rebars in concrete structures. In 
addition to the existing standard (ASTM 
C876-91), a RILEM recommendation is 
about to be published (RILEM, 1999a). Sev- 
eral national guidelines (as e.g. the Swiss 
SIA 2006, 1996) describe the use and inter- 
pretation of half cell potential measure- 
ments. 

8.5.1.1 Principle 

Corroding and passive rebars in concrete 
show a difference in electrochemical poten- 
tial of up to 0.5 V generating a current flow 
in this macro-cell. The electric field coupled 
with the corrosion current between corrod- 
ing and passive areas of the rebars (Fig. 
8- 1 1) can be measured experimentally with 
a suitable reference electrode (half cell) 
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placed on the concrete surface, resulting in 
equipotential lines (potential field) that al- 
low the location of corroding rebars at the 
most negative values (Elsener and Bohni, 
1987, 1990; Hunkeler, 1991). 

8.5.1.2 Procedure 

The procedure for measuring half-cell 
potentials is comparatively straightforward: 
a sound electrical connection is made to 
the reinforcement, an external reference 
electrode (frequently copperkopper sulfate, 
CSE) is placed in a wet sponge on the con- 
crete surface and potential readings are tak- 
en on a regular grid on the free concrete sur- 
face. This technique was introduced as ear- 
ly as 1957 (Strattfull, 1957). Since then, dif- 
ferent microprocessor controlled single or 
multiple electrode devices have been devel- 
oped and are commercially available. To fa- 
cilitate the potential survey of large bridge 
decks, walls, or parking decks, the author 
developed in 1988 at the Swiss Federal In- 
stitute of Technology, ETH Zurich, a novel 
eight-wheel electrode measuring system 
(Elsener et al., 1990) that allows to survey 

300 m2 h-' with grid dimensions of 15 cm 
using computer-assisted data acquisition 
and processing (Fig. 8-16). The best way of 
representing the data has been found to be 
a color map of the potential field, where eve- 
ry individual potential reading can be iden- 
tified as a small square (Fig. 8-17). 

8.5.1.3 Interpretation 

Theoretical considerations and practical 
experience on a large number of structures 
(Elsener and Bohni, 1990; Elsener et al., 
1996) demonstrate that the results of poten- 
tial mapping need careful interpretation. It 
has been found that there are no absolute po- 
tential values to indicate corrosion hazard 
in a structure - in contrast to the interpreta- 
tion given in the ASTM C876-9 1 that relies 
on a fixed potential value of -0.35 V CSE. 
Depending on moisture content, chloride 
content, temperature, carbonation of the 
concrete and cover thickness, different po- 
tential values indicate corrosion of the re- 
bars in different structures (Fig. 8- 18). Thus 
the gradient between corroding and passive 
areas is more important than the absolute 

Figure 8-16. Eight wheel 
electrode system to measure 
half-cell potentials on rein- 
forced concrete structures, 
developed in the author's la- 
boratory. 



41 8 8 Corrosion of Steel in Concrete 

L 

_.... 

...., I 
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tial field (color plot and equiv- 
alent contour plot) measured at 
the underside of the riding 
deck in the San Bernardino 
Tunnel. DF = dilatation joint 
(every 25 m), SF =joint (every 
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value of the potential. This information has 
been incorporated in the RILEM recom- 
mendation (RILEM, 1999a). 

When large areas are to be surveyed the 
huge number of potential readings can be 
examined statistically. Half cell potential 
data represented as cumulative probability 
(Fig. 8-19) are especially well suited for 
comparative purposes. The different bridge 
decks represented in Fig. 8-19 show similar 
curves but shifted on the potential axis. This 
shift is due to the influence of concrete tem- 
perature and humidity. The ‘San Bernardi- 
no curve’ corresponds to the map in Fig. 
8-17 and it is interesting to note that in the 

potential range between -0.2 V and -0.4 V 
SCE very few readings are found (horizon- 
tal part of the curve). This clear-cut distinc- 
tion between corroding (negative) and pas- 
sive (positive) potentials is due to the huge 
difference in concrete humidity: the active 
zones are situated in (leaking) joints, the 
passive zones in dry parts of the deck. Fur- 
ther examples of application of half cell po- 
tential mapping are given in (Elsener, 1995; 
Hunkeler, 1994). 

Summarizing, half cell potential mapping 
has provided a very useful, non-destructive 
means of delineating areas of corrosion sites 
for monitoring and condition assessment as 
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Figure 8-18. Experimentally determined potential 
range indicating active corrosion on different bridge 
decks compared with the ASTM C876 standard. 
I ,  Cugnertobel; 2, Tunnel San Bernardino; 3, Rhine- 
bridge Tamins; 4, Caslertobel bridge; 5 ,  Morbio 
bridge; 6, column in seawater; 7, ASTM C876 stan- 
dard. 

well as in determining the effectiveness of 
repair work (Schiegg, 1995). As an early 
warning system they detect corrosion long 
before it become visible at the concrete sur- 
face. Based on the potential field, other de- 
structive and laboratory analysis (e.g. cores 
to determine chloride content) can be per- 
formed more rationally (SIA 2006, 1996). 
In addition, the amount of concrete re- 
moval in repair works can be minimized be- 
cause the corrosion sites can be located pre- 
cisely. 

8.5.2 Resistivity Measurements 

8.5.2.1 General 

The electrical resistivity of concrete may 
be useful for monitoring and inspection of 
RC structures with regard to reinforcement 
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Figure 8-19. Cumulative frequency distribution of 
half cell potentials measured at different bridge decks 
allow a rapid and easy comparison. 

corrosion (COST 509, 1997). The resistiv- 
ity of cement paste, mortar and concrete de- 
pends on pore volume and pore size distri- 
bution of the cement paste, pore water com- 
position (alkali content, chloride content) 
and concrete moisture content of the con- 
crete (Fig. 8-20) (Tuutti, 1982; Burchler 
et al., 1996a). According to the macrocell 
corrosion model (Eq. (8-7)), concrete resis- 
tivity is inversely proportional to the corro- 
sion rate (Gonzales et al., 1993; Polder 
et al., 1994). Depending on environmental 
conditions and concrete quality, resistivity 
may vary by several orders of magnitude, 
from 100 to 10000 Qm. High resistivities 
are found for dry concrete, concrete with 
low w/c ratio or with additives that induce 
pozzolanic reaction. 
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Figure 8-20. Resistivity of hard- 
ened cement paste and mortar ver- 
sus relative humidity. Constant RH 
exposure, age of samples 384 days 
(Biirchler et al., 1996a). 
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8.5.2.2 Measurements at the Surface portance for the evaluation of repair meth- 

Resistivity can be measured using a four- 
point probe (Wenner, 19 16) placed directly 
on the concrete surface. Usually a small 
amount of conducting liquid is applied lo, 
cally to improve the contact between the tips 
and the surface. The measurements are car- 
ried out with AC current at a frequency of 
between about 100 and 1000 Hz (avoiding 
the exact values 100, 150, etc. Hz). From the 
measured resistance R, the resistivity of the 
concrete, 4, is calculated as 

e =  2naR,  (8-9) 

where a is the spacing between the elec- 
trodes. Resistivity measurements are strong- 
ly influenced by temperature (Burchler 
et al., 1996) and appropriate correction for- 
mula (different for concretes with different 
humidity) have to be applied to normalize 
to e.g. 20 “C. Resistivity measurements pro- 
vide additional information on areas with 
high corrosion risk (low resistivity = humid 
concrete) when combined with half cell po- 
tential mapping (Naish et al., 1990; Burch- 
ler, 1996). 

8.5.3 Corrosion Rate 

Quantitative information on the corro- 
sion rate of steel in concrete is of great im- 

ods in the laboratory, for service life predic- 
tion and structural assessment of corroding 
structures as well as control of repair work 
on site. The only technique available today 
is the polarization resistance method, a 
RILEM recommendation covering this sub- 
ject is being drawn up (RILEM, 1999b). 

8.5.3.1 General 

When speaking about ‘corrosion rate’ of 
steel in concrete, two different meanings, 
average corrosion rate and instantaneous 
corrosion rate, have to be distinguished: 

- The average corrosion rate is the 
‘engineering’ value needed for imple- 
mentation in models for service life cal- 
culations or to predict the evolution of 
structural degradation (the slope of the 
propagation curve in Fig. 8-7). It can be 
determined as the average value over a 
long period of time by measuring weight 
loss (limited to homogeneous corrosion, 
possible only in the laboratory) or loss in 
cross section of the steel on site. If the 
time of depassivation, i.e. the start of cor- 
rosion, is not known (as is usually the case 
in practice), the calculated average cor- 
rosion rates will be underestimated. Fur- 
thermore, in real structures exposed to 
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changing environmental conditions the 
average value is composed of periods 
with low and high corrosion rates (An- 
drade et al., 1996; Zimmermann et al., 
1997). 

- The instantaneous corrosion rate i,,,, 
can be determined using electrochemi- 
cal methods, the polarization resistance 
measurements (Gonzales et al., 1980), 
determined by stationary or non-station- 
ary electrochemical methods. The calcu- 
lation of a corrosion rate from R, meas- 
urements (details see further down) is 
straightforward and correct only for gen- 
eral corrosion attack and the implications 
for measurements on real structures and 
on locally corroding rebars are discussed 
below. It is obvious that the comparison 
of 'corrosion rate' values measured at dif- 
ferent times during the life of a structure 
or on different structures have to be cor- 
rected for the influence of moisture, tem- 
perature etc. in order to allow reasonable 
comparison. 

8.5.3.2 Determination of the Polarization 
Resistance 

The polarization resistance method is 
based on the observation that the polariza- 
tion curve close to the corrosion potential is 
linear (Fig. 8-8), the slope AE/AZ (AE = 
step in potential, AZ = resulting current) be- 
ing defined as polarization resistance, R,. 
The technique is called linear polarization 
measurement (LPR). The R, value is relat- 
ed to the corrosion current I,,,, by the for- 
mula (Stern-Geary, 1957): 

(8-10) 

where B is a constant containing the anodic 
and cathodic Tafel slope. For actively cor- 
roding steel in concrete usually B = 26 mV 
is taken, for passive steel B = 52 mV (An- 
drade and Gonzales, 1978). R, and thus I,,,, 

is related to the area of the sample under test, 
resulting in the specific polarization resis- 
tance R: [ohm cm2] and the corrosion cur- 
rent density i,,,, [FA cm-*], the instantane- 
ous corrosion rate. Several precautions have 
to be taken in order to get reliable values, 
namely, compensation of the high electrical 
(ohmic) resistance of the concrete cover, 
achievement of a quasi steady state and lin- 
earity of the AE/AI slope as discussed in 
more detail in (Andrade, 1990; Elsener, 
1998a; COST 509, 1997). When these pre- 
cautions are allowed for, good correlation 
between the electrochemical weight loss, 
calculated by integrating R, data from LPR 
measurements, and gravimetric measure- 
ments has been found (Andrade and Gon- 
zales, 1978). 

8.5.3.3 Execution of the Measurements 

The instrumentation needed for LPR 
measurements is more complicated than for 
half cell measurements: in addition to the 
reference electrode a counter electrode (CE) 
has to be placed on the concrete surface. The 
current from the CE to the rebar network 
(WE) is regulated by a special device, a po- 
tentiostat. After having selected the meas- 
uring position (preferably based on half cell 
potential field), proper connections to the 
rebar and between CE and concrete surface 
are made, the corrosion potential is meas- 
ured and then a potential of E,,,, f 5 or 
f 10 mV is imposed. The resulting current Z 
is recorded in order to obtain the AElAZ 
ratio. 

8.5.3.4 Corrosion Rate Measurements 
On-Site 

The main difference in measuring the po- 
larization resistance R, on-site and not in the 
laboratory is the geometrical arrangement 
of the electrodes (Fig. 8-21). In the labora- 
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tory a uniform geometry and thus current 
distribution can be achieved usually with 
small samples whereas on-site a there is a 
non-uniform current distribution between 
the small counter electrode (CE) on the con- 
crete surface and the rebar network (WE). 
Due to the current spread-out the measured 
(apparent) polarization resistance Rp,eff is 
related to an unknown rebar surface and can- 
not be converted directly to a corrosion rate 
with the Stern-Geary equation (Feliu and 
Andrade, 1987; Feliu et al., 1988). The cur- 
rent spread-out given by the critical length 
Lcrit where 90% of the current vanishes de- 
pends both on the concrete resistivity and 
on the specific polarization resistance R: 
of the rebar (thus on the corrosion state). 
Briefly summarizing the available literature 
(Feliu et al., 1996; Elsener, 1998b) it can be 
stated that in the case of homogeneous, ac- 
tively corroding rebars (small specific pola- 
rization resistance R:) the applied current 
is concentrated nearly completely beneath 
the counter electrode (Fig. 8-2 1). Converse- 
ly, if the steel is passive (very high specific 
polarization resistance) a large current 
spread-out has to be expected and the meas- 
ured apparent polarization resistance Rp,eff 
is related to an area of rebars that is up to 
100 times larger than the CE surface. The 
concept of a sensorized guard ring (Broom- 
field et al., 1993) is implemented in a com- 
mercial instrument and avoids the current 
spread-out on passive rebars. The calcula- 
tion of a local corrosion rate (penetration 
rate) is intrinsically difficult because the 

Figure 8-21. Electrode arrangement 
in measuring polarization resistance 
on reinforced concrete structures 
(schematic). R E :  reference electrode, 
CE: counter electrode, WE: working 
electrode (rebars). The diameter of 
the counter electrode is L,, the 
length of current spread-out Lcrit. 

area of the localized attack is not known 
(Elsener, 1998b). 

8.5.3.5 Interpretation of the Results 

The interpretation has to be done by cor- 
rosion specialists with experience in RC 
structures in the context of other informa- 
tion from condition assessment. The results 
can be used to pinpoint sites with high cor- 
rosion activity (in addition to half cell po- 
tential measurements), to predict future de- 
terioration of the structure or to assess re- 
sidual life. Daily and seasonal variations in 
the corrosion current due to changes in tem- 
perature and relative humidity will induce 
variations in Z,,, values. To predict future 
deterioration usually several measurements 
in time are needed. When only one single 
value is available it is recommended to 
assume a variation in I,,,, of &loo% (An- 
drade, 1996). 

Several examples of application are giv- 
en in the literature (COST 509, 1997), e.g. 
for predicting the residual life of a corrod- 
ing bridge and testing the efficiency of a re- 
pair with a corrosion inhibitor (Broomfield, 
1997). 

8.6 Rehabilitation of Reinforced 
Concrete Structures 

Chloride induced corrosion of reinforc- 
ing steel has been recognized as a primary 
factor contributing to concrete bridge com- 
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ponent deterioration leading to premature 
failure of structures. In the past a variety of 
repair techniques has been applied - unfor- 
tunately many with only limited success in 
terms of long term durability. It is has been 
acknowledged that repair and rehabilitation 
of reinforced concrete structures have to be 
planned and performed with the same care 
as the construction of new ones. Great ef- 
forts have been undertaken to introduce a 
repair strategy, to rationalize the choice of 
repair principle, to improve quality and re- 
liability of the repair products and to pro- 
vide guidelines for their application in prac- 
tice in order to achieve cost effective and 
durable repairs (RILEM, 1994). Since then, 
other national guidelines have been pub- 
lished e.g. (Swiss SIA 162/5). Further work 
on standardization is in progress in the Eu- 
ropean Standardization CEN TC104 SC8. 

8.6.1 General 

Before any decision regarding the selec- 
tion of a rehabilitation method can be 
taken, the following procedure and analysis 
of the situation is recommended (RILEM, 
1994): 

8.6.1.1 Structural Conditions 

A thorough condition assessment of the 
structure (or part of it) should include a vis- 
ual inspection, the identification of structu- 
ral cracks, deformations etc. in order to as- 
certain whether structural repairs have to be 
carried out. 

8.6.1.2 Cause of Deterioration 

Any condition assessment should be con- 
tinued until the cause(s) of the observed de- 
terioration have been clearly identified. It is 
useful to start with non-destructive tech- 
niques (e.g. potential mapping to locate cor- 

roding sites) before applying destructive 
techniques (e.g. core drilling for chloride 
analysis). 

8.6.1.3 Expected Service Life 
of the Structure 

The owner of the structure has to decide 
its future use and determine the expected 
service life. This time has to be compared 
with the residual life time of the damaged 
structure. 

Taking into account the actual and future 
environmental conditions, the consequence 
on structural safety, economic aspects and 
other conditions (e.g. traffic), the basic 
strategy for repair can be chosen as outlined 
in RILEM, 1994: 

- replacement or partial reconstruction of 

- interventions to inhibit the corrosion pro- 

- no intervention and 
- alternative structural system. 

damaged components, 

cess, 

In this section only methods belonging to 
strategy ‘interventions to inhibit corrosion’ 
are discussed. According to the severity of 
the intervention on the concrete structure 
the repair methods can be grouped into: 

- inhibitors 
- electrochemical methods (realkalization, 

chloride removal, cathodic protection) 
- surface protection systems (coatings) 
- local repair (removal of concrete) 
- substitution of part of the structure. 

8.6.2 Corrosion Inhibitors for Repair 

Rehabilitation with inhibitors requires 
only a minimum of intervention, some local 
repairs may be necessary due to the pres- 
ence of cracks, spalling etc. or for aesthetic 
reasons (Page and Ngala, 1999). In order to 
significantly reduce or stop corrosion, the 
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surface applied inhibitors have to penetrate 
into the concrete through to the reinforce- 
ment in sufficiently high concentrations. 
Solutions of soluble inhibitive anions, such 
as nitrite, fluorophosphate etc. penetrate 
into concrete by capillary suction. For high 
cover depth or dense concrete this can be 
difficult to achieve as has been shown in 
field tests with fluorophosphates (Gassner 
et al., 1998; Annen and Malric, 1996) where 
the reinforcement has not always been 
reached. 

Recently migrating corrosion inhibitors 
have been proposed as surface applied liq- 
uids (Mader, 1994). It is claimed that the in- 
hibitor will migrate both in the gas and in 
the liquid phase to the reinforcement. The 
results reported are conflicting: a recent la- 
boratory study on precorroded (both chlo- 
ride induced and carbonated) mortar sam- 
ples showed practically no effect in reduc- 
ing the corrosion rate even after several 
immersion cycles in the inhibitor solution 
(Elsener et al., 1999b). Despite some field 
tests (Laamanen et al., 1996) and an increas- 
ing number of applications, very few docu- 
mented and conclusive results exist on the 
inhibitor efficiency. A first field test with 
different surface applied inhibitors on a well 
characterized and instrumented side wall of 
a tunnel started in Switzerland in 1998. 

Summarizing the available information, 
surface applied inhibitors may exert some 
preventive action in prolonging the initia- 
tion phase (e.g. in carbonated structures) but 
no significant reduction in corrosion rate 
has been found on already corroding struc- 
tures (Broomfield, 1997; Page and Ngala, 
1999). 

8.6.3 Electrochemical Protection 
and Repair Methods 

Electrochemical protection and repair 
methods are used increasingly in civil engi- 

neering practice. Cathodic protection (CP) 
of steel in concrete has a track record of 
decades in the USA and in Great Britain. 
Several national and international standards 
have been published (NACE, 1990; CEN, 
1996). CP is most suited to projects where 
conventional repair methods are not effec- 
tive, e.g. heavily chloride contaminated 
concrete cannot be removed for static rea- 
sons. In this section, CP is not discussed fur- 
ther, the reader is referred to chapter No. 7 
by Juchniewicz or to Page (1996). Electro- 
chemical chloride removal (ECR) and elec- 
trochemical realkalization (ER) are de- 
scribed and discussed in a recent state of the 
art report (Mietz, 1998), and a CEN stan- 
dard is being drawn up. 

8.6.3.1 Fundamentals 

In all electrochemical restoration tech- 
niques a direct current is applied between 
the reinforcement (cathode) and an external 
anode in electrolytic contact with the con- 
crete (Fig. 8-22). Cathodic protection (CP) 
is a permanent installation with design 
currents below 10 mA m-2, electrochemical 
chloride removal (ECR) and electrochemi- 
cal realkalization (ER) are applied only on 
a temporary basis and use currents up to 
2 A mP2. Both the electrochemical reactions 
at the rebars and ion migration in concrete 
are important for the treatments. 

8.6.3.2 The Electrochemical Reactions 
at the Cathode (the Rebars) 

The reactions: 

2 H 2 0  + 0, + 4e-+ 4 0 H -  (8- 1 1) 

2 H 2 0 + 2 e - + 2 0 H - + H ,  (8-12) 

produce hydroxyl ions leading to an in- 
crease of the pH near the rebar. This facili- 
tates (re)passivation of the steel. At high 
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current densities hydrogen evolution is pos- 
sible (Eq. (8-12)) and especially high ten- 
sile steels under load could suffer hydrogen 
embrittlement. 

At the anode the possible oxidation reac- 
tions are either chlorine evolution or water 
decomposition, these reactions lead to an 
acidification of the electrolyte around the 
anode. The decrease in pH in the electrolyte 
around the anode depends on the current 
density applied. 

The direct current flowing from the re- 
bars to the external anode is carried by Zon 
migration, including all cations and anions 
present in the pore solution of the concrete. 
Negative ions (OH- and C1-) migrate from 
the reinforcement to the external anode, 
positive ions (Na+, K+) migrate towards the 
reinforcement. The migration of ions in con- 
crete is a complex process; basically it is 
governed by the same laws as in aqueous so- 
lutions, that is by the electrical field and the 
fundamental parameters of ion mobility ui, 
concentration ci and charge I zi I of the ions 
in the pore solution (Elsener, 1990a). Ac- 
cording to Eq. (8-13) the different ions in 
the pore solution contribute in proportion 

Figure 8-22. Electrode arrangement 
for electrochemical restoration of re- 
inforced concrete structures: the 
anode (titanium mesh) is placed on 
the concrete surface and embedded 
in mortar (for CP) or in fibres (for 
ECR and ER). 

to their concentration ci and their ionic mo- 
bility ui (Table 8-6) to the total current. Ion 
mobilities in concrete are three orders of 
magnitude lower than in aqueous solutions; 
this can be explained by the decrease in 
available pore volume (aqueous solution 
loo%, in concrete only about 10%) and 
the resulting tortuous diffusion path in 
the pore system (Elsener, 1990a). The chlo- 
ride transference number, tC1, defines the 
amount of direct current carried by the chlo- 
ride ions, Zcl, in relation to the total current 
Itot : 

Table 8-6. Ion mobility in aqueous solutions at 25 “C. 

Ion Mobility, ui [cm2 V-’ s-’1 

c1- 7.91 x 1 0 - ~  
K+ 7.62 x 10-4 

Li+ 4.01 x 1 0 - ~  

HCO; 4.61 x 1 0 - ~  

Na+ 5.19 x 

H+ 36.30 x 
OH- 20.50 x 
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Thus the chloride transference number tcl 
depends on the chloride concentration and 
on the amount of other ions present in the 
pore solution, especially OH- and alkali 
ions. The composition of pore water in al- 
kaline concrete corresponds essentially to a 
potassium hydroxide solution and transport 
numbers for the chloride ion tcl of between 
0.4 (Tritthart, 1996) and ca. 0.12 for lower 
chloride concentrations are reported (Pol- 
der, 1992). 

As a result of the electrochemical reac- 
tion at the electrodes and the associated 
transport processes, major changes in the 
pore water composition take place during 
the treatment. Beneficial, as it favors repas- 
sivation of the rebars, is the increase in OH- 
concentration near the cathode, and up to 
2 M have been determined (Tritthart, 1996). 
The increase in pH is higher when chlorides 
are present, because part of the current is 
transported by the chloride ions (Bertolini 
et al., 1993a). 

8.6.3.3 Laboratory Results 

The feasibility of electrochemical resto- 
ration has been demonstrated in the labora- 
tory for both techniques, chloride removal 
and realkalization. For electrochemical 
chloride removal all studies show a reduc- 
tion in the total chloride content of between 
40 and 60% (SHRP, 1993a; Tritthart, 1996), 
the most pronounced decrease in chloride 
content being found in the cover concrete 
(Fig. 8-23). Chlorides beneath the first layer 
of the reinforcement are removed more 
slowly. As is further shown in Fig. 8-23, the 
expected increase in OH- content at the re- 
bars does actually take place. Chloride re- 
moval is most efficient in the early stages of 
the treatment (Bennet, 1990).Prolonging the 
treatment to more than 1500 A h mP2 is 
found to be ineffective because nearly all of 
the current flow is transported by hydroxyl 

Figure 8-23. Chloride and hydroxide concentrations 
at different depths in the concrete before and after 
electrochemical chloride removal (ECR) (after Tritt- 
hart, 1996). 

ions. The increase in OH- content and the 
decrease in chloride content result in a 
marked reduction of the chloride transfer- 
ence number (Elsener, 1990 a; SHRP, 
1993a; Tritthart, 1996) and the treatment 
becomes increasingly ineffective. 

Extensive laboratory tests on electro- 
chemical realkalization have been conduct- 
ed at BAM Berlin (Mietz and Isecke, 1994; 
Mietz et al., 1994). It has been found that 
the realkalized zone around the rebar in- 
creases with time and current density, i.e. 
proportionately to the electric charge passed 
(Mietz et al., 1994). On the other hand the 
observed realkalization from the concrete 
surface is independent of current density 
and thus only due to capillary suction of 
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Figure 8-24. Total alkalinity content of a fresh mor- 
tar, a partially carbonated mortar and a realkalized 
mortar (after Mietz et al., 1994). 

the alkaline electrolyte (Na,CO,) used for 
the treatment. The total alkalinity of the 
concrete - determined by acid titration of 
concrete powder - cannot be increased by 
electrochemical realkalization and remains 
at the low levels of carbonated concrete 
(Fig. 8-24). This indicates that electrochem- 
ical realkalization only re-establishes an al- 
kaline pore solution composition; the solid 
alkalinity reservoir Ca(OH), present in un- 
carbonated concrete cannot be regained. 

8.6.3.4 Results from Field Applications 

Despite the frequent use of electrochem- 
ical restoration techniques, in practice only 
few on-site applications are well document- 
ed in the literature (Mietz, 1998; COST 509, 
1997). Results from two well characterized 
and documented site applications managed 
by the author - a bridge substructure where 
ECR was used (Elsener et al., 1993) and a 
reinforced concrete building facade con- 
structed in 1972 where ER was applied (Ga- 
briel, 1996) - are presented (Elsener et al., 
1996a, 1997b, 1998b). 

Electrochemical repair techniques are 
feasible when corrosion of the reinforce- 
ment has a long way to go before affecting 
structural safety and only small parts of the 

concrete surface show damage (e.g. spall- 
ing, delamination) that have to be repaired 
conventionally. As indicated above, condi- 
tion assessment to locate damage and iden- 
tify its causes is essential (RILEM, 1994). 
The test sites were characterized prior to re- 
pair with the following methods (Elsener 
et al., 1998b): 

- Visual inspection: locate areas with con- 
crete spalling, rust staining and delami- 
nations. 

- Concrete cover: An average value of 
24 k 4 mm of concrete cover was found 
for the vertical reinforcement. The outer 
horizontal rebars showed an average 
cover of 15 & 4 mm. Areas of cover depth 
< 12 mm corresponded to the areas with 
concrete spalling and rust formation. 

- Potential mapping was carried out as 
described above. The average value 
measured on the visually dry surface of 
the (carbonated) building facade was 
around +50 mV CSE but in the vicinity 
of visible damage values of ca. -200 mV 
CSE were measured. Corroding rebars 
were indicated over roughly 15% of the 
total surface. In the bridge substructure 
negative potential values were measured 
at the bottom of the wall in correspon- 
dence with high chloride contents (Elsen- 
er et al., 1993). 

- Depth of carbonation: An average of 
15 mm carbonation depth was deter- 
mined from thin section analysis and this 
agreed well with the observed concrete 
spalling. Spraying of an indicator solu- 
tion (phenolphthalein) on drilled powder 
can overestimate the real carbonation 
depth (Gabriel, 1996). 

- Chloride content: Chloride contents of up 
to 2% by weight of cement at the level of 
the rebars were found at the bottom of the 
subway wall. One meter above the traffic 
lane chloride contents were below 0.6%. 
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In both structures reinforcement corro- 
sion in terms of loss in cross section was 
negligibly small. The electrical continuity 
of the reinforcement, assessed by measur- 
ing the electrical resistance between two re- 
mote points of the area to be treated was 
found to be very good and no electrical 
short-circuits were detected. A few spalled 
areas, with cracks or visibly bad concrete 
quality were repaired conventionally with a 
suitable mortar prior to electrochemical 
treatment. 

8.6.3.5 Electrochemical Treatment 
and Monitoring 

After having installed the electrical con- 
nections to the rebars (two on both sites) the 
anode system was mounted on the concrete 
surface. For the realkalization job specially 
designed plastics tanks about 10 cm thick 
were mounted with a rubber seal on the con- 
crete surface. The anode built into the tanks 
was activated titanium mesh. The electro- 
lyte used was a 1 M sodium carbonate 
(Na,CO,) solution. A current density of ca. 
2 A m-2 was applied for 12 days, during 
which time the resistance of the system (and 
thus the voltage) decreased due to an in- 
crease in conductivity of the concrete pore 
solution (Gabriel, 1996). The total charge 
passed was 1.5 x lo6 C rn-, (equivalent to 
ca. 420 A h m-2). 

For the chloride removal, a titanium 
anode mesh was mounted on small wooden 
strips and embedded in a layer of wet cel- 
lulose fibres sprayed on the concrete sur- 
face. Tap water was used as electrolyte. A 
current density decreasing from about 0.8 to 
0.3 A h m-2 was applied during the treat- 
ment time of eight weeks, the total charge 
passed was ca. 5 x lo6 C m-2 (Elsener et al., 
1993). In addition to the continuous regis- 
tration of the rectifier voltage, current den- 
sity and total charge flow, small holes were 

drilled by the contractors in the treated are- 
as of the concrete so as to determine the re- 
sidual chloride content or the sodium con- 
tent of the concrete respectively during the 
treatment. 

8.6.3.6 Control of the Effectiveness 

The goals of the electrochemical repair 
methods is to check ongoing corrosion of 
the rebars by increasing the alkalinity of the 
pore solution and to extract chlorides from 
the concrete cover. No official standard for 
the acceptance of the treatments exists, but 
at the end of the treatment the effectiveness 
should be checked. This can be done by di- 
rect measurements (half cell potential map- 
ping) or by indirect means (chloride content, 
sodium profiles, total charge flow, etc.). 

Immediately after switching off the cur- 
rent, half cell potentials below - l .  l V CSE 
were measured, whereas after 1 day the po- 
tentials of the realkalized surface ranged 
from -0.7 to -0.9 V CSE. As already ob- 
served in the chloride removal treatment, 
the depolarization process of the steel is 
quite slow (Elsener et al., 1998c) and con- 
trolled by oxygen access. After about one 
month the potentials stabilized around 
-0.25 V CSE; at longer times a trend to- 
wards slightly more positive potentials can 
be noted. Thus, meaningful half cell poten- 
tials can be measured only several weeks af- 
ter completion of the treatment. In addition, 
careful interpretation of the results is nec- 
essary: 

- After electrochemical chloride removal 
the negative potentials indicating corrod- 
ing areas disappeared, the potential field 
became more homogeneous. The average 
value of the half cell potentials is shifted 
by about 80 mV to more positive values, 
indicating that corroding areas with neg- 
ative potentials have repassivated. 
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- After electrochemical realkalization, half 
cell potential values of about -0.2 V CSE 
were measured, thus the potentials shift- 
ed to more negative values by about 
250 mV compared with the values of the 
untreated control field. This behaviour 
can be rationally explained bearing in 
mind that (a) the concrete cover after 
the ER treatment has a much lower resis- 
tivity (sodium bicarbonate in the pore so- 
lution) and (b) passive steel in concrete 
acts as a pH electrode. The potential 
values measured indicate that the steel/ 
concrete interface has become more alka- 
line. 

- The presence of a homogeneous potential 
field after the treatment is considered a 
strong indication of repassivation (Else- 
ner et al., 1993, 1998b). In this context it 
is interesting to note that the potential 
field over the treated area was quite ho- 
mogeneous already after 7 days and no 
signs of the ‘corrosion spots’ existing be- 
fore the treatment could be observed. 
Other electrochemical techniques (gal- 
vanostatic pulse, potentiostatic polariza- 
tion at a positive potential) have been ten- 
tatively used to assess the corrosion state 
of the rebars. 

The increase in alkalinity at the rebar sur- 
face by electrolysis and the migration of 
ions (chlorides) by electromigration are re- 
lated to current density or - integrated over 
time - the charge flow. Laboratory and field 
tests of ECR have shown that the process of 
chloride removal becomes inefficient at a 
total charge flow > 1500 A h m-’ and the 
treatment can then be stopped. It has been 
suggested by the authors that this might be 
due to the comparatively slow release of 
bound chlorides (Elsener et al., 1993). This 
hypothesis is sustained by the fact that in a 
second chloride removal treatment 9 months 
later a further 50% of the total chloride con- 

tent was removed. In electrochemical realk- 
alization contractors operate with an empir- 
ical value of 450 A h m-2 that should flow 
during the treatment in order to produce suf- 
ficient hydroxyl ions at the rebars. In any 
case, the total charge flow can only be in- 
dicative of an overall quality of the treat- 
ment as it gives no local information on re- 
duction of chloride content or repassivation 
of corroding rebars. 

Determination of the sodium content in 
depth profiles is often used by contractors 
as additional criteria for the realkalization 
treatment effectiveness. The presence of 
sufficient carbonate in the sodium carbo- 
nate-bicarbonate system results in a pH of 
10.5- 11 which is stable with respect to car- 
bonation due to CO, from the atmosphere. 
Laboratory experiments have shown that 
black steel is passive in such a solution 
(Mietz et al., 1994). However it should be 
noted that the sodium content does not pro- 
vide a direct indication of steel repassiva- 
tion nor of the pH value around the rebars. 

The residual chloride content in the con- 
crete after electrochemical chloride remov- 
al, determined on cores removed after treat- 
ment, can be taken as acceptance criteria. 
On structures with inhomogeneous chloride 
contamination (frequently the case) it may 
be difficult to obtain representative infor- 
mation. It is necessary to analyze several 
cores and only a statistical treatment of the 
data can provide the overall efficiency of the 
treatment (Elsener et al., 1993). The limits 
of acceptable chloride concentration can be 
higher than the thresholds for chloride initi- 
ation due to the hydroxide concentration in 
the pore solution around the rebars. 

8.6.3.7 Durability of the Treatment 

The durability of electrochemical repairs 
depends on a stable passive state of the re- 
bars being maintained, as both recarbona- 
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tion (loss in alkalinity) and an increase in 
chloride concentration at the steel surface 
has to be avoided. On the two test sites, six 
years after chloride removal and two years 
after realkalization, the whole treated sur- 
faces remained in the passive state. 

- After completion of the ECR treatment a 
thin polymer modified cementitious coat- 
ing was applied to avoid further chloride 
penetration. Half cell potential measure- 
ments taken six years after treatment 
showed a homogeneous potential field at 
potentials around -50 mV CSE; the re- 
bars in the treated area remained fully 
passive (Elsener and Bohni, 1996a). The 
same results were found at the Canadian 
test site (Burlington Skyway) (Roti, 
1994). 

- No surface treatment was applied after 
completion of the realkalization. Half cell 
potential measurements after six months, 
one year and two years showed a homo- 
geneous potential field with values of 
around -0.2 V CSE. Thus it seems that 
the presence of the Na,CO, solution in 
the pore volume of the concrete can main- 
tain a pH value of > 10.5 and the rebars 
remain passive. Investigations on other 
buildings after realkalization showed that 
no leakage of the sodium content in the 
concrete occurred (except in the outer- 
most 5 mm) over four to six years (Roti, 
1994; Odden, 1994). 

Negative side effects as loss in bond 
strength (Vennesland et al., 1996) can be 
avoided by running the treatments within 
the design specification of the current den- 
sity, e.g. not exceeding 2 A m-* (Mietz, 
1998; COST 509, 1997). Electrochemical 
repair methods are not recommended in cas- 
es where alkali-reactive aggregates are 
present (Page et al., 1996) and when high 
strength steel is embedded directly into con- 

crete. Post-tensioned structures with high 
strength steel in a duct need thorough inves- 
tigations. 

8.6.4 Traditional Repair Methods 

As described in detail in the RILEM 124 
SRC recommendation (RILEM, 1994), the 
basic repair methods for carbonation in- 
duced corrosion consist in repassivation of 
the steel by a mortar layer or by local repair. 
The procedure for patch repair is described 
in the published guidelines (e.g. Bentur 
et al., 1997). Limitation of the concrete 
moisture content is another repair principle, 
its aim is dry out the concrete, e.g. when 
additional facade elements are mounted to 
reduce energy consumption. When carbo- 
nated concrete is not completely removed in 
the vicinity of the reinforcement, corrosion 
occurs after repair when sufficient moisture 
is present (Schiessl and Breit, 1996). 

In the case of chloride induced corrosion 
repair is much more difficult than for car- 
bonation induced corrosion. The chloride 
content of the concrete causing depassiva- 
tion depends on various factors (see above) 
and needs to be defined in every single case 
by an experienced specialist assessing the 
damaged structure (RILEM, 1994). The fact 
that the repair of a local corrosion site may 
cause corrosion in another, previously un- 
corroded area because the local active cor- 
rosion may have cathodically protected 
neighboring areas, should be taken into 
account. Thus the concrete in all areas in 
which the critical chloride content is ex- 
ceeded has to be removed, irrespective of 
whether damage is visible or not (Schiessl 
and Breit, 1996). Half cell potential map- 
ping is a suitable tool for assessing the ex- 
tent of concrete to be removed (Elsener, 
1995). 
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8.7 Outlook 

Looking at existing RC structures corro- 
sion of steel in concrete is the main cause of 
premature deterioration and has very impor- 
tant economic implications today. Engi- 
neers responsible for design and execution 
of RC structures thus should be aware of the 
mechanisms of corrosion and the possible 
risks especially of chloride induced corro- 
sion. Indeed, a major departure from the past 
design philosophy can be observed: instead 
of considering only the structural safety of 
a new structure, important aspects of dur- 
ability are more and more included in the 
new design codes. Furthermore the concept 
of life cycle costing is introduced: the wide 
range of options of preventive measures (for 
new structures) or of repair (for existing 
structures) presented in this section can im- 
prove the durability - but it is important to 
decide which of these options provide the 
best value for money. One way of achieving 
this may be to assess to what extent an in- 
crease in the cost of construction or of re- 
pairs resulting from the use of these options 
can be recovered by a reduced requirement 
for subsequent maintenance. To carry out 
life cycle costing, data on the rates of dete- 
rioration of the structure or parts of it are re- 
quired - thus the knowledge of the corro- 
sion rate of steel in concrete and the influ- 
ence of the (micro)climatic parameters such 
as temperature and humidity become a crit- 
ical factor. 
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9.1 Introduction 

The basic corrosion processes affecting 
the materials used in electronic and photo- 
nic devices are similar to those affecting 
these same materials in many other applica- 
tions. The two factors that distinguish cor- 
rosion of electronic and photonic devices 
are the presence of an applied voltage or in- 
tense light beams, and the small, frequently 
microscopic dimensions of the device fea- 
tures. With feature sizes for integrated cir- 
cuits now approaching 0.1 pm and gate ox- 
ide thicknesses demonstrated at < 2  nm, 
minute amounts of corrosion that would be 
inconsequential for most applications are 
catastrophic for many electronic and photo- 
nic devices. 

The primary areas of importance with re- 
spect to corrosion engineering are environ- 
mental effects, product design and materi- 
als selection, and processing related corro- 
sion. Environmental effects are the most dif- 
ficult to predict and prevent and will be em- 
phasized in this discussion. Design strate- 
gies for mitigating the effects of corrosion 
in all three areas will be presented through 
a series of examples relevant to each. In 
some cases, the potential for corrosion in 
new devices is best assessed through appro- 
priate accelerated-life-testing. Some meth- 
ods developed and practiced by the authors 
and colleagues will be discussed. 

9.2 Understanding and Preventing 
Harmful Environmental Effects 

9.2.1 Sources and Deposition 
of Contaminants 

For the most part, electronic and photo- 
nic devices are housed in enclosures that of- 
fer at least some protection from the direct 
impact of rain, snow, and wind. In many 

cases temperature and, less frequently, hu- 
midity are also controlled to some extent. 
Nevertheless, these environments present a 
complex array of hazards to performance. 
While these environments are less harsh 
than many others of concern to the corro- 
sion research community, e.g. chemical re- 
actors and jet engines, their effects are par- 
ticularly difficult to mimic through acceler- 
ated-life-testing because of the many pos- 
sible chemical and physical interactions that 
can take place between the environment and 
materials in the presence of electrical bias. 

The typical environments to which these 
devices are exposed contain all the compo- 
nents present in outdoor environments, e.g., 
gases derived from fossil fuel combustion 
(sulfur dioxide (SO,) and nitrogen oxides 
(NO,)), particulate matter, and microbes 
(Sinclair, 1995), as well as components de- 
rived from indoor sources, e.g., outgassed 
vapors from carpets, paints, plastic furnish- 
ings, cooking, manufacturing activities, of- 
fice equipment, appliances, cleaning solu- 
tions, waxes, and wax strippers (Shields and 
Weschler, 1992; Muller et al., 1994). The 
primary environmental factors include tem- 
perature, vapor phase and condensed mois- 
ture, gases, particles, electric fields, and air 
velocity. Vibration, mechanical stress, ther- 
mal shock, and solar radiation also occa- 
sionally contribute to materials degradation 
in these environments. 

The most important material component 
of the environment with respect to degrada- 
tion of electronic devices is particles (Sin- 
clair, 1988; Frankenthal et al., 1993). Most 
of the mass of particulate matter in the at- 
mosphere exists in the size range 0.1 to 
15 pm. Within this range, the mass exhibits 
a bimodal distribution. Particles 2.5 - 15 pm 
are largely derived from natural materials 
and are usually called coarse particles, while 
particles 0.1-2.5 pm, usually called fine 
particles, are primarily derived from anthro- 
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pogenic sources. Indoor and outdoor mass 
concentrations of fine and coarse particles 
for a typical telecommunications office 
building and an electronics assembly envi- 
ronment, along with concentrations of wa- 
ter-soluble ions, are shown in Table 9-1 
(Sinclair et al., 1992). The mass abundance 
of fine particles outdoors is of the same or- 
der of magnitude as that of coarse particles, 
while their number density (typically lo7 to 
lo9 particles m-,) is three or four orders of 
magnitude greater. 

Coarse particles are largely mineralog- 
ical in composition and form predominant- 
ly as a result of human activity (mechanical 
processes) or by the action of wind or other 
abrasion processes on soils. The predomi- 
nant source of fine particles in developed 
parts of the world is fossil fuel combustion, 
though volcanic and geological activity can 

Table 9-1. Average airborne concentrations (ng m-3). 

sometimes be a significant source. These 
particles are formed by a complex ensem- 
ble of chemical and photochemical process- 
es in which SO2 and NO, formed by fossil 
fuel combustion are further oxidized over a 
period of hours or days to sulfuric acid 
(H,SO,) and nitric acid (HNO,). As these 
acid molecules form, they are quickly neu- 
tralized to varying extents, depending on the 
environment, by ambient ammonia (NH,) 
derived predominantly from fertilization of 
farms, feedlot activity, and humans. The 
particles that initially form are smaller than 
0.1 pm but rapidly grow, through conden- 
sation, on seed nuclei of carbonaceous ma- 
terial (also largely from fossil fuel combus- 
tion) to the stable size range of fine parti- 
cles. With any particle, the higher the frac- 
tion of water-soluble ions, the higher is the 
corrosivity. The concentrations shown in 

Newark, NJ Andover, MA 
Telecommunications center Manufacturing plant 

Indoor Outdoor Indoor Outdoor 

Fine particles 

Mass concentration 
Chloride 
Sulfate 
Sodium 
Ammonium 
Potassium 
Magnesium 
Calcium 

Coarse particles 

Mass concentration 
Chloride 
Sulfate 
Sodium 
Ammonium 
Potassium 
Magnesium 
Calcium 

2 880 
4 

72 1 
14 
168 
19 
2 
10 

605 
4 
25 
3 
0 
2 
1 

20 

18 090 
66 

5214 
103 

1631 
53 
14 
25 

I2 340 
502 
725 
446 

1 
30 
90 
297 

12200 
15 

2 840 
39 
846 
36 
4 
17 

3 150 
43 
104 
35 
13 
24 
5 

101 

13 600 
37 

4 339 
69 

1573 
52 
8 

31 

8 000 
300 
376 
269 
26 
2s 
29 
245 
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Table 9- 1 were determined by ion chroma- 
tography after the particles had been collect- 
ed on Teflon filters that were then extracted 
with water. Due to their entirely different 
origin, coarse particles tend to have a much 
lower fraction of water-soluble ionic com- 
ponents (5-20%) than fine particles (25- 
50%), excluding hydrogen (H+), hydroxyl 
(OH-), and carbonate (Cog) ions (Sinclair 
et al., 1992). As a result, coarse particles are 
substantially less corrosive than fine parti- 
cles. 

In electronic equipment, coarse particles 
sometimes cause malfunctions by interrupt- 
ing electrical contact between mating pairs 
of contacts on connectors or relays. The crit- 
ical relative humidity (CRH) at which 
coarse particles begin to absorb significant 
amounts of ambient moisture is substantial- 
ly higher than that for fine particles, typi- 
cally well over 80%. In contrast, the CRH 
of some of the major ionic components 
found in fine particles in most urban envi- 
ronments, given in Table 9-2 (Lide 1990; 
Nelson, 1972), are below 70%. Atmospher- 
ic moisture or relative humidity (RH) is thus 
a critical ingredient for most of the degra- 
dation processes affecting electronic devic- 
es. The electrolyte films that form on sur- 
faces contaminated with fine particles when 
they absorb moisture are corrosive to many 
metals and can also lead to electrolytic cor- 
rosion when an electric field exists between 
conductors. 

Table 9-2. Critical relative humidity (%RH)  for the 
formation of saturated salt solutions (24 "C). 

Salt % RH 

The indoor concentrations of fine parti- 
cles in commercial buildings can range from 
20% to 50% of the outdoor concentrations 
(Sinclair et al., 1992), depending on: 

the efficiency of the air filtration system, 
including both the building systems and 
equipment filters; 
the rate at which outdoor air is brought 
into the building or enclosure; and 
indoor sources such as smoking or vigor- 
ous human activity. 

Concentrations within homes, sheds, and 
utility huts can range from 20 to 75% of the 
outdoor concentration due to: 

- the penetrability of these particles 
through air-leakage pathways or open 
doors or windows; 

- the low efficiency or absence of air filtra- 
tion for these particles; and 

- indoor sources like those mentioned 
above for coarse particles, as well as aero- 
sols derived from liquid processes. 

For the most part, corrosive gases should 
no longer be a significant cause of failure of 
electronic and photonic devices. This is due 
in large part to the engineering know-how 
gained from many years of experience in de- 
signing and packaging devices to mitigate 
these effects. Nevertheless, cost considera- 
tions, particularly with respect to consumer 
electronics, sometimes cause designers to 
make compromises that overlook the hard 
lessons of the past. The relevant corrosive 
gases include SO2 and NO, (primarily NO 
and NO,), as mentioned, as well as organic 
acids such as formic and acetic acids, hydro- 
chloric acid (HCl), hydrogen sulfide (H,S), 
carbonyl sulfide (COS), mercaptans (RSH, 
where R is an alkyl group), and organic sul- 
fides, including dimethylsulfide ((CH,),S) 
and dimethyl disulfide ((CH3)*S2). The in- 
door concentrations of SO, and NO, are 
usually reduced by a factor of 2 to 10 from 
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their outdoor concentrations in air-condi- 
tioned commercial buildings, while the con- 
centrations of organic acids, hydrochloric 
acid, hydrogen sulfide, and sulfur-contain- 
ing organic molecules can be less than, sim- 
ilar to, or even greater than the outdoor con- 
centrations, depending on the existence of 
indoor sources. Typical indoor and outdoor 
concentrations that equipment should be 
able to tolerate without exhibiting signifi- 
cant degradation are shown in Table9-3 
(Comizzoli and Sinclair, 1993). These val- 
ues are intended to represent average annu- 
al concentrations at roughly the 95th per- 
centile, i.e., only 5 %  of all locations are like- 
ly to exhibit higher average annual concen- 
trations than those indicated. Some judg- 
ment was exercised in setting these values, 
as the available data are frequently insuffi- 
cient to be quantitative. 

Corrosion of metals by corrosive gases 
can exhibit a similar strong dependence on 
RH to that seen for fine particles. For exam- 
ple, silver is very reactive to H,S, with a 
strong RH dependence. However, silver 
shows no RH dependence in its reactivity 
with vapors of elemental sulfur (Reagor and 
Sinclair, 1981). Iron, on the other hand, is 

rapidly corroded by SO2 at RH > about 75 % 
but reacts much more slowly below this RH. 
Vernon (1935) first described this critical 
relative humidity (CRH) concept in the 
1930s. Of course, outdoor RH spans a wid- 
er range than indoor RH in most climates. 
RH above 75% is unusual for most com- 
mercial buildings and many homes, but typ- 
ical outdoor conditions may be present in 
some manufacturing environments, storage 
sheds, and equipment huts. 

Organic gases are usually not directly 
corrosive but can play an important role in 
the aging of surfaces. These gases may be 
derived from natural or anthropogenic 
sources. The typical total abundance of all 
organic gases, shown in Table 9-3 (Shields 
and Weschler, 1992; Muller et al., 1994), is 
much higher than the total of all inorganic 
pollutant gases combined. Many of these 
organic species have much higher concen- 
trations indoors than outdoors, especially 
those derived from outgassing of indoor ma- 
terials. Some typical arrays of organic va- 
pors found indoors and their likely sources 
have been described elsewhere (Shields and 
Weschler, 1992; Muller et al., 1994). These 
gases competitively adsorb on surfaces with 

Table 9-3. Design benchmarks for atmospheric gaseous pollutantsa 

Species 

United States Non-US 

Outdoor Indoor Outdoor Indoor 

SO? 
H$ 
NH, 
NO, 
HNO.3 
0, 
Reactive chlorineb 
Volatile organics' 

50 
2 

50 
60 
4 
50 
4 

1200 

25 
2 

0.5 
40 
2 
30 
2 

1500 

I00 50 
6 4 

50 2 
50 35 
2 1 

50 30 
6 3 

I200 5000 

a Parts per billion of air by volume (ppbv). 
Mostly HCI, but includes CI, and HOCI. 
Methane is excluded. Concentrations are expressed in ppbv of carbon. 
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the corrosive gases and atmospheric mois- 
ture. The presence of an organic film on a 
surface can alter its wettability. The effects 
of these adsorbed films on corrosion rate 
have generally not been quantified. Organ- 
ic gases can also affect the performance of 
electrical contacts, particularly arcing con- 
tacts found in electromechanical relays, as 
will be discussed. 

Deposition of contaminants on surfaces 
depends not only on their concentration but 
also on their migration rate to the surface. 
The transport of fine particles and of gases 
to surfaces tends to be similar but is substan- 
tially different from the transport of coarse 
particles to surfaces. The relevant factors 
that may influence the migration of contam- 
inants include gravity, air velocity, temper- 
ature, electric fields, and surface configura- 
tion. Since coarse particles are sufficiently 
large to deposit by gravitational settling, 
they are found predominantly on topside 
horizontal surfaces, unless air velocities are 
very high and surfaces are tacky. The resi- 
dence time of typical coarse particles sus- 
pended in the air of an ordinary room is a 
maximum of a few minutes. On the other 
hand, the migration of fine particles and cor- 
rosive gases is largely driven by convective 
diffusion. They can remain in the air of a 
room for hours and even days, depending on 
the air exchange rate of the room. They de- 
posit with roughly equal likelihood on all 
surface configurations and are able to pen- 
etrate narrow spaces more easily than coarse 
particles. 

For particles, the ratio of the surface ac- 
cumulation rate to the airborne concentra- 
tion is a useful physical parameter that is 
commonly referred to as the deposition ve- 
locity. The deposition velocity is the trans- 
fer coefficient for transport across the con- 
centration boundary layer at the surface. 
Approximate deposition velocities that can 
be used for estimating fine and coarse par- 

Table 9-4. Deposition velocities of airborne particles 
(cm s-'). 

Conditions Fine Coarse 
(air velocity) (0.1-2.5 pm) (2.5-15 pm) 

Outdoor 0.6 0.6 
(250- 1000 cm s- I )  

Office building 0.006 0.6 
(2-4 cm s-I) 

Clean room 0.009-0.09 0.6 
(50 cm s-I) 

ticle deposition rates, in the absence of ther- 
mophoretic forces and electric fields, are 
given in Table 9-4 (Sinclair, 1995). 

As can be seen, air velocity has a dramat- 
ic effect on the arrival rate of fine particles 
at surfaces. For example, the deposition ve- 
locity of fine sulfate-containing particles 
was measured to be 0.005 cm s-' in elec- 
tronic equipment rooms, where the linear air 
flow velocity is typically a few cm per sec- 
ond (Sinclair et al., 1992). However, for 
electronic equipment cabinets within these 
rooms in which rapid air flow is required to 
dissipate the high heat loads, the deposition 
velocity is likely to range from 0.1 to 
1.0 cm s-l (Sievering, 1982; Wesely et al., 
1977). From these data, the predicted arri- 
val rate of particles on surfaces within 
forced-air cooled electronic equipment cab- 
inets is 20-200 times that for a normal of- 
fice building environment having the same 
airborne particle concentration. Clearly, the 
need to use forced-air cooling requires de- 
signers to take steps to insure that equipment 
has been adequately tested and hardened to 
the increased risk from environmental ef- 
fects. It is important to keep in mind that 
these deposition velocities apply in the ab- 
sence of thermophoretic forces or electric 
fields. Particle transport through boundary 
layers in the presence of thermophoretic and 



9.2 Understanding and Preventing Harmful Environmental Effects 445 

electric fields is complex but predictable 
(Donovan et al., 1985). For coarse particles, 
thermophoretic and electric forces can usu- 
ally be ignored. For fine particles, they can 
be very important. If the surface of an oper- 
ating device is expected to be > 10 "C cool- 
er or warmer than the ambient, or if the sur- 
face is expected to be > 100 V above or be- 
low ground potential, these effects need to 
be considered. Cool surfaces increase the 
particle deposition rate, while warm surfac- 
es decrease it (analogous to condensation 
but for different reasons). Experience has 
shown that surfaces biased at a few hundred 
volts collect fine particles at >5 times the 
rate of grounded surfaces. 

Equally important as the deposition ve- 
locity is the sticking probability. The com- 
bination of these determines the rate at 
which the contaminants accumulate on and 
possibly degrade the surface. Both fine and 
coarse particles are expected to have stick- 
ing probabilities close to one, recognizing 
that coarse particles only collect on top-side 
horizontal surfaces. Thus, in the absence of 
cleaning, accumulation will be continuous 
and linearly related to airborne concentra- 
tion for all species that are chemically 
stable. This behavior contrasts sharply with 
that of gas phase species, for which sticking 
probabilities range from zero to one, de- 
pending on the surface, gas, and exposure 
time. 

Another possible cause of materials deg- 
radation in indoor environments is mi- 
crobes. The authors and colleagues have 
seen only a few instances in the past 25 years 
where microbes were found to be respon- 
sible for failures in electronic equipment 
and devices. Curiously, there have also been 
a few instances in which failures have been 
attributed to insects, including black widow 
spiders infesting remote equipment huts and 
rodents depositing corrosive substances, 
e.g. urine, on circuit boards. Design engi- 

neers should be aware of microbial, insect, 
and rodent related corrosion but will need 
to rely on engineering intuition to decide 
if microbes, insects, or rodents could be an 
issue. 

9.2.2 Effects of Environmental 
Contamination 

9.2.2.1 Leakage Currents and Arcing 
Caused by Water-Soluble Ionic Dust 
and other Contaminants 

Ionic contaminants associated with dust 
particles, manufacturing contamination, 
flux residues, and inappropriate cleaning 
processes are the most common cause of 
equipment failures related to high leakage 
currents and arcing. In most environments, 
the submicron particles found in dust de- 
posits are predominantly water-soluble 
ionic compounds, such as NH4HS04 and 
NH4N0, . These compounds tend to be hy- 
groscopic above 50-65% RH. On a circuit 
board, the absorption of moisture by depos- 
ited particles or other ionic contaminants 
may result in the formation of an electrolyte 
adjacent to an electrical lead. If the electro- 
lyte extends to another electrode operating 
at a different voltage from that on the lead, 
current flows between the two conductors. 
The current may cause soft errors or 'cross 
talk.' In extreme cases damaging arcs or 
corrosion of the conductors may occur. Fig. 
9-1 shows leakage currents versus ambient 
RH for dust collected in various equipment 
locations around the world. In typical cas- 
es, the leakage current increases exponen- 
tially with RH. For conductive contami- 
nants (e.g., graphitic carbon or metallic 
dust), high leakage currents may occur even 
at low RH. Covercoats can be effective in 
preventing hazardous leakage currents as- 
sociated with deposition of dust particles on 
circuit boards. However, even when high re- 
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liability covercoats are used, the exposure 
of leads and electrical contacts may be un- 
avoidable. 

The maintenance of the RH below 60% 
in electronic equipment locations minimiz- 
es the risk of hazardous leakage currents. 
Rapid changes in environmental conditions 
can lead to moisture condensation and cor- 
rosion. In one scenario, failure of an air-con- 
ditioning system results in warm, moist air 
from outdoors coming in contact with cool 
equipment surfaces. In another scenario, re- 
starting a failed air-conditioning system 
causes an equipment room filled with warm, 
humid air (because of the failure of the air- 
conditioning equipment) to become foggy 
due to the sudden influx of cool air. The like- 
lihood of condensation is exacerbated by the 
presence of dust and other ionic contamina- 
tion. Similar problems may be caused by: 

placing recently delivered cold equip- 
ment into a warm room; 
sudden environmental changes while 
equipment is in transit that are induced, 
for example, by thunderstorms or rapid 
ventilation of a trailer that has been sit- 
ting in the hot sun; or 

Figure 9-1. Leakage current as a 
function of RH, showing exponen- 
tial dependence. The blank is a clean 
circuit. Synthetic No. 3 is a finely 
ground mixture of the dust, as de- 
scribed in Table 9-5. Paris, Canfield, 
West Virginia, and Hartsville are US 
sites. Mt. Pinatubo is volcanic ash 
collected at the time of the 1991 
eruption. Its low dependence on RH 
is explained by its lower fraction of 
water-soluble ionic material. Kuwait 
dust was collected at the height of 
the oil fires in 199 1 .  Its high gra- 
phitic carbon content causes its high 
conductivity at low RH. 

equipment housings with leaky seals that 
can lead to pumping of rain water into the 
housing if it is initially hot and then rap- 
idly cooled by the rain, thereby inducing 
negative pressurization. 

A related but less frequent manifestation 
of dust-related malfunctions is depicted 
in Fig. 9-2. Experience has shown that the 
deposition rate of dust sharply increases 
in very dry environments (<20% relative 
humidity). This electrostatically enhanced 
deposition typically produces a dendritic 
deposit that may bridge the gap between ad- 
jacent conductors. As long as the relative 
humidity remains below 55%,  few effects 
on equipment performance are observed. 
However, at higher humidity levels, the 
fine-particle component of the dendrites 
may absorb sufficient moisture to enable a 
low-level leakage current to flow through 
the dendrite. Soft errors or ‘cross talk’ may 
result. 

In addition to electrical leakage and arc- 
ing, dust and other ionic contaminants can 
lead to corrosion of metal conductors and 
ultimately to open circuits. A water-soluble 
corrosion product may also migrate to the 
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Figure 9-2. A dust dendrite on a printed circuit board between conductors (conductor on the right side is not 
shown). The dendrite deposited at low relative humidity. Upon subsequent exposure to high relative humidity, 
the dendrite picked up sufficient moisture to become electrically conducting, resulting in electrical shorts and 
soft errors. 

negative conductor, where it can be reduced ductive carbon bridges. In the absence of ap- 
to form a metallic deposit that grows toward propriate limitation of current, a fire could 
the positive conductor, eventually forming result. The relevant electrochemical pro- 
a short circuit. In some situations, a compo- cesses are shown in Fig. 9-3. Again, the 
nent-damaging arc may occur. Severe arc- combination of contamination, moisture, 
ing can pyrolyze circuit boards to form con- and bias are required. To prevent leakage 

Figure 9-3. The schematic shows 
electrochemical corrosion processes 
associated with ionic contamination 
on circuit boards and other devices 
with copper conductors. In the pres- 
ence of atmospheric moisture, con- 
taminant residues like sodium chlo- 
ride form sodium ions (positive) and 
chloride ions (negative). Current 
flows between metal lines due to mi- 
gration of ions to electrodes of oppo- 
site polarity. For many metals, the 
anode corrodes when the potential 
becomes sufficiently positive. The 
anode metal dissolves and metal ions 
migrate towards the cathode where 
they may be redeposited. 
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currents and corrosion in field operations, it 
is essential that: 

- covercoats are defect free, which can be 
evaluated by appropriate dust exposure 
tests, as discussed later; 

- design rules and specifications with re- 
spect to bond pad and line spacings are 
strictly followed; and 

- the environment is maintained within de- 
sign specifications. 

9.2.2.2 Corrosion of Band Pass Filters 
by Electrical Discharges Within the 
Cavity 

In the early 1980s, new band pass filters 
were developed for use in mobile telecom- 
munications systems. System performance 
degradation was observed when some of the 
filters exhibited increased transmission 
loss. Examination of the internal surfaces of 
a cavity revealed extensive corrosion, espe- 
cially near a tuning screw (Fig. 9-4). The 
cavities were constructed of aluminum, 

which was coated in sequence by a thin layer 
of zinc, a thick layer of copper, and a very 
thin layer of silver. The transmission loss 
was due to dimensional changes in the cav- 
ity caused by arcing and subsequent corro- 
sion. Ordinarily, this metallization will not 
corrode if it is clean and dry. In the presence 
of sufficient surface contamination and 
moisture, corrosion is expected. Chemical 
analysis confirmed that manufacturing con- 
tamination could not be the cause of the ex- 
tensive metal nitrate corrosion products 
found in the cavity. Further analysis and 
testing then discovered that the electric 
fields within the cavity could become large 
enough to cause ionization of air molecules 
and arcing (Schaffert, 1965). The ionized ni- 
trogen, oxygen, and water molecules 
formed nitric acid, which then corroded the 
cavity. The solution to the problem was a 
design modification that eliminated the pos- 
sibility of acid build-up (by venting the fil- 
ter), thereby preventing the corrosion. 

Figure 9-4. High electric fields in a microwave cavity generate a discharge in air to form nitric acid. The nitric 
acid reacts with the metal housing and tuning screw, forming corrosion products and altering the critical dimen- 
sions of the cavity. The result is increased transmission loss. 



9.3 Product Design and Materials Selection 449 

9.3 Product Design and Materials 
Selection 

9.3.1 Passivation Issues 
with Laser Facets 

In general, diode lasers are hermetically 
packaged for telecommunications use, and 
even for applications with less stringent re- 
liability requirements. However, the ability 
to incorporate a diode laser into a non-her- 
metic package or module would result in 
significant cost advantages, including more 
flexible assembly techniques that are com- 
patible with mass production. 

A recent study (Osenbach et al., 1997) of 
the reliability of InP-based diode lasers in 
non-hermetic conditions has shown that the 
commonly used facet coating layer, yttria- 
stabilized zirconia (YSZ), degrades in the 
presence of water vapor. In a typical experi- 
ment with lasers operating under conditions 
of 85 "C and 90% RH, the lasers failed with 
a median life of less than 1000 h. In this 
study, the median life of these lasers was de- 
termined as a function of RH and tempera- 
ture, so that acceleration factors for these 
parameters could be determined. Applica- 
tion of these acceleration factors indicated 
that the median life in a test at 85°C and 
90% RH must be at least 3000 h to meet the 
field reliability expected by telecommuni- 
cations providers. Thus, typical lasers used 
in hermetic packages do not have sufficient 
reliability for non-hermetic applications. 

The failure mechanism in the stress tests 
involved oxidation of the semiconductor 
material under the facet coating. Under bias 
and high RH, the growth of an oxide caused 
delamination of the facet coating from the 
laser. As the facet coating is pushed away 
from the laser, the reflectivity of the facet 
changes from the design value, resulting in 
reduced light output from the laser. The ox- 
idation of the semiconductor also causes 

light scattering, further reducing the light 
output. This oxidation of the semiconductor 
occurred reasonably uniformly over the full 
width of the surface near the upper edge 
of the facet, as shown schematically in Fig. 
9-5. In about 10% of the failures, however, 
oxidation occurred locally near the intersec- 
tion of the active region with the facet. This 
occurred at local defects (pinholes) in the 
facet coating. When the oxidation process 
intersected the active region, gross changes 
in reflectivity caused a reduction in light 
output. This process is illustrated in Fig. 
9-6. 

Figure 9-5. (a) Perspective view of laser diode show- 
ing facet coating on laser facet. Also shown are the 
locations of the probable corrosion reactions contrib- 
uting to the oxidation of the semiconductor. The top 
contact of the laser is biased positively so that oxida- 
tion occurs there at the edge of the facet coating. Pos- 
sible reactions at the negatively biased regions are 
also shown. (b) With time, the oxide continues to grow 
and causes delamination of the facet coating. 
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Figure 9-6. Cross-section view through the active re- 
gion of the laser indicating semiconductor oxidation 
at a local defect in the facet coating. 

These electrochemical processes must be 
eliminated or the rate of reaction must be re- 
duced to prevent failure of the laser in the 
presence of moisture over the desired life- 
time of the device. Facet coating films that 
eliminate or reduce the oxidation processes 
have been developed recently. Key proper- 
ties of such films are good adhesion, ab- 
sence of voids, low water absorption, and 
chemical resistance to water. One example 
of such a film is silicon oxide deposited 
by a molecular beam deposition process 
(Chand et al., 1996). 

9.3.2 Threshold Voltage Shifts 
in Modulators 

Lithium niobate modulators have been 
used for a number of years in high capacity 
fiber optic transmission systems. The com- 
bination of an external modulator and a CW 
laser produces a more noise-free signal than 
a diode laser modulated by current drive. In 
spite of this advantage, large-scale use of 
modulators was not realized until recently 
because of earlier stability problems (Ko- 
rotky and Veselka, 1996). 

The stability problem involves the DC 
voltage operating point of the modulator. 
The modulator operates by alternately trans- 

mitting and blocking, in response to an 
electrical RF signal, the light delivered to it 
by a fiber. The transmission of the light de- 
pends on the index of refraction of the lith- 
ium niobate, which in turn depends on the 
electric field. The modulator must be biased 
with a DC voltage so that the RF modula- 
tion is operating at an optimum point for 
maximum signal conversion from RF 
electrical to lightwave. The drift with time 
of the operating point voltage, referred to as 
instability, can be compensated by automat- 
ic tracking circuitry; the concern is that, at 
some point in time, the amount of drift may 
exceed the capability of the feedback cir- 
cuitry. 

The light travels through the modulator 
(a slab of lithium niobate) in a lightguide 
formed by diffusion of titanium into the lith- 
ium niobate. The RF signal and DC bias are 
applied to the modulator by metal electrodes 
above the lightguide region. If the metal 
were applied directly to the lithium niobate, 
the metal would absorb the light. Therefore, 
a buffer or spacer layer oxide of lower in- 
dex is deposited before the metal electrodes 
are deposited and formed. Material studies 
in combination with characterization of 
modulator drift rates showed that charge 
drift phenomena in the spacer layer were re- 
sponsible, at least in part, for the drift. An 
example of how charge drift in the spacer 
layer can affect the operating point is shown 
in Fig. 9-7. In this example, positive ions 
under the spacer drift toward the waveguide 
region. This tends to reduce the electric field 
in the spacer and increase it in the lightguide 
region. Other possible mechanisms can be 
imagined, some of which tend to increase 
the field in the lightguide region and others 
of which tend to decrease it. The mecha- 
nisms may involve charge motion on top of 
the spacer oxide, within the oxide, at the 
interface between the spacer and the lithi- 
um niobate, or within the niobate. 
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Figure 9-7. Schematic cross-section of a portion of a 
modulator. In this example, positive bias is applied to 
the signal plate above the waveguide region, while the 
other electrode is grounded. Positive ions in the spac- 
er oxide drift under the influence of the electric field. 
The drift of ions toward the waveguide region results 
in  a decrease of the electric field in the spacer and an 
increase of field in the waveguide region. This kind 
of ionic motion would cause the required DC bias field 
to decrease with time. 

These studies showed that appropriate se- 
lection of spacer materials and processing 
conditions greatly reduced charge drift ef- 
fects, resulting in enhanced stability. The 
use of conducting charge dissipation layers 
also increases stability. With these improve- 
ments, devices can now be produced that ex- 

hibit acceptable drift effects for up to 5,300 
hours at 85°C. This translates into accept- 
able performance for 20 years in the field. 

9.3.3 Metal Migration-Induced Failures 

Metal migration-induced electrical shorts 
have been a hazard to communications 
equipment since the earliest installations of 
electromechanical switches (Kohman et al., 
1955; Shumka and Piety, 1975; Benson 
et al., 1988). Silver-platedfinishes, fired sil- 
ver pastes, and silver-filled epoxies are all 
susceptible to this problem. In the presence 
of surface moisture and an electric field, sil- 
ver ions can form at positive (anodic) met- 
allizations due to oxidation or corrosion. As 
illustrated in Fig. 9-8, when these ions mi- 
grate to negative (cathodic) metallizations, 
the ions plate out in the form of a dendrite. 
The dendrite eventually bridges the gap 
causing a short circuit and an arc. The arcs 
often carbonize organic circuit board mate- 
rials, producing a permanent leakage path 
even if the arc vaporizes the dendrite. La- 
boratory tests show that elevated voltage 
and humidity stressing can accelerate the 

Figure 9-8. Left: Under the influence of an electric field applied across silver conductors, positively charged 
silver ions migrate from the anode to the cathode where they plate out, forming a dendritic structure that even- 
tually grows back towards the anode and causes an electrical short. Right: Micrograph of a silver dendrite. 
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process. A bias of 130 V applied at 90% RH 
for 30 days produces silver migration equiv- 
alent to four years in a typical central office. 
Metal migration shorts can also occur with 
gold, tin, lead, palladium, and copper. Den- 
drites can form on the surfaces of insulators 
or within the insulator, particularly when the 
insulator is a composite. For example, under 
high humidity conditions, fiber-filled insu- 
lators can fail due to metal migration along 
the interface between the fiber and the poly- 
mer. These phenomena can occur in switch- 
es, connectors, circuit boards, and electron- 
ic components. Silver-filled epoxy, some- 
times used for integrated circuit (IC) chip 
mounting, can contribute to silver migration 
when excessive water is present in a hermet- 
ic package. In extreme cases, migration has 
also been observed on gold-metallized ICs 
and on hybrid ICs with soldered conductors. 
For gold, palladium, copper, tin, or lead con- 
ductors, a contaminant such as a chloride is 
usually necessary in addition to water. 

9.3.4 Electrical Contacts and Metallic 
Joints 

9.3.4.1 High Contact Resistance 
on Gold-Plated Connector Contacts 
Caused by Pore-Creep Corrosion 

A common metallization scheme for con- 
nector contacts used on printed circuit 
boards is a gold electroplate over copper 
or copper alloy substrate, usually with an 
intervening thin diffusion barrier layer 
(1.2-2.5 pm) of electroplated nickel or 
nickel-phosphorus alloy. Ordinarily this 
metallization scheme performs well and is 
frequently used in high reliability applica- 
tions. A less reliable and infrequently used 
metallization has silver as the diffusion bar- 
rier. A potential problem with both metal- 
lizations is caused by the inevitable pores 
that exist even in the best quality gold elec- 

troplates of economically appropriate thick- 
ness (0.25- 1.25 pm). Pore densities, as re- 
vealed by the MS 17 000 standard pore test 
(ASTM B 735, B 741, B799), can equal 
10 pores cmP2 or higher for standard elec- 
troplates. While gold does not react with 
corrosive pollutants in the environment, 
substrate metals such as copper and copper 
alloys exposed at the base of pores do react 
with pollutants such as hydrogen sulfide, or- 
ganic sulfur gases, elemental sulfur gas, and 
hydrogen chloride (Egan and Mendizza, 
1960). Nickel is used in many applications 
as the diffusion barrier because it forms a 
stable oxide upon exposure to air and pro- 
tects the substrate metal from reacting with 
corrosive gases except in extreme situa- 
tions, which include oil fields, refineries, 
pulp mills, and packaging in sulfur-rich 
cardboard. Under these circumstances, cop- 
per sulfide, copper oxide, and sometimes 
copper chloride corrosion products form. If 
the reaction products remained confined to 
the base of the pores, their impact on reli- 
ability would be small. Unfortunately, cop- 
per sulfide and copper oxide that form 
near a gold surface ‘creep’, as shown in Fig. 
9-9. They migrate over the surface of the 
gold in time periods as short as a few days 
to weeks, forming an insulating film. The 
gold/silver/substrate metallization presents 
an even greater reliability hazard. Creep 
failure occurs even in ordinary environ- 
ments because silver readily reacts with sul- 
fur gases even when present in low concen- 
trations. The silver sulfide then creeps very 
rapidly across the gold to produce an insu- 
lating surface. The best means of prevent- 
ing failures include: (1) the use of gold elec- 
troplates of low porosity (ASTM B 735 
et al.); ( 2 )  the use of a nickel or nickel-phos- 
phorus alloy diffusion barrier between the 
gold electroplate and copper or copper al- 
loy substrate; (3) avoiding the use of silver 
diffusion barrier layers between gold and 
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Figure 9-9. Surface of a gold-plated electrical contact finger on a printed wiring board showing creep of cop- 
per sulfide originating from pore corrosion of the substrate metal along the edge. The copper sulfide dendrites 
that grow on the gold surface cause high contact resistance when the printed wiring board is mated with a recep- 
tacle connector. 

the substrate; (4) the use of sulfur-free pack- 
aging. 

9.3.4.2 High Resistance Failures 
in Device Metallizations 

During qualification testing of a hermet- 
ically sealed silicon device used in repeat- 
ers for a transatlantic cable, an unusually 
large number of failures were observed. The 
failure rate was a function of both tempera- 
ture and reverse-bias current. Failure oc- 
curred at the interface between the chip met- 
allization and the solder connection to the 
device lead. The metallization was a multi- 
layer of chromium, co-deposited silver- 
chromium, silver, and gold. During reflow 
of the solder, the silver and gold in the met- 
allization dissolved in the solder, leaving a 
porous layer of chromium, which is not wet 
by the solder. Residual moisture in the her- 
metic package oxidized the interface caus- 
ing increased resistance and eventual inter- 
face fracture. Failure was attributed to the 
oxidation of the interface, resulting from 
poor bonding that exposed the chromium 
part of the metallization to residual water 
vapor in the package (see Fig. 9-10) (Fran- 

Figure 9-10. Schematic illustration of metallization 
failure of a typical component. Penetration of water 
through poorly bonded interface causes oxidation and 
high resistance. 

kenthal and Chin, 1991). At first, the inter- 
nal resistance of the device increased grad- 
ually; eventually it increased sharply and, 
in some cases, fracture or debonding was 
observed. The oxidation process was aided 
by the electric field across the oxide. This 
electric field resulted from the voltage-drop 
across the resistive interface. 

9.3.4.3 High Contact Resistance 
in Relays with Gold-Silver Contacts 

For improved network reliability, trans- 
mission systems for telecommunications 



454 9 Corrosion Engineering of Electronic and Photonic Devices 

employ standby circuits. If one circuit fails, 
redundant circuits are immediately avail- 
able. Mechanical relays are used in some ap- 
plications to switch the standby circuits into 
primary use. Some of the contacts in these 
relays are open for long periods of time, per- 
haps months or years. If a high contact re- 
sistance is encountered upon closure, it will 
prevent operation of the standby circuit. 
Analysis of failed relays showed that a layer 
of silver sulfide had formed on the gold- 
10% silver alloy contacts. The silver in the 
gold-silver alloy slowly diffuses to the sur- 
face, where it reacts with sulfur-containing 
species, such as hydrogen sulfide, to form 
the insulating silver sulfide. In normal, fre- 
quent relay operation, this sulfide layer 
would be disrupted and dislodged with each 
opening and closing of the contact surfaces. 
In the present case, a hard film formed dur- 
ing the long periods in the open position. 
This film adhered strongly to the relatively 
hard (compared to pure gold) alloy contact. 
The closing action did not dislodge the sur- 
face film, and a high resistance connection 
resulted. Appropriate methods for prevent- 
ing this type of failure include: 

exercising relays on a scheduled basis; 
avoiding exposure to environments rich 
in sulfur gases; e.g., as found near oil re- 
fineries or pulp mills; or 
the use of sealed relays. 

9.3.4.4 High Resistance Failures 
Due to Fretting Corrosion of Separable 
Connectors Using Tin Finishes 

Fretting corrosion, as it applies to tin and 
solder alloys, is the continuous formation 
and flaking of tin oxide from mated surfac- 
es due to microscopic motion of one contact 
with respect to the other (see Fig. 9-11) 
(Antler, 1985). Motion induced by ordinary 
vibrations is sufficient to produce enough 
oxide debris to cause contact failure due to 

Figure 9-11. Schematic cross-section of (a) connec- 
tor contact surface with oxide layer over the tin or sol- 
der and (b) the same surface after fretting has gener- 
ated tin oxide particles which prevent intimate con- 
tact with the opposing contact surface (not shown). 

high resistance. Prior to 1970, the number of 
failures of plug-in devices on circuit boards 
was very small because most manufacturers 
used gold or other high reliability, noble (non- 
reactive) metal contacts. In the mid-l970s, 
many suppliers of components switched from 
gold to tin or solder contacts to reduce costs. 

As an example of the problem, intermit- 
tent circuit failures have been observed on 
circuit boards containing socketed devices 
when the receptacle socket has gold contacts 
and the plug-in device has solder or tin elec- 
troplate contacts. Frequently these failures 
were termed ‘computer glitches’. Problems 
with tin/gold contact pairs are a particular 
nuisance because: 

- some sockets and some devices are only 
available with a gold or a tin finish; and 

- intuition might suggest that tin/gold con- 
tact pairs are preferable to tinkin because 
gold is a noble metal. 

Unfortunately, tin/gold contact pairs are 
actually more susceptible to fretting failure 
than tin/tin pairs because of the differences 
in hardness of the two metals. Some tin 
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transfers to the gold during use and then the 
tin/tin interface is readily abraded. The dif- 
ficulties faced by the unsuspecting design- 
er are compounded by the intermittent na- 
ture of the failure. When circuit packs that 
fail laboratory testing are later re-examined, 
in many cases they test error free. Other typ- 
ical fretting corrosion situations have in- 
cluded the use of ‘low cost’ tin-plated con- 
nectors between subassemblies and circuit 
boards and the use of fuses with tin-plated 
end caps. In some cases failure can be post- 
poned by use of a contact lubricant. How- 
ever, replacement of the part is eventually 
required. 

9.3.4.5 Corrosion of Low Coefficient of 
Expansion Alloys in Metal-to-Glass Seals 

Iron-nickel-cobalt alloys with low coef- 
ficients of thermal expansion are common- 
ly used for metal-to-glass seals and for en- 
capsulating optical elements for use in 
undersea applications. However, these al- 
loys are subject to stress corrosion cracking 
in humid atmospheres in the presence of a 
tensile stress, which may be residual from 
wire drawing or machining or it may be ap- 
plied during device processing in operations 

such as bending or twisting (Baker and Men- 
dizza, 1963; Elkind and Hughes, 1967). 
Brittle fracture occurs perpendicular to the 
plane of the tensile stress and may be trans- 
granular or intergranular (Fig. 9- 12). Corro- 
sion is accelerated by ionic contaminants, 
such as chloride, but can occur on clean sur- 
faces as well. To protect against corrosion 
and stress corrosion cracking, the alloys are 
usually chemically polished and gold plat- 
ed. However, it is difficult to get perfect 
coverage by the gold, due to factors such as 
rough surface finish and the inaccessibility 
of the metal/glass interface. Corrosion and/ 
or cracking can occur at any defect or dis- 
continuity in the gold. To cover the defects 
in the gold plate, the alloy may be dipped in 
molten solder or coated with silicone varnish. 

9.3.5 Corrosion by Impurities 
in Materials 

9.3.5.1 Tarnishing and Cracking 
of Silver-Plated Copper Cable Shield 

In an undersea acoustic detection system, 
the outer jacket, covering a coaxial cable, 
is typically made from chlorobutyl rubber 
for flexibility in handling (Fig. 9-13). The 

Figure 9-12. Left: field fracture of a gold-plated iron-nickel-cobalt alloy. Fracture occurred at the 
metal/glass interface (arrow points to fracture). Right: stress-corrosion cracking in an iron-nickel-cobalt 
alloy. Both transgranular and intergranular cracks are observed (arrows). 
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Figure 9-13. (a) Cross-section of coaxial cable housing. (b) and (c) Schematic of silver-plated copper wire 
used in braid that shields coaxial cable. (b) is resistant to cracking during flexing, while the tarnished wire (c) 
is easily cracked. 

rubber contains sulfur compounds and, in 
undesirable cases, some free sulfur that is 
chemically unbound. The coaxial cable us- 
es silver-plated copper wires immersed in 
silicone oil as an electric shield and ground 
return. Any free sulfur remaining in the rub- 
ber after vulcanization can tarnish the silver 
plating of the braid and the underlying cop- 
per. When the rubber contains free sulfur, 
the sulfur dissolves in the silicone oil and 
diffuses to the braid, resulting in gross tar- 
nishing of the silver-plated copper braid. 
Since sulfides of silver and copper are very 
brittle, cracking of the shield may occur, re- 
sulting in open circuits. To prevent this from 
happening, it is essential to use sulfur-free 
rubber jacketing. 

9.3.5.2 Materials and Device Corrosion 
During Shipping and Storage 

Most devices, ranging from computer 
chips to equipment frames, must be shipped 
from the manufacturing plant to the point of 
use. Frequently, they are stored for extend- 
ed periods of time. The composition of the 
packaging materials and shipping contain- 
ers is usually not specified, and the shipping 

and storage conditions are frequently not 
known or controlled. Packaging materials 
can be the source of corrosive substances. 
Sulfur and sulfur compounds from paper 
and cardboard will tarnish copper and sil- 
ver. Gases emanating from adhesives, plas- 
ticizers, molding compounds, improperly 
cured plastics, etc., can corrode contacts, 
connectors, equipment frames, and other 
parts (Fig. 9-14). Shipping and storage en- 
vironments may be conducive to corrosion. 
At high humidity, especially at elevated 
temperatures, many metals oxidize and cor- 
rode. As a result, corrosion and material 
degradation of devices may take place be- 
fore the devices are placed in service. Strat- 
egies to prevent materials and device deg- 
radation include: 

- selecting packaging materials that are 
compatible with metallic parts; 

- making certain that all adhesives, plasti- 
cizers, molding compounds, plastics, 
etc., are fully cured and do not emit cor- 
rosive vapors, and 

- avoiding shipping and storage at elevat- 
ed temperature and humidity. 
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Figure 9-14. Adhesive vapors from wrapping material caused corrosion of (a) device frame and (b) contact fin- 
gers on the device. The contact fingers shown in the enlarged view (b) are on the right of the device in (a). 

9.3.6 Other Electrochemical Corrosion 
Mechanisms 

9.3.6.1 Corrosion of Gold Metallizations 
in the Absence of Contaminants 

It is generally recognized that thin film 
and integrated circuits having gold metal- 
lizations may fail due to corrosion when the 
device surface is contaminated with certain 
water-soluble ionic salts, such as chlorides 
or cyanides (see Section 9.3.3). It is not so 
widely recognized that a gold metallization 
may also corrode and give rise to a failure 
in the absence of water-soluble ionic con- 
taminants (Frankenthal and Becker, 1979). 
In the presence of only moisture and an ap- 
plied voltage, positively biased gold con- 
ductors may corrode to form gold hydrox- 
ide (Au(OH),), which is a voluminous, sol- 
id corrosion product (Fig. 9-15). Initially, it 
adheres to the positively biased gold sur- 
face. As the reaction progresses, the corro- 
sion product becomes thicker and eventual- 
ly spalls. Failure of a device may result ei- 
ther from increased conductor resistance as 
the metallic gold conductor is converted to 
the hydroxide, or from electrical leakage 

between conductors caused by the spread- 
ing of the gold hydroxide corrosion product 
across the device surface. Coating the de- 
vice surface with a properly adhering die- 
lectric or polymer prevents this failure 
mode. 

9.3.6.2 Galvanic Corrosion 

Contact between dissimilar metals occurs 
frequently in electronic devices, compo- 
nents, and systems. Among the many met- 
allization schemes found in thin film and in- 
tegrated circuits are Ti/TiN/Al/TiN (see 
Section 9.4.1) and Ti/Pd/Au. Gold wires 
bonded to aluminum pads or to alumi- 
nudcopper interfaces in devices are also 
commonplace. In equipment cabinets, cop- 
per ground planes may be connected to the 
steel frame. Dissimilar metals in electrical 
contact in the presence of an electrolyte so- 
lution may lead to galvanic corrosion in 
which the more active metal will corrode, 
while the more noble metal is protected from 
corrosion. Ranking of metals in terms of 
their relative activity is known as the gal- 
vanic series (Jones, 1992). 
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Figure 9-15. Corrosion of positively biased gold conductor in the presence of moisture. Dark deposits are gold 
hydroxide corrosion products, which lead to electrical shorts between conductors. 

9.4 Processing-Related Corrosion 
Issues 

9.4.1 Aluminum Corrosion 
in Ti/TiN/Al/TiN Metallization 

The metallization for some integrated cir- 
cuits with submicron features is made up of 
the Ti/TiN/Al/TiN stack. Lateral undercut- 
ting of up to 20 pm of aluminum from the 
middle of the stack has been observed (Fig. 
9-16). Residual chloride from the reactive- 
ion etch initiates the aluminum corrosion 
process that is stimulated galvanically by 
titanium nitride (Jones, 1992). Titanium ni- 
tride, being more noble, serves as the cath- 
ode in this electrochemically driven pro- 
cess. The corrosion rate of the more active 
metal increases as the cathode-area/anode- 
area ratio increases. At the time of the rinse 

that follows the reactive-ion etch, this ratio 
is large if the surface of the top titanium ni- 
tride layer is uncovered, while only a small 
area of aluminum at the edge of the stack is 
exposed. To prevent galvanic effects, the 
processing sequence needs to insure that the 

TIN Cathode) I 

Figure 9-16. Schematic illustration of undercutting 
of the aluminum layer in a commonly used metalliza- 
tion scheme for silicon integrated circuits during the 
water rinse that follows patterning in a reactive plas- 
ma. 
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top titanium nitride layer is not fully ex- 
posed to water until after chloride residue is 
fully removed from the side wall of the stack, 
thereby preventing formation of the electro- 
lyte required for the corrosion reaction. 

9.4.2 Micropitting of Aluminum During 
Processing of Integrated Circuits 

A small amount of copper is added to alu- 
minum metallizations used in integrated cir- 
cuits to inhibit electromigration failures. 
Without the copper, reliability is severely 
compromised. However, the copper addi- 
tion makes the aluminum metallizations 
susceptible to pitting corrosion at their edg- 
es during the rinse that follows etching (see 
Fig. 9-17) (Scully et al., 1990a). Copper is 
insoluble in aluminum and precipitates out 
along grain boundaries as intermetallic 8- 
phase A1,Cu particles. Localized corrosion 
of aluminum has been observed after the 
chemical clean in the following sequence of 
processing steps: metal reactive-ion etch, 
partial resist strip, photoresist removal, and 
chemical clean. The attack begins at grain 
boundaries around the &phase particles, 

proceeds along the grain boundaries, and 
eventually corrodes entire grains. Although 
these pits have not been a serious problem 
for devices with metallization line widths 
greater than 1 pm, their impact becomes 
more important at submicron dimensions. 
Residual fluoride from the rinse operation 
tends to disrupt the passivating oxide film 
on aluminum inducing pitting. The presence 
of the intermetallic &phase particles ac- 
celerates the rate of cathodic reduction of 
oxygen and water, thereby increasing the 
rate of pitting. Saturating the rinse water 
with C 0 2  has been found to inhibit the ca- 
thodic reaction and prevent pitting (Scully 
et al., 1990b). 

9.4.3 Corrosion of Aluminum 
by Chlorinated Solvents 

Similar to the micropitting discussed 
above, chlorinated solvents have been found 
to corrode aluminum under common pro- 
cessing conditions (Uhlig and Revie, 1985). 
Exposure of aluminum to these solvents 
may occur in the processing of circuit 
boards (components containing aluminum 

Figure 9-17. Schematic showing the corrosion of aluminum around an aluminum-copper intermetallic particle 
in an aluminum copper alloy with a copper content of 0.5-2%. The aluminum-copper particle, in the presence 
of pure aluminum, promotes the reduction of water (shown) or oxygen (not shown). Simultaneously, the reduc- 
tion reaction causes the pure aluminum to oxidize and then dissolve. This localized corrosion (A1 dissolution) 
results in the formation of pits. 
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in non-hermetic packages) and integrated 
circuits (aluminum and aluminum-copper 
interconnections). When aluminum-copper 
alloy was first introduced in the manufac- 
ture of integrated circuits, black spots were 
periodically found on the interconnection 
patterns. Microscopy showed that these 
black spots were actually areas of missing 
aluminum, i.e. a large part of the metallic 
cross-section was absent. Analyses showed 
that the corrosion occurred in the process- 
ing sequence and that the associated corro- 
sion products were chlorides, oxychlorides, 
and oxides of aluminum and copper. The 
chemicals found to be responsible for the 
corrosion were chlorinated hydrocarbons. 
In the absence of adequate stabilizers, these 
solvents decompose in the wafer cleaning 
baths to generate free chloride. Residues of 
the free chloride cause breakdown of the 
normally protective oxide on aluminum. 

Aluminum electrolytic capacitors are a 
common component on circuit boards. Ha- 
logenated solvents are sometimes used to 
clean circuit boards during assembly or af- 
ter exposure to contamination in the field. 
Halogenated solvents are also sometimes 
used as the diluent for a protective coating 
that may be applied to circuit boards during 
assembly or in the field. If an unqualified 
capacitor comes in contact with a halogen- 
ated solvent (e.g., l,l,l-tricholorethane, 
Freon TF, Freon TA, Freon TE, Freon TMS), 
the solvent may diffuse through or along the 
edges of rubber sealing gaskets (Fig. 9- 18). 
Some time later the protective oxide layer 
on the positive aluminum leads breaks 
down, and a rapid corrosion reaction ensues 
between the halogenated solvent and the 
underlying aluminum metal (Totta, 1976). 
An open circuit usually results. The increase 
in pressure inside the capacitor due to the 
corrosion reaction can also cause the capac- 
itor to vent, further accelerating failure. 
Breakdown of the protective oxide is the 

Figure 9-18. Schematic cross-section of a typical 
aluminum electrolytic capacitor. 

rate-limiting step in the failure process. The 
time-to-failure can be weeks to years. La- 
boratory testing showed that the typical 
time-to-failure for one vendor’s capacitors 
was 2-3 years after exposure to the solvent. 
Another vendor’s capacitors were found to 
be more resistant to failure after exposure to 
halogenated solvents for two reasons. First, 
the seal between the gasket and the electrode 
leads was better, thereby limiting the 
amount of halogenated solvent that entered 
the capacitor. Second, the positive leads 
were cadmium-plated to prevent aluminum 
electrolytic corrosion. 

9.4.4 Corrosion Failures of Thin-Film 
Tantalum Nitride Resistors 

Thin-film tantalum nitride resistors are 
used in hybrid integrated circuit and silicon 
thin film integrated circuit applications. The 
tantalum nitride is sputter deposited. After 
deposition and patterning, the resistors are 
stabilized by heating in air to form a protec- 
tive surface layer of tantalum pentoxide. In 
the presence of environmental or manufac- 
turing contamination, atmospheric mois- 
ture, and applied voltage, the surface pH 
may become basic. As shown in Fig. 9-19, 
strong bases convert the protective tantalum 
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pentoxide to a tantalate salt, which no 
longer passivates the underlying tantalum 
nitride. The adsorbed moisture or oxygen 
that is ordinarily present then oxidizes the 
underlying tantalum nitride to tantalum pen- 
toxide. The tantalum pentoxide is subse- 
quently converted to tantalate and the degra- 
dation cycle continues. As the tantalum ni- 
tride is consumed, the resistance of the thin 
film increases. Tantalum oxide and tantalate 
are colorless, consistent with the observa- 
tion that the degraded resistors lose their 
gray color. Exposure to basic solutions typ- 
ically occurs in the following way. Environ- 
mental contaminants, usually in particulate 
form, deposit on the resistor surface. The 
contaminants and the surface then absorb 
sufficient moisture from the atmosphere to 
become weakly conducting. At the cathod- 
ic (negative) end of the resistor, an electro- 
chemical reaction causes water to be re- 
duced to form hydroxide ions that then at- 
tack the tantalum pentoxide. Cleanliness 
and humidity control are essential for pre- 
venting this corrosion during processing. 
Appropriate packaging can prevent field 
failures. Life testing, using bias, humidity, 
and temperature stresses, is effective for de- 
tecting this hazard. 

Figure 9-19. Schematic illustration 
of corrosion of tantalum nitride thin- 
film resistors. Basic solutions of 
contaminants convert the protective 
tantalum pentoxide to a tantalate salt 
and then oxidize the underlying tan- 
talum nitride to form more tantalate, 
thereby increasing the film resis- 
tance. 

9.5 Reliability Testing 
and Prove-In 

9.5.1 General Aspects of Accelerated 
Life Testing 

Clearly, finding a single accelerated-life- 
test to evaluate materials against all the 
possible environmental hazards and materi- 
als degradation mechanisms is unrealistic. 
Each material or device needs to be evalu- 
ated by a series of tests to elucidate its pos- 
sible degradation processes. Experience has 
shown that our ability to predict what test to 
use when field failure data are not available 
falls well short of needs. In reality, the cor- 
rosion engineer must rely on past experience 
to make an educated judgment about poten- 
tial failure scenarios and which accelerated- 
life-tests to run. 

At this time, the knowledge base and ex- 
perience in conducting temperature/humid- 
ity/bias testing and corrosive gas testing is 
more developed than that for coarse and 
fine particles, organic vapors, and microbes. 
Well-seasoned test procedures for acceler- 
ating the effects of temperature, humidity, 
and bias are given in Tummula and Rymas- 
zewski (1989). Unfortunately, for corrosive 
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gas testing there is some disagreement, 
though diminishing in recent years, among 
the various national and international stan- 
dards organizations about what combina- 
tions of corrosive gases are appropriate for 
each type of environment. A few of these 
tests are found in Rice et al., 1979, 1980a, 
b; Gore et al., 1990; Abbott, 1988; ASTM 
B 810; ASTM B 827; ASTM B 845. 

Testing for the effects of particles is much 
less advanced than corrosive gas testing, but 
further along than organic vapors or micro- 
bial testing. A few proprietary, one-of-a- 
kind chambers have been developed for test- 
ing the effects of coarse particles. The typ- 
ical dusts used in these tests include red chi- 
na clay, fine sand, ‘Arizona Road Dust’, 
talc, silica, quartz, feldspar, fire extinguish- 
er powder (usually sodium or potassium bi- 
carbonate with additives to keep it free flow- 
ing), or some combination of ground mate- 
rials that may include silica, calcite, iron ox- 
ide, alumina, gypsum, paper fibers, cotton 
fibers, polyester fibers, carbon black, and 
human hair. In a few cases, complex mix- 
tures of ionic and water-insoluble materials 
have been blended to produce a composi- 
tion that resembles that of fine and coarse 
atmospheric particles combined. MIL- 
STD-810E (1993), EIA Standard RS-364- 
50 (1983), and the published literature pro- 
vide relevant background information. 

In the mid-1980s experiences with field 
failures in electronic equipment made it 
clear that existing accelerated test methods 
were inadequate for discovering failure pro- 
cesses caused by fine particle deposition. A 
method was needed to apply a realistic layer 
of particles on circuit boards or test sub- 
strates to answer questions such as: 

- Are the line separations and circuit volt- 
ages in a particular design safe with re- 
spect to electrical leakage or arcs that may 
occur on particle-contaminated surfaces? 

- Are pore defects in cover coats on sub- 
strates of sufficiently high density to 
present a significant risk of component 
damage due to electrical leakage or arcs 
between leads on components and metal 
lines running under the covercoat? 

- Will electric fields near components sub- 
stantially accelerate deposition of fine 
particles? 

- What level of atmospheric moisture (RH) 
produces a sufficiently conductive elec- 
trolyte film on particle-contaminated sur- 
faces to observe soft electrical defects, 
e.g. cross talk, or, in the worst case, com- 
ponent failure? 

In view of the discussion above, testing 
for the effects of fine particles should be a 
priority. Work to develop test methods is just 
beginning. Only in the past few years have 
test procedures and chambers been devel- 
oped for evaluating the effects of fine par- 
ticulates (Sinclair, 1988; Comizzoli, Fran- 
kenthal et al., 1993). These methods will be 
discussed below. It should be noted that salt 
spray tests are usually too harsh for simu- 
lating fine particle effects in electronics. 
Another useful test, in conjunction with 
standard laboratory tests, is to deploy a pro- 
totype of the product in the harshest envi- 
ronment that can be found and to monitor 
and evaluate the performance of the materi- 
als for any early signs of unexpected behav- 
ior. High airflow velocity and elevated hu- 
midity will frequently provide even further 
acceleration. 

Experience has shown that best efforts to 
predict potential problem areas sometimes 
miss the fatal flaws. For this reason it is ad- 
visable to perform at least one broad, severe 
corrosive gas test and one similarly harsh 
fine particle test, even if no obvious failure 
scenario can be envisioned that would be ex- 
pected to be manifested through these tests. 
It is also helpful to stress the material or 
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product sufficiently to produce significant 
corrosion or malfunction, even if this re- 
quires unrealistically harsh conditions. 
Such a test helps insure that the materials 
limitations are understood and may indicate 
that the product is over-designed. Less re- 
sistant, less expensive materials may be suf- 
ficient for the intended use. The danger in 
using extreme conditions is that unrealistic 
failures may occur. An example given be- 
low illustrates this hazard (see Section 9.5.3). 

9.5.2 Fine Particle Testing 

9.5.2.1 Ground Synthetic Dust Mixture 

Hand grinding of a mixture of ammoni- 
um sulfate, ammonium bisulfate, sodium 
chloride, potassium bicarbonate, and talc in 
dry nitrogen produces a dust that can read- 
ily be dispersed onto test substrates. The re- 
sulting particles are typically 1-5 pm in di- 
ameter. A typical composition is shown in 
Table 9-5. The composition of the dust can 
be adjusted to match the electrical leakage 
properties on circuit boards of fine-particle 
dust found in field locations. Two methods 
of dispersion were found to be effective: 

- blasting a high-pressure stream of dry ni- 
trogen into a dust-filled container with 
circular perforations in the top; and 

- applying the dust from a salt shaker or 
sieve. 

Table 9-5. Composition of synthetic dust #3. 

Component Weight (g) 

Subsequent exposure of an interdigitated 
test substrate to an air environment in which 
the relative humidity is gradually increased 
from 20 to 85 % produces a slow increase in 
the electrical leakage current until the effec- 
tive CRH of the dust mixture is reached, at 
which point the leakage current increases 
rapidly. This behavior is similar to the ex- 
ponential dependence of surface conduc- 
tance on RH seen for many different sam- 
ples of atmospheric dust from locations all 
over the United States, as seen in Fig. 9-1. 
With the synthetic dust it is possible to vary 
the effective CRH over the range from 40 to 
8 1 %, depending on the relative amounts of 
ammonium sulfate (CRH of 81 %) and am- 
monium bisulfate (CRH of 40%). This test 
is useful for solving field problems because 
it is quick. The limitations in using this dust 
are: 

- the particle size is large, so that gravita- 
tional settling dominates the deposition 
process; and 

- deposition on partially shielded surfaces, 
especially vertical and bottom-side hori- 
zontal surfaces, is inadequate. 

To overcome these problems, a recircu- 
lating chamber with a continuous feed 
stream of submicron atmospheric-like par- 
ticles was developed. 

9.5.2.2 Atomized Spray Deposition 

Sandroff and Burnett (1992) recently 
suggested a test for simulating the electrical 
leakage effects on circuit boards of ionic 
contamination derived from particles. The 
test is intended to simulate the effects of fine 
particle deposition, though it uses an ato- 
mized spray of an aqueous solution to de- 
posit the contamination. Following drying, 
the test devices, usually circuit boards, are 
placed in a humidity chamber where their 
operation is monitored. 
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9.5.2.3 Test Chamber for Fine Particles 

Development of a suitable dry-deposition 
test chamber for evaluating the effects of 
submicron particles on indoor surfaces, in- 
cluding electronic equipment and devices, 
requires: 

- the capability to produce suspended ion- 
ic particles that accurately simulate the 
composition and size distribution of air- 
borne particles responsible for the ob- 
served effects; 

- designing a chamber that combines con- 
tinuous air-recirculation, filters out all 
background particles, and provides par- 
allel airflow with uniform particle con- 
centration over the flow cross-section of 
the test area; 

- fabrication and evaluation of suitable test 
samples or devices; and 

- understanding what environmental fac- 
tors cause electrical leakage and arcing. 

Over the last 20 years the authors have 
somewhat serendipitously acquired the nec- 
essary expertise (Sinclair, 1988,1995; Fran- 
kenthal et al., 1993; Comizzoli and Sinclair, 
1993; Comizzoli et al., 1993). 

A new, more realistic approach for fine 
particle dust testing is to disperse water-sol- 
uble, hygroscopic salt particles representa- 
tive of those found in the environment into 
a chamber that is designed to provide uni- 
form airflow of otherwise particle-free air 
across a rack of circuit boards (Frankenthal 
et al., 1993). Generation of submicron par- 
ticles is achieved by atomizing an aqueous 
solution of the appropriate salt, followed by 
thorough drying of the resulting aerosol-la- 
den air stream. 

The specifications for the chamber are 
(Frankenthal et al., 1993): particle size 0.01- 
1 pm; particle concentration 1 x 10'' m-3; 
flow velocity 35 m m i d ;  parallel air flow; 
and uniform dust concentration. The air ve- 

locity is similar to that found in a forced-air 
cooled equipment cabinet. Air is recirculat- 
ed upwards through the chamber. Particles 
are introduced into the chamber at a point 
above a HEPA filter that removes the parti- 
cles with 99.9995 % efficiency after they 
have made one pass through the chamber. 
With a 60 x 60 cm cross-section and a height 
of 110 cm, the chamber is sufficiently large 
to hold a rack that supports up to 48 circuit 
boards. The HEPA filter, which is situated 
immediately below the chamber, and a 
screen just above the filter ensure that the 
air flow in the chamber is parallel to the ver- 
tical walls. The air velocity can be con- 
trolled at speeds up to 36 m min-'. 

Submicron (0.01 - 1 pm) ionic particles, 
such as ammonium sulfate, are generated 
from an aqueous solution of the salt by com- 
pressed high-purity, filtered air in an ato- 
mizer. The aerosol droplets are dried by a 
stream of pre-heated air. Residual moisture 
is removed from the particles by passing 
them through a diffusion dryer. Since the 
particles are highly charged when they exit 
the atomizer, they are neutralized with a 
Kr-85 source, which brings them to a Boltz- 
mann equilibrium. The average size of the 
particles varies as the cube root of the solu- 
tion concentration. The particles are intro- 
duced into the exposure chamber through a 
distribution system that was designed to 
give a uniform concentration of particles 
throughout the chamber. Steady-state con- 
ditions in the chamber are achieved by re- 
circulating the air while constantly intro- 
ducing new particles immediately down- 
stream from the HEPA filter. The air-veloc- 
ity distribution, measured at 49 points over 
the cross-section of the chamber at a height 
corresponding to the middle of the rack that 
holds the specimens, exhibited an average 
speed of 38.2 m min-' with a standard de- 
viation of 10.6 m min-'. The concentration 
of (NH4)$04 particles generated from a 
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0.01 M solution of the salt was found to be 
quite uniform over the cross-section of the 
chamber. Variation of the deposition rate to 
surfaces being tested is accomplished by 
regulating the air flow velocity. 

After particle deposition, the test speci- 
mens should be evaluated in a tempera- 
ture/humidity environmental chamber. Bias 
should be applied to the specimen as well, and 
the device or equipment assembly should 
undergo a full series of functional tests. 

While this method of testing is still being 
refined, it has been demonstrated to simu- 
late accurately the deposition of fine-parti- 
cle dust as found in forced-air cooled elec- 
tronic equipment. The resulting electrical 
effects on circuit boards and equipment as- 
semblies are comparable to those found in 
field environments. The acceleration factor 
for fine-particle deposition is about 200, de- 
pending on the surface area and configura- 
tion of the equipment that is undergoing test. 

9.5.3 Conductive Anodic Filaments - 
A Flawed Prediction 

Typical printed circuit board substrates in 
common use today consist of a polymeric 

resin that is reinforced by glass fibers. The 
most common material, FR-4, is composed 
of a fire-retardant epoxy resin and woven 
glass cloth. Adhesion of the epoxy to the 
glass is enhanced by the use of a coupling 
agent. In the late 1970s, environmental 
stress screening of experimental printed cir- 
cuit boards was found to produce a resistive 
short that was referred to as a conductive 
anodic filament (CAF). The electrical 
symptom that is observed is low insulation 
resistance between positively (anodic) and 
negatively (cathodic) biased copper con- 
ductors. The presence of absorbed moisture 
caused by exposure to relative humidity 
above approximately 80% is required for 
the resistive short to occur. The degradation 
process is thought to be initiated when cop- 
per metal at the positive conductor (anode) 
is oxidized to produce copper ions (see Fig. 
9-20). Due to simultaneous electrolysis of 
water, the anode also becomes more acidic 
than the surrounding area, which enables the 
positive copper ions to remain soluble in the 
water as they begin to migrate toward the 
negative conductor (cathode). At the same 
time, electrolysis of water causes the area 
around the cathode to become basic. As the 

Figure 9-20. Schematic representations of conductive filaments that cause electrical shorts in printed circuit 
boards. Left: copper ions formed in the acidic environment around the positive conductor migrate toward the 
negative conductor, and, as they encounter more basic conditions, precipitate to form a conductive filament of 
copper hydroxide. Right: conductive filament formed between plated-through holes by the same process. 
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positive copper ions move toward the cath- 
ode and encounter the more basic water, 
copper hydroxide precipitates. As the de- 
posit of copper hydroxide grows, a filament 
forms between the anode and cathode, even- 
tually producing a resistive short. 

While this degradation process was dis- 
covered by accelerated-life-testing and dis- 
cussed in the literature almost 20 years ago 
(Lahti et al., 1979; Lando et al., 1979), the 
authors have never observed or been told of 
a field failure due to conductive anodic fil- 
aments. This testing served to alert design- 
ers to the need to: 

- use resin-rich polymer-glass formula- 
tions or supplemental polymer coatings 
that insure adequate separation between 
conductors and the polymer/glass inter- 
face; 

- insure that the epoxy/glass interface is 
free of contamination and that the chem- 
ical coupling agent facilitates good adhe- 
sion at this interface; and 

- avoid prolonged exposure of printed cir- 
cuit boards to elevated relative humidity. 

Experience though suggests that the test 
conditions were too harsh and that this deg- 
radation process does not produce failures 
in the field. 

9.6 Future Challenges 

The pace of change in the advancement 
of electronic and photonic devices has con- 
tinued unabated for several decades and is 
likely to continue well beyond the year 
2000. Of course, for electronic devices there 
is the well-known shrinkage in feature size 
and the ever-increasing hazard of micro- 
scopic amounts of corrosion on the integrity 
of metal conductors. Probably the greater 
challenge for IC’s though is associated with 
the replacement of aluminum by copper as 

the conductor material and the anticipated 
change to a polymeric dielectric material in 
place of the currently used silicon dioxide. 

For photonic devices, the biggest chal- 
lenge may well be in the packaging. Cur- 
rently most photonic devices are packaged 
in hermetic enclosures because of the ex- 
treme sensitivity of lasers and diodes to 
moisture and contamination. However, the 
cost of the packaging could be greatly re- 
duced if devices could be suitably passivat- 
ed to tolerate non-hermetic enclosures. 
Breakthroughs in passivation technology 
for compound semiconductor materials are 
needed. 
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10.1 Introduction 

Most common polymers are organic ma- 
terials, with chains built up mainly of car- 
bon, hydrogen, oxygen and nitrogen atoms. 
The chemical bonds that hold polymers to- 
gether are in no way different from their 
equivalents in low-molecular-weight ana- 
logs. The local intermolecular forces are 
also the same. Polymers derive their im- 
mensely useful physical and mechanical 
properties from their long chains, not from 
any special properties of the atoms and 
bonds making up those chains. 

The energies of chemical-bonds and inter- 
molecular forces in polymers are thus typi- 
cal of organic molecules. They are in the 
range that allows both chemical reactions 
and molecular motions to take place at the 
temperatures at which we use polymers. 
Thus polymer properties are typically more 
sensitive to both temperature and time than 
are those of other structural materials, such 
as metals and ceramics. 

One consequence of the weak intermo- 
lecular forces that hold together thermoplas- 
tic polymers is that molecular rearrange- 
ments can take place in time scales which 
are shorter than the expected lifetime. This 
means that the properties of a plastic article 
may change with time even without any 
chemical reaction, as a result of annealing 
or creep. 

The physical properties of polymers are 
often modified by the addition of low-mo- 
lecular-weight substances. These include 
plasticizers, pigments, stabilizers, antistat- 
ic agents and anti-blocking agents. Physical 
loss, or chemical degradation, of these agents 
can lead to changes in properties over time. 
Contact with low-molecular-weight materi- 
als also can cause changes in properties. 
Thus, the properties of an object may change 
with time, even without any chemical reac- 
tions of the polymer from which it is made. 

Commercial polymer production is dom- 
inated by the cheap and simple carbon-chain 
polymers, especially the polyolefins, their 
substituted derivatives and the hydrocarbon 
rubbers. The value of these polymers is that 
they can be fabricated very simply and 
cheaply, by high-temperature processing of 
the molten polymer. The price that is paid is 
that chemical degradation during process- 
ing may be significant and much effort is put 
into developing methods of preventing pro- 
cessing degradation. One problem is that the 
chemical changes induced by processing 
may have a determining effect on the life- 
time of the polymer in subsequent use. 

Despite the common mythology, typical 
polymers are not indefinitely stable in nor- 
mal use. Indeed, most are unusable without 
additives that inhibit the degradation chem- 
istry. These are most usually low-molecu- 
lar-weight substances which can interfere 
with degradation in many ways. They are 
consumed by chemical reactions and may 
be lost by a variety of physical processes, 
including evaporation, and leaching into 
contacting materials. 

Thus, articles fabricated from polymers 
are not simple. The base polymer may vary 
in microstructure, molecular weight, molec- 
ular weight distribution, and structural de- 
fects and impurities. It usually forms one 
part of a complex formulation, containing 
many different types of additive, which may 
be there to improve the product, to provide 
color, to aid in its manufacture, to prolong 
its life or to protect it from extremes, such 
as fire. In use or storage, the formulation 
will be exposed to oxygen and may be ex- 
posed to elevated temperatures, to contact- 
ing liquids, to sunlight and to atmospheric 
pollutants, including very reactive com- 
pounds, like ozone. All of this means that 
polymers are subject to a wide range of 
degradative influences, both physical and 
chemical. 
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Because degradation is so complex, it is 
very difficult to specify exact measures for 
stabilization of polymer structures. Each 
case has to be looked at separately and one 
must be aware of all the potential degrada- 
tion routes. In order to show how chemical 
changes can bring about deterioration in the 
physical properties of a polymer, we will 
first briefly review the molecular basis for 
the useful physical properties of polymeric 
materials and show how the physical prop- 
erties of a polymer may change over time 
even without chemical reactions. 

10.2 Physical Degradation 
of Polymers 

Failure of a polymer will usually take one 
of two forms, either the material starts to 
lose its surface appearance by discoloration, 
loss of gloss or appearance of white depos- 
its (chalking); or it cracks and breaks. 
Chemical changes in the polymer can cause 
either or both of these failures. Cracking al- 
so may occur as a result of residual stresses 
or stresses induced by environmental 
changes such as thermal fluctuations. Sur- 
face changes such as discoloration, chalk- 
ing or crazing (the formation of a network 
of very fine cracks and voids) usually result 
from localized degradation or stresses. 

In this section, we will discuss the me- 
chanical factors that determine occurrence 
of fracture as a result of degradation or ag- 
ing. In the next section we will discuss the 
chemical basis for degradation. 

Fracture is the result of the stress on 
the object locally exceeding the breaking 
strength. If the polymer is an intrinsically 
tough material, such as polyethylene, it nor- 
mally shows yielding and deformation rath- 
er than fracture. One common consequence 
of long-term degradation of polymers is a 
progressive embrittlement until failure oc- 

curs by cracking. The stress that causes the 
failure may be externally imposed in use, or 
may be internal stress resulting from diffe- 
rential shrinkage or expansion of different 
sections of the piece. 

One problem that must be faced in any 
polymer loading experiment is viscoelastic- 
ity. When a polymer is loaded, the time it 
takes to respond to the load may be compar- 
able with the time scale of the experiment. 
The result is that the modulus appears to be 
time dependent. Metals, ceramics and glass- 
es show an instantaneous elastic response 
with little long-term change unless the tem- 
perature is high. Polymers will typically 
show a modulus which seems to decrease 
over a time scale from fractions of a second 
to days, so a sample will continue slowly to 
extend under load. If the stress is removed, 
the recovery is likewise time dependent. 
This creep might be a particular concern for 
instance in film or tape wound onto a drum 
where it could slowly tighten. It can lead to 
flat-spotting in tires when a car is left to 
stand in one place and the tire-cord slowly 
stretches. Very slow viscoelastic responses 
can be thought of as part of the physical 
aging process which is discussed below. 

10.2.1 Thermal Effects on Mechanical 
Properties 

Whereas the properties of ceramics and 
metals are typically independent of temper- 
ature over a wide range of use temperatures, 
those of polymers are often very tempera- 
ture dependent in the same range. The abil- 
ity of a polymeric material to respond to 
stress by flow depends upon molecular re- 
arrangement, the ability of the chains to 
change their conformations in a time scale 
that allows the reduction of stress without 
brittle fracture. An important influence is 
the glass-transition temperature, above 
which co-operative motions allow the poly- 
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mer to flow in response to stress. Most hard 
polymers are selected to have glass transi- 
tions in the 80-200 "C range to minimize 
creep at room temperature while allowing 
processing at temperatures where complete 
chemical breakdown can be avoided. 

Toughness depends on molecular motion 
and so is very temperature dependent. Most 
polymers become more brittle as they are 
cooled. One of the successes of polymer 
toughening is the development of structures 
like polycarbonate which have secondary 
molecular motions below the glass transi- 
tion temperature. These motions are able to 
absorb energy in the range of frequencies 
associated with impact. Simple glassy poly- 
mers, like polystyrene, are much tougher 
than inorganic glasses for this reason, but 
materials like polycarbonate are extremely 
resistant to impact. However, this toughness 
is lost at lower temperatures. 

The glass transition temperature is main- 
ly influenced by the barriers to rotation 
around bonds within the chain and by the 
cohesive energy of the chains. It is also in- 
fluenced by other factors that change the 
ability of the molecules to move; fillers, 
plasticizers and crystallinity are all impor- 
tant. 

A wholly amorphous polymer well above 
its glass transition will flow easily under 
load. If this flow is restricted by low levels 
of cross-linking, the polymer becomes a 
rubber. With increasing levels of cross-link- 
ing, the glass transition will rise until the 
polymer becomes a rigid solid again. High 
levels of cross-linking are typical of ther- 
mosetting resins. 

Crystalline regions act rather like ther- 
mally reversible cross-links. They stiffen 
and toughen the polymer at temperatures be- 
tween the glass transition and the melting 
point. The useful crystalline polymers such 
as Nylon, polypropylene, polyethylene and 
poly(ethy1ene terephthalate) have melting 

points from about 120 "C to 280 "C. Typi- 
cally 30-80% of such a polymer is crystal- 
line and the remainder is amorphous. If the 
amorphous component has a glass transition 
well below room temperature, the material 
is extremely tough, while a higher glass 
transition improves strength and modulus. 

10.2.2 Physical Aging 

Polymers show the phenomenon of phys- 
ical aging (Struik, 1978) where the initial 
state is not at equilibrium and slowly densi- 
fies over time as a result of continuing crys- 
tallization or molecular rearrangement in 
the glassy state. A related phenomenon is 
known in inorganic glasses where a rapidly 
cooled glass has a slightly lower density and 
lower glass transition than one that has been 
slowly cooled. In some materials, especial- 
ly polycarbonate, annealing and densifica- 
tion can lead to increasing brittleness. 

A molded polymer part will typically 
have been heated to 20- 100 "C above the 
melting point or glass transition, forced at 
very high pressure through a small hole into 
a mold and been cooled in a minute or less. 
Many of the chains, especially those close 
to the outer surface, will have cooled into 
an unrelaxed, extended state that was in- 
duced during flow. If the part is reheated to 
the glass transition it will rapidly shrink 
back to a shape closer to that of the blob of 
polymer that it was before it was molded. 
Slow cooling or long term annealing can re- 
lax this 'memory' but would only be done 
in critical components. 

As it cools in the mold, the outer sections 
of the part will harden first. Later cooling of 
the core will cause shrinkage stresses which 
will compress the surface and put the core 
into tension. The thermal expansion coeffi- 
cient of a polymer is also sensitive to orien- 
tation, with more expansion and contraction 
occurring across the chain axis than parallel 
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to it. Hence large shrinkage stresses can be 
set up around regions where the polymer 
was extended during flow. In a crystalline 
polymer the shrinkage on cooling through 
the melting point can be large, more than 
1096, and this makes the problems much 
more significant. Mold design requires 
much effort to control these effects. 

The result of these large internal stresses 
is that the polymer can slowly distort dur- 
ing use. One common example is that ace- 
tal or nylon gears slowly shrink onto their 
metal shaft until the circumferential stress 
cracks the gear-wheel along a radius. This 
problem can be relieved by annealing at 
temperatures close to the glass transition but 
care is needed to avoid simultaneous distor- 
tion. Normal mass production of plastics 
does not leave time for slow annealing of 
parts. 

Shrinkage problems can be much more 
acute in cast materials such as acrylic where 
the polymerization shrinkage is close to 
30%. An object made by casting is unlike- 
ly to be stress relieved by annealing, resid- 
ual stresses can be very large and the part 
may craze (forming a network of micro- 
scopic cracks) or fracture over a period of a 
year or two. One area where annealing is 
carefully carried out is in plastic optical 
components where residual stresses can 
cause optical distortions. 

Clearly stresses also can arise from dif- 
ferential expansion where polymer is at- 
tached to metal or wood. A typical thermal 
expansion coefficient for a plastic is about 

"C-'; for a metal it is 2 x lop5 "C-' and 
glasses are lower still. This means that a 
150 "C temperature change on cooling from 
the solidification temperature can result in 
a relative strain of 1 %. This strain can lead 
to eventual fracture if the plastic does not 
creep to relieve it. 

Since most synthetic polymers are hydro- 
phobic, effects due to moisture are relative- 

ly unimportant. Typical moisture uptakes 
in a saturated environment are 1-5% by 
weight. Swelling by solvents or oils is much 
more of a problem. 

10.2.3 Environmental Stress Cracking 

The balance between ductile and brittle 
fracture in a polymer can be influenced by 
anything which changes either the molecu- 
lar motions of the polymer or the energy of 
the fracture surfaces. Because of this, one 
of the weaknesses of many polymers is their 
sensitivity to contact with organic liquids. 
It is not uncommon for normally tough poly- 
mers to become brittle in contact with or- 
ganic liquids, leading to the onset of craz- 
ing or catastrophic failure by brittle fracture 
at stresses well below the corresponding 
critical stresses in air. This effect is often 
termed environmental stress cracking. 

Deterioration of mechanical properties in 
solvent contact has considerable technolog- 
ical implications. A well known example is 
the rapid failure of polycarbonate in crash 
helmets on exposure to petrol, or to the 
plasticizers from adhesives. Polyethylene 
household utensils fail at points of stress, 
under the influence of detergents. It has al- 
so been common where plastic moving parts 
in machinery are improperly lubricated and 
can result from improper use of solvent- 
based cleaning agents and polishes. 

One explanation for the sensitivity of 
polymers to liquids is that the liquid can 
swell the polymer, with a corresponding 
plasticizing effect on the glass transition. 
There is thus a reduction in the stress re- 
quired to cause the polymer to flow. If this 
occurs near the tip of a crack, the stress for 
brittle failure is lowered. For example, 
Bernier and Kambor (1968) studied the 
crazing failure of poly(2,6-dimethyl- 1,4- 
phenylene oxide), a tough, high-perfor- 
mance engineering thermoplastic, in a va- 



10.3 Chemical Degradation of Polymers 475 

riety of organic liquids. They found that the 
critical stress for brittle failure was lowest 
in those liquids that are the best solvents for 
the polymer, as measured by the closest 
match between the solubility parameters of 
the polymer and the contacting liquid. They 
concluded that swelling dominates the 
cracking of the polymer. 

Solvent swelling does not explain why 
other polymers can show environmental 
cracking in liquids that are non-solvents, 
e.g. the failure of polyolefins under modest 
stresses when in contact with aqueous de- 
tergents. A second cause of failure is sug- 
gested to lie in surface energy effects. If the 
contacting liquid wets the polymer surface, 
it will lower the surface energy and thus re- 
duce the energy needed for crack and craze 
formation in the polymer. Polymer surfaces 
are typically of low energy, so that they are 
not wetted by water but are wetted by deter- 
gent solutions and most organic liquids. In 
practice, stress cracking of polymers in liq- 
uid contact probably involves a combina- 
tion of both mechanisms. 

Solvent-induced or detergent-induced 
failure frequently occurs without applied 
stress, as a result of residual stresses from 
the initial molding process. Thus, it is pos- 
sible to clean one acrylic piece with alcohol 
and experience no problem, while a second 
piece may craze or disintegrate due to resid- 
ual stress at a corner. The liquid need not at- 
tack the bulk of the polymer, it only acts on 
the strained region at the tip of a crack. 

10.3 Chemical Degradation 
of Polymers 

10.3.1 Introduction 

Plastics usually fail due to localized 
stresses in combination with some weaken- 
ing or embrittlement of the material. Em- 

brittlement is the most important practical 
consequence of any degradation reaction of 
the polymer that will reduce molecular 
weight and/or cross-link the chains. A sec- 
ond common consequence of degradation is 
yellowing. Polyolefins are especially vul- 
nerable to oxidation. If they are not stabi- 
lized in some way, they may have a lifetime 
of only days in bright sunlight before they 
become weakened and useless. Despite this, 
the time to total disappearance even for un- 
stabilized polyolefin litter is still very long. 

It should be kept in mind that very little 
chemistry may be needed to destroy the me- 
chanical properties of a polymer. If 1 %  of 
the C-C bonds in a hydrocarbon fluid are 
broken, the effect is to form a small fraction 
of impurities, usually of little significance. 
The same fraction of breaks in a polyolefin 
will reduce it from a high molecular weight 
polymer to an oligomeric wax. Thus in poly- 
mers a fraction of a per cent of chain breaks 
will cause failure, and polymers may lose 
their mechanical properties rather easily 
with negligible changes in mass. In the fol- 
lowing sections we discuss degradation 
mechanisms in more detail. 

10.3.2 Thermal Degradation 

Thermal degradation of polymers may be 
defined as the collection of chemical reac- 
tions that result in deterioration of proper- 
ties in the absence of air or radiation. Pure- 
ly thermal degradation, in inert atmosphere 
or vacuum, defines the ultimate stability of 
a polymer in the absence of other degrada- 
tive influences. It represents the point where 
the chemical bonds of the polymer acquire 
enough thermal energy to be able to break 
spontaneously at significant rates. 

Thermal degradation is rarely significant 
in long-term use of polymers, because poly- 
mer applications usually involve air contact 
and oxidative reactions dominate. How- 
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ever, it plays an important part in determin- 
ing processability. It can also introduce 
functional groups into the polymer, which 
produce color or influence long-term oxida- 
tive stability. Purely thermal degradation 
is very difficult to study well and the liter- 
ature contains much indifferent research. It 
involves reactions at high temperatures in 
a solid or a very viscous liquid and is in- 
variably diffusion controlled, except in ex- 
tremely thin films. Because the primary re- 
action products are trapped in the polymer 
at high temperatures, secondary reactions 
are common. 

Three distinct mechanisms of thermal 
degradation can be identified. 

10.3.2.1 Chain Scission 
with Depropagation 

Many carbon-chain polymers and other 
simple chains, such as the polyacetals (poly- 
ethers), are produced by chain reaction 
polymerization, either via double bonds or 
by ring-opening. Such polymerizations in- 
volve repeated addition of a monomer mole- 
cule to an active center, which may be a rad- 
ical, an ion or a co-ordination complex. 

In principle, any such reaction is an equi- 
librium and we can write it in the form: 

P,* + M  e P L ,  (10-1) 

where P,* and P z l  represent propagating 
chains with n and n+ 1 monomer units, re- 
spectively. For large values of n (typically 
n > 3-4), it is well established that the rates 
of propagation and depropagation are inde- 
pendent of n, so that the two species, P,* and 
P,*-l are not distinguishable. Thus, the equi- 
libriumconstant, K,, is simply l/[M], where 
[MI is the monomer concentration, and K, 
can be written in the form 

AGO = AHo - TAS" = 

= -RT In K,  = RT ln[M] (10-2) 

Thus, any concentration of monomer is in 
equilibrium with the corresponding poly- 
mer at a temperature given by: 

T, = AHo/(ASo + R In [MI) (1 0-3) 

Note that AH" and AS" depend upon the 
state of the polymer and the monomer. If [MI 
is set equal to the bulk concentration, T, is 
the so-called 'ceiling temperature' and is the 
upper limit at which polymer and monomer 
can coexist in equilibrium in the presence of 
the active centers. 

If a polymer is heated to the point where 
chemical bonds begin to break, radicals will 
normally be formed, rather than ions. Thus 
if chain scission takes place to produce free- 
radicals at temperatures above T,, we ex- 
pect rapid radical depolymerization, with 
production of monomer. Table 10-1 shows 
some typical values for T, for common poly- 
mers. They range widely from quite close to 
room temperature for polyacetal to close to 
600 "C for polytetrafluoroethylene. 

In radical polymerization, the simple 
chain-growth mechanism is complicated by 
side reactions of the propagating free radi- 
cals, which may terminate by recombination 
or disproportionation. They may also under- 

Table 10-1. Ceiling temperatures of common mono- 
mers. 

Monomer Statea T, ("C) 

a-Methylstyrene Ic 45 

Formaldehyde gc 118 

Trioxan Ic 36 

a-Methylstyrene Is 61 

Methyl methacrylate IC 197 
Propylene gc 27 1 
Propylene lc 384 
Styrene Ic 45 1 
Tetrafluoroethylene gc 600 

a Ic = liquid monomer with solid polymer; 1s =liquid 
monomer with dissolved polymer; gc = gaseous mono- 
mer with solid polymer. 
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go chain transfer reactions in which the radical activity is transferred from one center to an- 
other, typically by hydrogen atom abstraction. 

The hydrogen atom may come from any 
species in the mixture. Chain transfer 
agents, often thiols, are frequently used to 
control molecular weight and end-group 
structure in polymerization chemistry. 

Because the activation energy for chain 
propagation is much lower than that for 
chain transfer, transfer is a usually a minor 
process in polymerization chemistry, though 
it can have important effects on polymeriza- 
tion rate and on polymer structure. The same 
is not true of depropagation. Although the 
activation energy for depropagation is high- 
er than that for propagation, the high tem- 
peratures involved mean that rates of de- 
propagation and chain transfer are compar- 
able for most polymers at the temperatures 
involved in thermal degradation. Because of 
this, few polymers depropagate cleanly to 
high yields of monomer, because, as soon as 
a radical is produced, it undergoes chain- 
transfer reactions, leading to a complex 
mixture of low-molecular-weight volatile 
products. Only the very few polymers where 
chain transfer is restricted by the absence of 
easily-abstractable hydrogen atoms deprop- 
agate cleanly. 

Table 10-2 shows the typical monomer 
yields for thermolysis of common polymers. 
Essentially poly(methy1 methacrylate) is 
the only polymer in common use which de- 
propagates totally to monomer. For other 
polymers, the monomer yield ranges from 
zero to a significant fraction of the total vol- 
atile products. 

In practice, most polymers will be stable 
at temperatures above T, because the acti- 
vation energy for chain scission is high 
enough that radicals can only be formed by 

x x 

thermal scission at higher temperatures. 
This however has its own dangers. If radi- 
cals are induced in a polymer at tempera- 
tures above T, then depolymerization may 
be very rapid. For example, it is common to 
mold PMMA at temperatures above T,. 
Under these conditions chain scission in- 
duced by mechanochemical damage to the 
polymer in the high shear fields of the ex- 
trusion or molding operation results in the 
near instantaneous conversion of that chain 
into gaseous monomer, which can lead to 
bubbles or surface imperfections in the 
molding. Similarly, exposure of PMMA to 
UV, electron-beam or y-irradiation above 
T, will lead to very rapid degradation. 

In principle, depropagation is initiated by 
the thermal scission of a main-chain back- 
bone bond to produce a pair of depropagat- 
ing radicals. The activation energy should 
thus correspond to the dissociation energy 

Table 10-2. Some typical monomer yields in poly- 
mer pyrolysis. 

Polymer % Monomer 
~~ 

Poly(methy1 methacrylate) 100 

Pol y (a-methylst yrene) 100 
Pol yacrylonitrile <5  
Pol y methacry lonitrile 100 
Polytetrafluoroethylene 100 
Poly(methy1 acrylate) 0 
Polyethylene <1  
Polypropylene 2 

Polybutadiene 1.5 
Polyisoprene 12 

Polystyrene 42 
Pol y(a-deuterostyrene) 70 

Poly isobutene 32 
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for the weakest bonds in the backbone and 
should be an inherent and unmodifiable fea- 
ture of the polymer. In practice it is often 
found that the activation energy rises with 
temperature to become equal to the C-C 
bond energy of the backbone at high tem- 
peratures. This behavior is associated with 
the presence of bonds that are weaker than 
average and can initiate production of de- 
propagating radicals at lower temperatures. 
An important feature of the design of poly- 
mers is control of these thermally-sensitive 
groups. 

The most important example of such 
'weak links' is the end-groups, associated 
with the initiator, with chain transfer or with 
termination. Others include copolymerized 
oxygen, and wrongly-inserted monomer 
units. Control of polymerization conditions 
or post-polymerization modification of 
polymer structures can reduce the signifi- 
cance of such reactions and give polymers 
of greater thermal stability. An example of 
this type is polyoxymethylene. As normal- 
ly prepared from cationic polymerization of 
sym-trioxan, this polymer has OH end- 
groups, which readily initiate depropaga- 
tion to formaldehyde. This reaction can be 
blocked by acetylation of the chain ends, 
leading to a polymer which can survive 
above T, because there is no mechanism of 
chain scission with a low enough activation 
energy to initiate depropagation. 

Another approach is to copolymerize a 
small amount of a second monomer, such 
as styrene. The polymer is heated to initiate 
depropagation, which occurs until it en- 
counters the first comonomer unit, at which 
point further depropagation is blocked. The 
evolved monomer is recycled. 

The kinetics of depropagation reactions 
are complex and have been discussed in de- 
tail (See, e.g., Hammond and Lehrle, 1988). 
The analysis is complicated because the re- 
action volume changes with conversion, as 

volatile compounds are evolved, and be- 
cause the kinetic chain length (the average 
number of depropagation events for each in- 
itial chain scission) may be controlled by the 
molecular weight of the chain. Termination 
may be by radicals evaporating from the 
polymer. 

Exactly what happens depends on the de- 
tails of the reaction, but we can consider two 
extremes. If the reaction is initiated at the 
chain ends and the depropagation has a long 
kinetic chain length, all molecules have an 
equal probability of being initiated and each 
initiation results in the corresponding chain 
being completely removed as monomer. In 
this case the weight of the polymer decreas- 
es but there is no change in average molec- 
ular weight or in the distribution. 

If the reaction is initiated by random scis- 
sion and the kinetic chain length is long, 
long chains have a greater probability of 
scission and are removed completely as 
monomer. In this case, the mass of polymer 
falls, and the average molecular weight de- 
creases. Also, the molecular weight distri- 
bution narrows. 

10.3.2.2 Random Scission without 
Depropagation 

If a carbon-chain polymer undergoes 
thermal scission, the radicals produced may 
get involved in chain transfer and termina- 
tion too rapidly to allow significant deprop- 
agation. The effect is to break the chain with 
little or no weight loss. If scission is ran- 
dom, the number of scissions can be com- 
puted from the change in number average 
molecular weight or degree of polymeriza- 
tion, and is given by: 

where k is the rate constant for the scission 
reaction and P," is the initial degree of poly- 
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merization. At the same time, if scission is 
truly random, the molecular weight distri- 
bution tends towards a most-probable dis- 
tribution, with M,IM, = 2 independent of 
the initial molecular weight distribution. 

Where a polymer has functional groups 
in the main chain, typical of polymerization 
by step-reaction chemistry or chain poly- 
merization of heterocyclic monomers, the 
functional groups in the chain are often the 
weakest and may undergo reactions which 
do not produce radicals. Thermal degrada- 
tion by random scission, without significant 
yield of volatile compounds is typical of 
such polymers. Examples include polyes- 
ters, polyamides and polyurethanes, all of 
which undergo thermolyis by reaction at the 
functional groups: 

ing agent is not limited by, e.g., crystallin- 
ity. 

10.3.2.3 Thermal Reaction without 
Chain Scission 

In any polymer, the chemical changes that 
occur at the highest rate at any given tem- 
perature will be the most significant causes 
of changes in properties. Often these are re- 
actions that involve chain scission, either 
via radical intermediates or in molecular re- 
arrangements which lead to scission. How- 
ever, there are many other examples where 
reactions of substituent groups take place 
before scission, or may compete with it. In 
these cases the degree of polymerization 
remains the same but new structures are 

- -NCO + HO- 
Y ?  

mN-C-0- 

-H + H20 + -CN 

Random scission is also typical of the 
degradation of many polymers by reac- 
tion of chain bonds with other reagents. 
Hydrolytic and other chemical reactions 
and biological attack frequently show 
purely random scission, provided that 
the accessibility of the chain to the degrad- 

formed along the polymer chain. For exam- 
ple, polymers which contain carboxylic 
acid groups undergo coupling reactions to 
form anhydride groups at relatively low 
temperatures. Anhydride formation may be 
intramolecular or intermolecular; in the lat- 
ter case it produces cross-links. 
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Perhaps the most common such reaction are dominant in processed commercial PVC 
in carbon-chain polymers is elimination of materials. 
the substituent, with the formation of a dou- Whereas scission reactions are difficult 
ble bond. The classic, and most important, or impossible to stop, the dehydrochlorina- 
example is the dehydrochlorination of tion of PVC can be reduced significantly by 
poly(viny1 chloride), which can be written additives. Common stabilizing additives for 
formally as 

I l l 1 1  
CI CI CI CI CI 

The important feature is the formation of 
polyene sequences by successive elimina- 
tions. These absorb visible light, causing the 
polymer initially to become yellow and 
eventually black. Similar reactions can oc- 
cur with many polymers, e.g. poly(viny1 al- 
cohol), poly(viny1 acetate) and cellulose 
and its esters. If the elimination reactions 
are allowed to go to high conversions, the 
polymer is typically transformed into a car- 
bonaceous char, which may be quite ther- 
mally stable. Much of fire retardant chem- 
istry is aimed at increasing char yields in 
polymer thermolysis. 

The reaction of PVC is important because 
it is the major pathway for degradation of 
this high-tonnage polymer. PVC degrada- 
tion has been extensively reviewed (See, 
e.g., Starnes, 1977, 1981; Owen, 1984; 
Braun and Bezdadea, 1986) and has a much 
more complex mechanism than is implied 
by the equation above. It is initiated at re- 
active defect sites in the chain and catalyzed 
by the eliminated hydrochloric acid. Reac- 
tive sites include those which are part of the 
virgin polymer, such as allylic or tertiary 
chlorine atoms, produced in chain-transfer 
or termination reactions during polymeriza- 
tion; and hydroperoxy groups, introduced 
by thermal oxidation during processing. 
Although a wide variety of such sites has 
been identified in laboratory samples of 
PVC, it is probable that the hydroperoxides 

PVC are the fatty acid salts of heavy met- 
als, typically barium, cadmium, lead, tin or 
zinc. These are often used in combination 
with an antioxidant or as salts of sulfur ac- 
ids, such as thioglycollic acid, which have 
peroxide-decomposing activity. In their 
simplest form, these salts function by trap- 
ping hydrochloric acid in reactions of the 
form: 

MY2 + HC1+ MYCl + HY 

MYCl + HCl + MC12 + HY 

or by replacement of reactive chlorine 
atoms with the much less reactive anion of 
the stabilizer: 

MY2 + RC1+ MYCl + RY 

MYCl + RC1+ MC12 + RY 

There is increasing pressure for the use 
of wholly organic stabilizers for PVC, be- 
cause of the environmental toxicity of heavy 
metal salts. 

Since many PVC formulations also con- 
tain pigments and plasticizers, this can be 
one of the most complex of plastics. Sim- 
ple elimination is not the only reaction pos- 
sible. 

Another example of a polymer which 
gives coloration is polyacrylonitrile, which 
colors slowly when heated and very rapid- 
ly on exposure to alkalis. This is usually at- 
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tributed to the formation of conjugated, cyclic structures by reactions of the form 

+ HCN 

CN CN CN CN CN 

Bashir et al. (1991) suggested that this is 
an oversimplified picture and that the cou- 
pling reaction also occurs intermolecularly. 

Although elimination reactions are clear- 
ly degradation, leading to color and char 
formation, they can have advantages. Con- 
jugated sequences and ladder structures 
confer thermal stability on the polymers, 
forming stable chars. This is the basis of the 
preparation of carbon fibers by pyrolysis of 
polyacrylonitrile. It is also one reason for 
the use of plasticized PVC in electrical in- 
sulation; in a fire, the char acts as a protec- 
tive coating and maintains the electrical in- 
sulation properties of the cable. 

10.3.3 Oxidative Degradation 

10.3.3.1 Chemistry of Polymer Oxidation 

Although pure thermal degradation is an 
important limiting factor in the processing 
of polymers and in their use at high temper- 
atures, it has little relevance to applications 
at room temperature, especially when the 
polymer is in contact with air. For almost all 
polymers, the long-term stability is deter- 
mined by oxidation reactions. 

Oxidation can be defined as the reaction 
of a polymer with oxygen at temperatures 
where thermal degradation is negligible. We 
can thus distinguish it from combustion, 
which is the reaction between oxygen and 
the volatile products of thermal decomposi- 
tion of the polymer. In fire situations the 
degradation is typically a complex mixture 
of oxidation and combustion, depending on 
the polymer and the conditions of degrada- 
tion. 

Studies of simple hydrocarbon models 
suggest that polymers should not oxidize 
significantly at temperatures of normal use 
and this led to a widespread belief that poly- 
mers do not degrade in normal use. In fact, 
oxidation is a major technological problem 
and rather few polymers can be processed 
and used without stabilization. The reason 
is the presence of impurities and structural 
defects in polymers, especially after pro- 
cessing. 

Oxidation is typically a very slow reac- 
tion between a solid, possibly semi-crystal- 
line, polymer and a gas. It is kinetically very 
complex and the literature is characterized 
by a good deal of ‘paper chemistry’. The 
main differences from thermal degradation 
are that the reactions are slow, over weeks 
or years, the production of volatile com- 
pounds may be almost negligible and diffu- 
sion of oxygen into the polymer is required. 

The conditions under which oxidation 
takes place vary widely but there are two 
main cases. The first is during processing, 
where the polymer is molten, the oxygen 
concentration is very low and there is a high 
level of shear, leading to mechanochemical 
scission of polymer chains. The second is 
normal use, where the polymer is solid, re- 
actions are very slow, there is oxygen satu- 
ration and there may be exposure to UV 
light, atmospheric pollutants, etc. 

Oxidation may lead to loss of mechani- 
cal properties - toughness, impact strength, 
elongation to break, flexural strength etc. - 
and the polymer typically embrittles at quite 
low levels of oxidation. It also may lead to 
marked changes in appearance - chalking, 
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cracking, loss of gloss and yellowing are all 
common. 

Our understanding of the basic chemistry 
of oxidation is based on the classic work of 
Bolland and Gee (1946) on natural rubber, 
and on earlier work on hydrocarbon oxida- 
tion. These studies showed that oxidation 
involves the chain reaction cycle 

RH + x + R' + XH 

R' + O2 + RO; and 
RO; + RH + ROOH + R' 

RO; (R') + RO; (R') + 

Initiation 

Propagation 

Inert products Termination 

new chains. Thus, we have a chain reaction 
that regenerates its own initiator and the re- 
sult is autoacceleration. Typically, there is 
an induction period of slow reaction, fol- 
lowed by rapid oxidation, as illustrated in 
Fig. 10-1, which shows some data for ac- 
celerated aging of polypropylene. In some 
cases e.g. polypropylene the formation of 
peroxides may be faster than their decom- 
position (depending on the temperature), so 
that they accumulate in the polymer. In oth- 
er cases the peroxides are so unstable that 
they decompose as soon as they are formed. 

Many initiation reactions have been pro- 
posed in the literature, e g :  

where X is a primary radical, whose origin 
is discussed later. 

The product of this primary cycle is the 
polymer hydroperoxide ROOH. Under use 
conditions, these are unstable and decom- 
pose to yield new radicals, which initiate 

RH + R' + H' 

RH + O2 + R' + HO; 

All such direct reactions of the polymer 
by itself or with oxygen are thermodynam- 
ically unlikely at normal use and processing 

Y 
0 

Q 
c. 

' 2 -  
C 
Q) 

x 
X 
0 

1 -  

0 
0 2 4 6 8 10 0 2 4 6 8 10 

Time (h) 

Figure 10-1. Typical oxygen uptake by an unstabilized sample of polypropylene at 120 "C. The reaction is au- 
toaccelerating. Extrapolation of the approximately linear part, as indicated by the dotted line, gives the induc- 
tion period and the polymer typically loses its useful mechanical properties at this point. The amount of oxygen 
absorbed is low, corresponding to less than one molecule for every 100- 150 polymer repeat units. 
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temperatures (which is why pure model 
compounds do not oxidize readily). It is now 
generally believed that most initiation is 
by the decomposition of traces of hydroper- 
oxide, created by mechanochemically-in- 
duced oxidation during processing. 

Hydroperoxides are thermally unstable 
because of the weak 0-0 bond. The simplest 
decomposition is the unimolecular scission 
of the 0-0 bond to yield to radicals: 

ROOH + RO' + 'OH 

Both alkoxy and hydroxy radicals are very 
reactive and HO' rapidly abstracts H from 
the polymer to form water 

HO' + RH + R' + H,O 

The RO' radical may react the same way, to 
give ROH. In polymers it also gives chain 
scission as discussed below. 

In fact the situation is much more com- 
plex. In hydrocarbon media, hydrogen 
bonding of the polar hydroperoxides caus- 
es them to dimerize, leading to bimolecular 
decomposition: 

2 ROOH + RO' + RO; + H 2 0  

Again, RO' and RO,' radicals produce R' by 
abstraction or scission reactions. 

Hydroperoxides are very sensitive to 
traces of metal ions with multiple oxidation 
states (e.g. Fe, Ti, Co, Mn, Cu, Cr). These 
are always present from catalysts or pro- 
cessing equipment and can catalyze rapid 
decomposition of peroxides 

ROOH + M+ + RO' + -OH + M2+ 

ROOH + M2+ + RO; + H+ + M+ 

Further, hydroperoxides are very sensi- 
tive to photolysis at solar wavelengths. The 
extinction coefficients are very low, but the 
quantum efficiency for scission is close to 
I .  Hydroperoxide photolysis can be sensi- 
tized by pigments. 

Of the two reactions that form the prop- 
agation cycle, the first, reaction of the alkyl 
radical with oxygen, is very much the fast- 
er. For almost all radicals involved in com- 
mon polymers, it is encounter-controlled, 
with zero activation energy, so that alkyl 
radicals have very short lifetimes if there is 
oxygen in the polymer. The second stage, 
abstraction of a hydrogen atom from the 
polymer to form a new alkyl radical and a 
hydroperoxide, is much slower. Its activa- 
tion energy depends upon the dissociation 
energy of the C-H bond being broken. Thus, 
in polymers like polypropylene, which have 
several different RH bonds, the location of 
oxidation will depend on the reactivity of 
the RH bonds. In PP, most oxidation takes 
place at the tertiary C-H bonds. Similarly, 
in natural rubber, most oxidation is at the 
a-methylene groups and in nylons it is at the 
methylene groups a to nitrogen. 

In oxidation of liquids, propagation is 
expected to be statistically random. In the 
solid phase the mobility of radicals can be 
limited, so that propagation takes place in a 
'zone' of local oxidation. For example, in 
polypropylene there is evidence of intra- 
molecular propagation (Scheme see next 

This gives short sequences of hydroper- 
oxides. In polyethylene and rubbers, where 
mobility is higher, sequences are less com- 
mon but hydroperoxidation may still be 
non-uniform. 

Note also that the relative concentration 
of R' and RO; radicals depends upon the 
relative rates of the two propagation steps 
and therefore on the concentration of oxy- 
gen. Under oxygen saturation conditions, 
the radical population is expected to be 
dominated by RO; radicals, but R' radicals 
may be very much more important in pro- 
cessing, where the oxygen concentration is 
much lower; this has important implications 
for the choice of stabilizers. 

page). 
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0 H H  
HO\ 

CH3 CH3 CH3 CH3 CH3 CH3 CH3 CH3 

A 
CH3 CH3 CH3 CH3 

The reaction cycle so far discussed con- 
sumes oxygen and converts it to hydroper- 
oxides on the polymer chain. If this were the 
only set of reactions, it would not cause 
much trouble, except in applications involv- 

most important side reaction is that of the 
alkoxy radical. In liquid hydrocarbons, the 
main reaction of alkoxy radicals is hydro- 
gen abstraction to give an alcohol. In con- 
trast, in polymers @-scission can compete, to 
give a carbonyl group and an alkyl radical: 

?H - * CH3 CH3 CH3 CH3 CH3 CH3 CH3 CH3 

H2.* H 
+ 

c H3 CH3 CH3 CH3 

ing high-frequency electrical fields, where 
the introduction of polar groups has deleter- 
ious effects on dielectric losses. The real 
problem is that side reactions of radicals can 
cause chain scission and cross-linking. 

In general, alkyl-peroxy radicals are rath- 
er stable and do not undergo side reactions. 
In an oxygen-saturated polymer, alkyl rad- 
icals are rapidly converted to alkyl-peroxy 
radicals by reaction with oxygen, so that 
their other reactions are not important. The 

This is a key reaction because it gives 
chain scission. The aldehyde or ketone 
formed is more reactive to oxidation than is 
the polymer. In the early stages of oxidation, 
the side products are mainly aldehydes and 
ketones but carboxylic acids, esters and cy- 
clic lactones become increasingly important 
with conversion. 

Note that carbonyl groups are good pho- 
to-initiators for oxidation, so that increas- 
ing oxidation leads to increasing photo-sen- 
sitivity. Production of acids may also be im- 
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portant if the polymer has acid-sensitive 
groups, e.g., polyacetals. 

Scission can be measured by following 
changes in molecular weight. It typically 
follows oxygen uptake, as is illustrated in 
Fig. 10-2. Scission is inefficient, about 10 
molecules of O2 being absorbed for each 
scission. 

In principle, termination of two alkoxy 
radicals would give a peroxide cross-link, 
whilst termination of an alkoxy radical with 
an alkyl radical would give an ether cross- 
link. It is very difficult to get direct experi- 
mental evidence for either of these reac- 
tions, since both dialkyl peroxides and 
ethers are difficult to detect, however, there 
is no doubt that chain scission is dominant 
in saturated hydrocarbon polymers. 

The alkoxy radical is most important be- 
cause its high reactivity and ability to sur- 
vive in the presence of oxygen mean that its 
reactions are responsible for chain scission 

Figure 10-2. Chain scission and 
oxygen absorption during oxida- 
tion of unstabilized polypropy- 
lene at 120 "C. The amount of 
scission is proportional to the 
amount of oxygen absorbed, 
though typically around 20 
molecules of oxygen are taken 
up for each scission. 

and for most of the stable products of oxi- 
dation. Thus, the oxidation of saturated 
polymers under conditions of oxygen satu- 
ration gives scission. 

In contrast, in unsaturated rubbers, the 
high concentration of C=C bonds means that 
attack on the C=C bond can compete with 
propagation and scission (Scheme see next 

The result is that cross-linking, epoxida- 
tion and formation of cyclic peroxides all 
occur in unsaturated rubbers. The increas- 
ing cross-link density leads to hardening of 
rubbers on oxidation. 

If the oxygen concentration is low, as in 
processing, R' radicals are stable enough to 
react independently. We get a competition 
between recombination cross-linking and 
p-scission. The relative importance depends 
on the polymer, e.g. polypropylene under- 
goes scission in processing, while polyeth- 
ylene cross-links. 

page). 
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RO. 

10.3.3.2 Origins of Embrittlement 

Whatever the chemical reactions, the ul- 
timate problem of oxidation is that it leads 
to mechanical breakdown of the polymer. 
Specifically, whether the initial material is 
a rubber or a tough plastic, oxidation tends 
to induce a change from ductile to brittle 
failure. The relation between chemical 
change and mechanical embrittlement is 
quite complex. 

In unsaturated rubbers, the dominant 
chemical process is cross-linking, due to 
radical formation in the presence of high 
concentrations of double bonds. Increased 
cross-link density reduces the average mo- 
lecular weight between cross links and caus- 
es an increase in modulus until the glass 
transition temperature rises sufficiently 
above the use temperature that the polymer 
becomes brittle. If the sample is thin 
enough, crack propagation under load then 
causes mechanical failure. Embrittlement 
failure of this type is typical of rubbers in 
film or sheet form. In extreme cases, the rub- 
ber may deteriorate to a friable powder. 

In contrast, in thick samples oxygen dif- 
fusion restrictions may limit the initial oxi- 
dation to the surface of the polymer. The ef- 
fect of surface cross-linking may be to fur- 
ther restrict diffusion of oxygen into the 
bulk, giving a hardened surface layer which 
protects the bulk polymer from further oxi- 

H H 

+ ROH 

dation. The effect may be seen as analogous 
to passivation of aluminum by formation of 
an oxide layer. It is this which allows the 
successful use of a highly oxygen-sensitive 
material like natural rubber in large slabs for 
a variety of engineering and building appli- 
cations, where very long lifetimes are ex- 
pected. Many of the newer rubbers formed 
by ring-opening metathesis (ROMP) chem- 
istry also fall into the category of self-pro- 
tecting polymers. 

In semi-crystalline polyolefins, failure is 
also often by embrittlement, but for differ- 
ent reasons. The main mechanism is chain 
scission, with lowering of molecular weight 
and of T g .  Failure occurs at very low levels 
of oxidation; the molecular weight typical- 
ly falls by less than a factor of two and there 
is less than one oxygen molecule per hun- 
dred carbon atoms. The reason for this sen- 
sitivity lies in the complex morphology of 
many polymers. 

Many of the most oxidation-sensitive 
polymers, especially polyolefins, are semi- 
crystalline, their morphology depending on 
the conditions of crystallization. Slow crys- 
tallization at low undercooling gives sphe- 
rulites. Rapid crystallization at high under- 
cooling give much less organization, though 
often similar overall crystallinity as meas- 
ured by e.g. X-ray or DSC. In polyethylene, 
where Tg is -100 "C, crystallization is easy. 
In polypropylene, Tg is much closer to room 
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temperature and very rapid cooling during 
molding may lead to a highly disordered 
smectic crystal structure. 

Diffusion of oxygen is restricted to the 
amorphous component of semi-crystalline 
polymers and oxidation is restricted to the 
amorphous phase. This is fortunate because 
stabilizers also cannot get into the crystal- 
line regions. 

The useful mechanical properties of 
polyolefins arise from their semi-crystal- 
line nature. For normal use temperatures 
CTg < T < T,) these polymers are effectively 
‘composites’ of rigid crystalline units in a 
soft, rubbery matrix. In slow loading, the 
ability of the chains to slip through crystals 
gives great toughness. At lower tempera- 
tures or higher strain rates (impact), failure 
becomes brittle, although the frequencies 
required for embrittlement of undegraded 
materials may be close to ballistic. 

Chain scission changes the balance 
between plastic flow and brittle fracture, to- 
wards brittle fracture. Scission is confined 
to the amorphous regions between crystal- 
lites, so that it removes the ability to trans- 
fer load to the crystallite, decreasing plastic 
flow. Also, scission increases the freedom 
of the chains, especially at the surface. It al- 
lows recrystallization at the surface to re- 
lieve stress. The result is increased surface 
density and crystallinity, together with for- 
mation of surface cracks. 

The final result depends on the point 
where crack propagation becomes favored 
over plastic flow. In a thick molding this 
may only happen at the surface, so that 
changes in surface appearance occur with 
little loss in bulk strength. In marginally 
tough materials, a crack started by surface 
embrittlement can propagate across the re- 
maining tough plastic. In films, where 
great toughness is needed, small amounts 
of degradation can cause rapid embrittle- 
ment. 

In contrast to semi-crystalline polymers, 
amorphous polymers, like PVC, typically 
discolor and chalk with less loss of strength. 
Amorphous, glassy polymers like polysty- 
rene are typically quite resistant to loss of 
mechanical properties by oxidation, but are 
prone to discoloration. Oxidation of poly- 
mers which have aromatic rings can lead to 
hydroxylation of the ring followed by oxi- 
dative coupling of the phenolic products, as 
discussed below. The coupling products 
may show intense absorption of visible 
light, so that polymers like polystyrene, po- 
ly(ethy1ene terephthalate) and aromatic 
polyurethanes often show major yellowing 
without much loss of tensile strength. 

The extensive application of polymers in 
engineering applications has lead to the de- 
velopment of many biphasic polymer 
blends, in which a small fraction of rubber 
particles is dispersed in a matrix of the host 
polymer. Such particles act to improve im- 
pact strength by dissipating energy at the tip 
of a propagating crack. Examples where the 
matrix is amorphous include high-impact 
polystyrene (HIPS) and acrylonitrile-buta- 
diene-styrene copolymers (ABS). These are 
typically made by polymerizing styrene or 
styrene-acrylonitrile mixtures in the pres- 
ence of a polybutadiene latex. Another very 
important group is the rubber-toughened 
polyolefins. These may be produced by me- 
chanical blending of e.g. ethylene propylene 
(EP) rubber or natural rubber into polypro- 
pylene. Alternatively they can be made by 
feeding ethylene into a polypropylene syn- 
thesis at the end of the reaction, to form the 
so called reactor ‘block copolymers’. Poly- 
propylene toughened with EP rubber is a 
major engineering plastic, with many appli- 
cations in motor vehicles, e.g. as bumpers. 

In such materials the effects of degrada- 
tion are complex and depend upon the chem- 
istry and relative extent of degradation of 
the two phases. For materials toughened 
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with diene polymers, oxidative cross-link- 
ing and hardening of the rubber causes 
rapid loss of impact strength, whilst oxida- 
tion of the styrenic component in HIPS or 
ABS causes simultaneous yellowing. In 
contrast, in toughened PP the rubber is 
usually the more stable phase and degrada- 
tion of thick sections like bumper moldings 
most often involves surface deterioration 
through micro cracking, with loss of color 
and gloss. 

10.4 Stabilization of Polymers 
Against Oxidation 

10.4.1 Introduction 

In thermal degradation, the stability of a 
polymer is ultimately limited by the chain 
structure and stabilization is often very dif- 
ficult or impossible. It can only be achieved 
by modifying the polymer structure, either 
in synthesis or by additives. For example, 
some stabilizing additives in PVC act, at 
least in part, by removing the defect sites 
which initiate degradation. In some cases, 

RH 0 2  

RO. -OH 

light metal heat c ions Roox 
Figure 10-3. The important reactions in polymer 
degradation expressed as the interlocking cycles 
which eventually destroy the polymer through the 
scission reactions of alkoxy radicals. 

again such as PVC, the degradation prod- 
ucts may catalyze further reaction. Scaven- 
gers for hydrogen chloride can thus prevent 
autoaccelerating degradation. Acid scaven- 
gers can act similarly in slowing degrada- 
tion of cellulose-derived polymers. 

In contrast, oxidation is usually initiated 
by impurities and propagated by very low 
concentrations of free-radicals. In principle 
it is possible to delay the effects of oxida- 
tion for long periods by addition of mole- 
cules (antioxidants), which are capable of 
interfering with the oxidation cycle. The de- 
velopment of antioxidants is a major tech- 
nological triumph, without which most of 
the modern thermoplastics and rubbers 
would not be useable. 

Fig. 10-3 shows the set of oxidation re- 
actions discussed above, expressed as the 
interlocking cycle of hydroperoxide decom- 
position and regeneration. In principle, any 
reagent which can break into either cycle 
will reduce the rate of oxidation. However, 
the appropriate chemistry may be quite dif- 
ferent under processing and end-use condi- 
tions. 

As discussed earlier, polymer processing 
typically involves high temperatures, high 
shear fields and low oxygen concentrations, 
so that alkyl radicals will be expected to be 
the commonest species. In contrast, in end- 
use applications alkyl peroxy radicals are 
most common and hydroperoxides may be 
quite stable. 

In practice, the two most easily trapped 
intermediates are the alkyl-peroxy radicals 
and the hydroperoxides. Very many anti- 
oxidants are available for stabilization of 
polymers, and antioxidant chemistry has 
been very extensively reviewed (See e.g. 
Al-Malaika and Scott, 1983; Klemchuk and 
Pospisil, 1990; Zweifel, 1998; Scott, 1997) 

Although many different molecules 
are used, antioxidants fall into two main 
types. 
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10.4.2 Chain-Breaking Antioxidants 

Chain-breaking antioxidants are mole- 
cules that can interrupt the oxidation cycle 
by reaction with one or other of the free-rad- 
icals to produce products which cannot re- 
initiate. In principle, a chain-breaking anti- 
oxidant might react with any of the radicals 
involved. In melt processing, where the oxy- 
gen concentration is low, alkyl radicals have 
lifetimes which are long enough to allow 
them to be trapped by antioxidants, and 
many processing stabilizers are good traps 
for alkyl radicals. 

In contrast, when the polymer is exposed 
to air, it becomes very difficult for any re- 
agent to compete with oxygen for the alkyl 
radical, because oxygen is mobile and high- 
ly reactive with alkyl radicals. Most effec- 
tive chain-breaking antioxidants are com- 
pounds that trap alkyl-peroxy radicals. The 
commonest chain-breaking antioxidants for 
polyolefins are the sterically-hindered phe- 
nols, most of which are based on the 2,6-di- 
t-butylphenol unit with a number of possible 
substituents in the 4-position. The phenol 
group reacts with peroxy radicals as a hy- 
drogen atom donor, initially to yield the cor- 
responding phenoxy radical. 

OH 

tBu,&tBu 

the simplest antioxidant, 2,6-di-t-butyl-4- 
methylphenol can produce the coupling 
product: 

% 
These conjugated quinones are amongst 

the most intensely colored compounds 
known (Klemchuk and Horng, 1991) and it 
is critical to minimize their formation to pre- 
vent yellowing of the polymer through re- 
actions of the antioxidant. 

Most phenolic antioxidants currently 
used commercially have a propionate ester 
group in the 4-position They react with 
radicals in a complex way, exemplified in 
Fig. 10-4. 

The important features of these phenols 
is that they react with radicals with a stoi- 
chiometric efficiency greater than one and 
are converted to stable reaction products 
without the possibility of producing colored 
coupling products. Thus the phenol is even- 

Although this is the key reaction, in fact 
the phenoxy radical is not stable and under- 
goes further reactions, to yield a complex 
mixture of reaction products (Pospisil, 
1980). The substituent in the 4-position is 
critical in determining the reaction pathway. 
In particular, oxidative coupling of phenols 
can lead to production of highly conjugated 
stilbenequinone structures. For example, 

tually consumed, leading to an induction pe- 
riod of stability followed by fairly rapid deg- 
radation of the polymer. 

A group of similar antioxidants is those 
based on aromatic amines, especially the di- 
arylamines. These are very effective but can 
cause problems with development of color, 
due to the formation of highly conjugated 
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Figure 10-4. Schematic of some of the complex mixture of products formed when a typical hindered phenolic 
antioxidant is oxidized. 

coupling products. For this reason, the aro- 
matic amine antioxidants are restricted to 
materials like carbon black-filled rubbers, 
where discoloration is not a problem. 

Another group of chain breaking antiox- 
idants of rapidly increasing importance is 
the so-called hindered-amine stabilizers 
(HAS). These were originally developed as 
photostabilizers. The mechanism of their 
action is discussed below and involves the 
initial oxidation of the amine to a nitroxide 

radical, which is the effective antioxidant. 
They have recently been shown to have 
good performance as stabilizers against 
thermal oxidation at low temperatures. 
However, they have essentially no effect at 
processing temperatures and the polymer 
must also contain a processing stabilizer. 

The different conditions encountered 
during polymer processing have already 
been mentioned. The known effectiveness 
of hindered phenols as melt stabilizers is un- 
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doubtedly because their oxidation products 
are good traps for alkyl radicals (the phe- 
nols themselves are much more reactive to- 
wards oxygen radicals than towards carbon 
radicals). It is only rather recently that mole- 
cules specifically designed to trap carbon 
centered radicals have become commercial- 
ly available. One example is the acrylic sub- 
stituted phenols developed by Yachigo et al. 
(1 998): 

R R 

The reactivity of these molecules arises 
because the acrylic group adds the free rad- 
ical to produce a radical which is perfectly 
positioned to react with the phenol. Addi- 
tives of this type are particularly efficient in 
stabilizing diene rubbers during processing. 

Another recently introduced group of 
alkyl radical trapping agents is the benzo- 
furanone derivatives (Pitteloud and Dubs, 
1994): 

Here the reactivity lies in the low disso- 
ciation energy of the C-H bond a to the es- 
ter group. These antioxidants are especially 
effective in combination with phenols in 
preventing gel formation in processing of 
diene rubbers. 

10.4.3 Peroxide-Decomposing 
Antioxidants 

Another group of effective antioxidants 
is those which are able to prevent the initi- 

ation of oxidation by decomposing perox- 
ides to stable products, via pathways that do 
not involve radical intermediates. These are 
often termed ‘preventive’ antioxidants, and 
they fall into two main groups. The first are 
species that stoichiometrically reduce per- 
oxides to alcohols. A typical example is the 
phosphite esters. 
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An effective group of compounds are 
those which can decompose peroxides 
catalytically, so one molecule may destroy 
very many peroxide molecules. Typical 
examples are the thiodipropionate esters 
ROCOCH2CH2SCH,CH,COOR where 
R = C12H25, or C18H37, and the metal salts 
of thiocarbamic acids. The way in which 
these additives work is very complex indeed 
(Scott, 1983), involving oxidation of the 
sulfur by reaction with hydroperoxides. 
This in turn liberates sulfur acids, powerful 
catalysts for decomposition of peroxides by 
ionic mechanisms. Overall, the effect is that 
each molecule of antioxidant destroys sev- 
eral molecules of peroxide, while itself be- 
ing destroyed. 

10.4.4 Metal Deactivators 

We have already seen that the stability of 
polymers can be markedly affected by trac- 
es of transition metals, arising from cata- 
lysts, storage vessels and processing equip- 
ment. These act as catalysts for the decom- 
position of hydroperoxides to form radicals 
and thus increase the rate of initiation of 
oxidation. This is a particular problem where 
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plastics come into contact with metals, in 
engineering applications and, especially, in 
cable insulation. There is much literature 
discussion on the nature of metal-catalyzed 
degradation at interfaces. The question is 
whether it is a true heterogeneous reac- 
tion or a reaction involving dissolution of 
the metal by reaction with oxidation prod- 
ucts of the polymer, particularly carboxylic 
acids. 

A variety of compounds has been added 
to polymers with the aim of chelating met- 
al ions and preventing their catalytic activ- 
ity. Typical examples include: 

termed synergism and is an important fac- 
tor in design of antioxidant formulations. 

Many modern plastics and rubbers are 
stabilized with synergistic mixtures of a 
phenolic, or amine antioxidant in combina- 
tion with a thiodipropionate ester or a 
phosphite. Such mixtures typically achieve 
stability very much greater than could be ob- 
tained from either additive used alone. For 
example a mixture of a phenolic antioxidant 
with a phosphite is currently the state-of- 
the-art formulation for melt stabilization of 
polypropylene. 

x x, 
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Many of the so-called metal deactivators 
actually function partly by chelating the 
metals and partly by the peroxydolytic ef- 
fect of either the metal complex or the li- 
gand itself. Some are deliberately designed 
to combine metal-complexing and antioxi- 
dant functions in the same molecule. 

10.4.5 Auto- and Co-Synergism 

The action of a chain breaking antioxi- 
dant inhibits the formation of peroxides and 
will reduce the load on any peroxide-de- 
composing antioxidants. At the same time, 
preventive antioxidants decompose perox- 
ides and prevent the formation of the radi- 
cals which destroy the chain-breaking anti- 
oxidants. The consequence is that mixtures 
of the two types of antioxidant can be much 
more effective than the effects of the two 
antioxidants in isolation. This effect is 

With the recognition of synergism, it be- 
came logical to try to incorporate both 
chain-breaking and peroxide-decomposing 
functions into the same molecule and mole- 
cules which contain a phenolic unit and a 
sulfur or phosphorus atom in the same struc- 
ture are now quite common. 

Another example of synergism is in the 
use of metal salts to stabilize PVC. For 
example, cadmium and zinc carboxylates 
are efficiently substituted by chlorine but 
the reaction products, CdC1, and ZnCl,, are 
strong enough Lewis acids that they can cat- 
alyze HC1 elimination by ionic routes. In 
contrast, barium and calcium carboxylates 
are rather poor chlorine acceptors but the 
corresponding chlorides are very weak 
Lewis acids. These salts synergize with the 
zinc and cadmium salts by reacting with 
their halides to regenerate the active carbox- 
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ylate. Tin thioglycollates are the most effec- 
tive stabilizers for PVC because they oper- 
ate i n  at least three co-synergistic ways. 
They deactivate active chlorine, decompose 
hydroperoxides and remove allylic double 
bonds by addition of the liberated thiogly- 
collic ester. They are also seen as much more 
environment friendly than the heavy metal 
salts and are currently the preferred stabi- 
lizers for PVC. 

10.4.6 Antioxidant Formulations 

We have shown that antioxidant additives 
can function in several ways, often involv- 

L 

curring antioxidants in plastic packaging for 
foods. This is limited by their low solubil- 
ity in polymers but a-tocopherol (Vitamin 
E) has shown considerable promise. 

The result of both practical and legisla- 
tive pressures is that most commercial anti- 
oxidants contain the active functions incor- 
porated into structures designed to reduce 
their mobility and volatility and/or to in- 
crease their solubility in the polymer. Two 
main strategies are adopted. The first is to 
couple several antioxidant functions into an 
oligomeric molecule, probably the best ex- 
ample being the tetrafunctional antioxidant 
Irganox 1010 (Ciba Specialty ChemicalsTM) 

1 

ing complex mechanisms. In addition, we 
saw earlier that the lifetime of a polymer in 
service use can be limited either by con- 
sumption of the additives in chemical reac- 
tion or by their loss by evaporation, bloom- 
ing or leaching. It is now recognized that the 
efficiency of an antioxidant depends upon 
its chemical effectiveness, its solubility in 
the polymer and its persistence in the poly- 
mer. For commercial use, an additive has to 
be cheap enough to meet the cost constraints 
of the particular product, as many plastics 
are used in short-life low added value appli- 
cations. In addition, there are strict legal 
constraints on antioxidants for many appli- 
cations involving food contact. Such anti- 
oxidants are required to be non-toxic or de- 
monstrably non-extractable. There is in- 
creasing interest in the use of naturally oc- 

A second strategy is to substitute long al- 
kyl chains, to reduce volatility and to in- 
crease solubility. This is exemplified by the 
long-chain alkyl groups on the thiodipro- 
pionate esters and co-synergistic phenolics 
discussed earlier. 

A logical approach to persistent antioxi- 
dants is to attach the antioxidant to the poly- 
mer chain. Polymer-bound antioxidants are 
effective and a number of methods have 
been employed to attach them to the poly- 
mer. Copolymerization is not often used, 
since it requires the production of special 
batches of polymer for each particular ap- 
plication. A favored method is to develop 
additives that can be coupled to the polymer 
during processing (Scott, 1987; Munteanu, 
1987). Polymer-bound antioxidants are 
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undergoing rapid development. At present 
their use is mainly restricted to applications 
that can support the extra cost, especially for 
polymers in contact with aggressively ex- 
tractive environments, e.g. hoses and fit- 
tings in contact with hot oils. 

10.5 Photo-Degradation 
and Photo-Oxidation 

10.5.1 Introduction 

Many polymers are sensitive to light and 
photo-degradation has been extensively 
studied. For any chemical reaction to be 
photo-initiated, several conditions have to 
be satisfied. First, the light must be absorbed 
by the reacting molecule or an impurity, sec- 
ond, the absorbed photon must have suffi- 
cient energy to break the appropriate bonds 
and third, the excited molecule must photo- 
react rather than losing its energy in other 
ways. 

For polymers in normal use, the usual 
source of light is solar radiation. Although 
the sun emits light from the infra-red 
through to the high-energy ultra-violet, the 
combined effects of atmospheric oxygen 
and ozone cut off all radiation below around 
300 nm. The exact range depends on lati- 
tude and atmospheric conditions (Davis, 
1977). 

There is a very large literature on the ef- 
fects of ultra-violet radiation, typically at 
254 nm, on polymers in inert atmospheres 
or vacuum (see e.g. Fox, 1967; Geuskens, 
1975). Most of this is irrelevant to polymers 
in normal use, although there are a few ex- 
ceptions, for example the use of polycarbo- 
nate as impact resistant lenses for mercury- 
vapor lamps in street lighting. 

Because polymers in normal use are like- 
ly to be exposed to light only above 290- 
300 nm, we can divide them into two 

groups, those which have structural features 
(chromophores) that are able to absorb 
wavelengths in this range, and those which 
do not. In the former group, photodegrada- 
tion is an inherent property of the polymer 
while in the second it is associated with im- 
purities. A second important factor is the 
presence of oxygen. Since photodegrada- 
tion involves chain scission, radicals are 
formed and their reactions in the presence 
and absence of oxygen may be quite differ- 
ent. 

10.5.2 Polymers with Intrinsic 
Chromophores 

The most important intrinsic chromo- 
phore for solar radiation in many commer- 
cial polymers is the carbonyl group, in the 
form of ester, amide and carbonate groups. 
These typically have weak absorbance 
above 290 nm, offset partially by the high 
concentration of chromophore groups. For- 
tunately, the quantum efficiencies for chain 
scission in rigid polymers are usually very 
low and materials like polycarbonate, aro- 
matic polyesters and poly(methy1 methac- 
rylate) are regarded as reasonably stable. 
However, they will suffer loss of mechani- 
cal properties over long periods of solar ex- 
posure. Polycarbonate and polyesters also 
slowly yellow. Poly(methy1 methacrylate) 
degrades by unzipping and does not dis- 
color. 

The deliberate introduction of carbonyl 
groups into polymers, either in the main 
chain by copolymerization with carbon 
monoxide, or in the side chains by copol- 
ymerization with vinyl ketones, is the basis 
of at least one type of plastic designed to 
photodegrade rapidly in outdoor exposure. 
These copolymers are widely used in the US 
for the ubiquitous six-pack ring packaging 
of soft drinks, whose damaging effect on 
marine life has been of great concern. 
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Studies of the photolysis of carbonyl- 
containing polymers (See e.g. Guillet, 
1985.) have revealed two main mechanisms 
of degradation. The first, the Norrish Type 
I cleavage, involves direct scission of the 
bond a to the excited carbonyl, with the pro- 
duction of two radicals. 

Although this reaction dominates gas 
and liquid-phase photolysis of ketones, the 
quantum efficiency in polymers is usually 
low (0.001), because the formation of two 
radicals in close proximity in a rigid matrix 
often leads to recombination. 

The overall effect of Norrish I cleavage 
depends upon temperature and the presence 
of oxygen. At high enough temperatures, in 
inert atmospheres, it can initiate depolym- 
erization. At temperatures well below the 
ceiling temperature the effects may be scis- 
sion or cross-linking, depending upon the 
structure and reactions of the radicals. In the 
presence of oxygen, the quantum efficiency 
for scission can be high because reaction of 
the radicals with oxygen competes with 
their recombination and may initiate photo- 
oxidation. However, the most important 
point is that the polymer can undergo con- 
tinuing radical photochemistry even in the 
absence of oxygen. For example PET and 
aromatic polyurethanes undergo photo-in- 
duced cross-linking and darken in color 
even if they are irradiated in inert atmos- 
phere. Indeed the darkened polymer may 
photo-bleach if irradiated in air, because the 
products of inert atmosphere photolysis are 
themselves sensitive to photo-oxidation. 
This is a familiar problem with many mod- 
ern white paints. 

A competition between photolysis and 
photo-oxidation can also occur when thick 
sections of materials like PET are irradiat- 
ed. Here, the low permeability of the poly- 
mer to oxygen can mean that the surface 
layers undergo photo-oxidation, whilst the 
deeper layers photolyse. It is fortunate for 
many applications that the quantum effi- 
ciencies of all of these processes are low. 

An alternative to photochemical radical 
generation is the Norrish Type I1 reaction, 
which is effectively a hydrogen abstraction 
by the excited carbonyl. 

This gives a chain scission without pro- 
ducing radicals. The quantum efficiency is 
much higher than for the Type I reaction 
(typically around 0.02) but is still low in 
polymers because of the constraints on for- 
mation of the six-membered transition state. 

Aliphatic esters absorb light at rather 
shorter wavelengths than the ketone copol- 
ymers and, like poly(methy1 methacrylate), 
are regarded as having good photo-stability. 
Aliphatic polyamides are much less photo- 
stable and Nylons degrade in outdoor expo- 
sure by a combination of photo-cleavage 
and photo-oxidation (Roger et al., 1985, 
1986). 

The introduction of aromatic groups in- 
creases extinction coefficients and shifts 
the maximum absorption to longer wave- 
lengths. The ability of aromatic groups to 
dissipate excitation energy reduces the 
quantum efficiency for photo-reactions rel- 
ative to other deactivation processes. It al- 
so allows the formation of conjugated aro- 
matic structures, which can lead to yellow- 
ing. Although the wide range of aromatic 
polymers are regarded as stable, high-per- 
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formance materials, most of them suffer 
from yellowing, cross-linking, scission and 
deterioration of properties on solar exposure 
over long periods. 

Polystyrene absorbs solar UV, because of 
the aromatic group. It degrades slowly via 
a mixture of scission and oxidation reac- 
tions. The polymer yellows even on irradi- 
ation in vacuum, due to formation of conju- 
gated sequences of double bonds. 

Wiles (1973) showed that aromatic poly- 
esters degrade by a combination of Norrish 
I and Norrish I1 photolysis, with photo- 
oxidation playing an important part. Aro- 
matic esters may also undergo an important 
reaction, known as the photo-Fries rear- 
rangement. 

oxide) and polysulfone both lose about 50% 
of their initial tensile strength after 2 years 
of outdoor exposure in Queensland. 

10.5.3 Polymers with Impurity 
Chromophores 

Whilst all the polymers with intrinsic 
chromophores are inherently sensitive to 
degradation, at least some are regarded as 
relatively stable materials, able to resist so- 
lar exposure for long periods. In contrast, 
polymers like the polyolefins and the hydro- 
carbon rubbers have remarkably poor life- 
times when exposed to solar light. Unstabi- 
lized polypropylene film, for example, has 

OH 

This reaction is important in polymer 
photochemistry, because it can occur with 
significant efficiency even in glassy, solid 
polymers. It is believed to contribute signif- 
icantly to photo-induced yellowing in aro- 
matic polymers, particularly polycarbo- 
nates (Kobsa, 1964; Li and Guillet, 1977). 
The photo-Fries rearrangement has also 
been identified as a source of photo-yellow- 
ing in aromatic polyamides (Wiles and 
Carlsson, 1980). 

The combination of photo-scission, 
photo-oxidation and photo-rearrangement 
means that even very high-performance 
polymers, such as epoxy resins, aromatic 
polyethers polyketones and polysulfones, 
and the aromatic polyamides poly( 1,3- 
phenylene isophthalamide) and poly( 1,4- 
phenylene terephthalamide) (Nomex and 
Kevlar respectively) will degrade signifi- 
cantly on solar exposure. For example, 
Davis (1977) showed that poly(pheny1ene 

a lifetime of only a few weeks in outdoor 
exposure. 

At first sight, this observation is strange, 
because simple hydrocarbon analogs of 
these polymers have absorption spectra 
which have no overlap with the solar radia- 
tion spectrum at the earth’s surface. The im- 
plication is that the effective chromophore 
for UV light is an impurity. 

There have been many candidates for the 
chromophoric impurity in polymers. They 
include oxygen-polymer charge-transfer 
complexes; carbonyl and hydroperoxide 
groups, introduced by mechanochemical 
oxidation in processing; catalyst residues; 
pigments and polynuclear aromatic hydro- 
carbons deriving from atmospheric pollu- 
tion. The potential significance of these spe- 
cies has been discussed at length in the lit- 
erature (see e.g. Carlsson et al. 1976; Gugu- 
mus, 1979). While there is little doubt that 
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all can be important in particular circum- 
stances, it is generally agreed that hydroper- 
oxides are normally the key to photo-in- 
stability in hydrocarbon polymers, though 
there is increasing evidence that oxygen 
charge transfer complexes may play a role 
in polymers which have very low hydroper- 
oxide content (Gijsman, 1997). 

Hydroperoxides have very low extinction 
coefficients in the solar UV range, much 
lower than carbonyl groups. However, the 
photolysis of a hydroperoxide leads to scis- 
sion of the 0-0 bond with a quantum effi- 
ciency of at least unity and sometimes great- 
er. Thus hydroperoxide photolysis is an ef- 
ficient initiator of photo-oxidation. 

Apart from the photochemical initiation, 
the photo-oxidation of polymers follows the 
same mechanism as the thermal oxidation, 
although there may be kinetic differences 
arising from the different temperatures. This 
is true at least up to the point where the build 
up of carbonyl groups is large enough to al- 
low their photolysis to become significant. 
The key reaction is the chain scission, by de- 
composition of the polymeric alkoxy radi- 
cal, produced in photo-scission of the hy- 
droperoxides. This reaction occurs solely in 
the oxygen-permeable amorphous phase of 
polyolefins. It leads to restructuring and re- 
crystallization of amorphous material, pro- 
ducing micro-cracks in the polymer surface 
and a consequent dramatic loss in tensile 
properties. 

An important point in photo-oxidation is 
that it is a chain reaction. The accumulation 
of reaction products and hence of chain scis- 
sions is a function of both the total amount 
of light absorbed and the rate of its absorp- 
tion. Low light intensities are expected to 
give longer kinetic chains than do high in- 
tensities. Thus for the same total dose, we 
expect more mechanical damage from low 
intensities of light over long periods than 
from the same dose absorbed rapidly. This 

is an important concept for comparison of 
natural and accelerated aging data. 

10.6 Photo-Stabilization 
of Polymers 

We have seen that polymers can be divid- 
ed into those which have intrinsic chromo- 
phores for solar UV, and those which do not. 
Depending upon the chromophore, the tem- 
perature and the presence of oxygen, ab- 
sorption of light can produce molecular re- 
arrangements, with or without scission of 
the chain, or can initiate the free-radical 
oxidation of the chain. 

Where the chromophore is an intrinsic 
part of the structure of the repeat unit, and 
the photo-reaction is molecular, effective 
stabilization is a real problem. It is very dif- 
ficult for any additive to compete with the 
polymer in absorbing the light (Pickett, 
1987). Thus, many of the aromatic polymers 
can be long-term stabilized for outdoor use 
only by minimizing the amount of UV light 
absorbed by the polymer in the first place. 
In contrast, photo-oxidation involves much 
the same chemistry as thermal oxidation and 
might be stopped by addition of similar anti- 
oxidant additives. 

Without the development of effective 
photo-stabilizers, many of the simple hydro- 
carbon polymers would be unusable in out- 
door exposure and there is a vast research 
and technological literature on photo-stabil- 
ization of polymers. (See, e.g., Gugumus, 
1990). 

Much research effort has been devoted to 
developing materials that can protect poly- 
mers by absorbing UV-light and this has in- 
tensified as manufacturers have sought to 
use inherently UV absorbing polymers like 
PET and polycarbonate outdoors. By far the 
most effective is carbon black, a strong UV- 
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absorber, with additional antioxidant activ- 
ity arising from phenolic and quinonoid 
groups. Carbon black is widely used in rub- 
bers and in plastics but its color is a limita- 
tion. Other light-screening agents include 
titania, which is less effective but white. 
Mixtures of titania and carbon black are 
commonly used in PVC, exposed to outside 
conditions in e.g.. building applications, and 
are responsible for the gray color. 

A variety of colorless UV-absorbing 
molecules have been developed. Many are 
based on the hydroxybenzophenone or ben- 
zotriazole structures. 

0 - H  O H  

These molecules absorb strongly in the 
region of 300 nm and are converted from the 
singlet ground state to a triplet excited state. 
The structures are designed so that the trip- 
let state is internally deactivated by hydro- 
gen transfer and cannot initiate photochem- 
istry. They are effective stabilizers but their 
efficiency is eventually destroyed by their 
own sensitivity to oxidation. 

A more recently exploited group of UV 
absorbers is the triazines: 

OC6H13 
I 

QOH 

These function in the same way as the 
benzophenones and benzotriazoles, but are 

reported to be much more resistant to their 
own degradation, and therefore able to sta- 
bilize the polymer for longer periods. 

The absorption of light by a dilute solu- 
tion of absorbing molecules of concentra- 
tion c is controlled by the Beer-Lambert 
Law, which can be expressed in the form: 

I = I, exp(--EcZ) ( 10-5) 

where I, is the intensity of incident light at 
a particular wavelength, I is the intensity 
at depth Z at the same wavelength and E is 
the extinction coefficient of the additive. 
Thus light is absorbed exponentially with 
distance into the solution, to a degree con- 
trolled by E. The challenge to stabilizer de- 
sign is to maximize Eat wavelengths around 
300 nm without introducing too much ab- 
sorption at wavelengths above 350 nm, 
which cause yellowing of the polymer. 

For stabilizers which operate purely by 
UV absorption, the Beer-Lambert law has 
two implications. Firstly, it is very difficult 
to stabilize the immediate surface of the 
polymer, even using additives with extreme- 
ly high extinction coefficients, so that for 
example, preventing gloss loss in automo- 
tive coatings is a real challenge. Secondly, 
the protecting action of a true UV absorber 
will be enhanced if it is located in the thin- 
nest practicable layer on the surface of the 
polymer. Polycarbonate sheet for outdoor 
glazing applications is normally protected 
by a co-extruded layer a few microns thick 
containing a high (1  -3 %, w/w) concentra- 
tion of UV absorber. It is for this reason that 
one face of the material is usually identified 
as the outdoor face. Alternative approaches 
include the use of UV absorbers in clear 
coatings, applied from solution or radiation 
cured. Many lacquers used to protect wood 
in outdoor and indoor applications contain 
UV absorbers. 

In contrast to intrinsically absorbing 
polymers, the key to stabilizing polymers 
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which degrade through impurity chromo- 
phores is to minimize the formation of chro- 
mophores in the first place, and this involves 
development of appropriate melt stabilizers, 
to prevent accumulation of peroxides dur- 
ing processing. The requirements here are 
rather different from conventional antioxi- 
dants, since melt processing takes place in 
conditions of oxygen starvation, and in- 
volves much higher concentrations of alkyl 
radicals than does normal use. Processing 
stabilization has been extensively dis- 
cussed, e.g. by Henman (1979). A wide va- 
riety of phosphorus and sulfur compounds, 
is used, often in synergism with phenolic 
antioxidants. As discussed above, there 
have been recent developments in antioxi- 
dants which can trap alkyl radicals during 
processing and minimize peroxide forma- 
tion. 

Once a polymer has been processed, sta- 
bilization can be achieved in principle by 
absorbing UV light or by trapping free rad- 
icals or peroxides, as in thermal degrada- 
tion. 

UV absorbers of the benzophenone and 
benzotriazole types are widely used in poly- 
olefins. Carlsson and Wiles (1976) showed 
that these molecules are much more effec- 
tive when incorporated into the polymer 
than when used as a screen in solution in 
front of the exposed polymer. They derive 
their effect in part from being UV-absorb- 
ers and in part from being UV-stable anti- 
oxidants. 

itiated by photolysis or thermolysis of the 
polymer, phenolic and amine antioxidants 
should be effective photo-stabilizers. In 
practice they are not, because both they and 
their reaction products are rapidly destroyed 
by photo-reactions. Peroxydolitic antioxi- 
dants of the sulfur-containing types are ef- 
fective against UV-induced degradation, be- 
cause they destroy peroxides in competition 
with photolysis. It is necessary to choose 
structures that are stable to UV. For exam- 
ple, some metal salts of thiocarbamic acids 
are very effective stabilizers because they 
are both UV-absorbing and peroxydolitic. 

A major development in the usefulness 
of polyolefins in outdoor service was the 
introduction of the ‘hindered amine light 
stabilizers’ (HALS) (Gugumus, 1979). These 
compounds are based upon the sterically- 
hindered tetramethylpiperidine nucleus. 

HALS are capable of stabilization of 
polyolefins, especially polypropylene, 
against outdoor weathering for periods very 
much longer than can be achieved by any 
other stabilizer. They have found wide- 
spread application as stabilizers for poly- 
olefins and for many surface coatings. They 
do not absorb in the UV and have little in- 
trinsic radical trapping ability, so that the 
mechanism of their action was initially 
somewhat mysterious and has been exten- 
sively reviewed (Allen, 1981 ; Klemchuk, 
1985). It is still somewhat contentious in 
detail, but is accepted to involve an initial 
oxidation of the parent hindered amine to 
the corresponding nitroxide. 

Nitroxide radicals are very powerful 
chain-breaking antioxidants, apparently via 
the cycle. 

Since the oxidation chemistry of polyol- 
efins is fundamentally the same whether in- 
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Because of the cyclic regeneration of the 
nitroxides, each is able to trap many radi- 
cals. This, together with their resistance to 
photochemical decomposition, accounts for 
their high stabilization efficiency. Addition- 
ally, HALS or the derived nitroxides have 
been shown to have both peroxide decom- 
posing and metal deactivating properties, 
which also contribute to their efficiency. A 
wide range of HALS structures are used in 
polymer stabilization and oligomeric HALS 
are widely used for photostabilization of 
polypropylene films and fibers, where max- 
imum resistance to additive loss is needed. 
State of the art stabilization of polyolefins 
against UV degradation typically involves 
synergistic mixtures of HALS and UV ab- 
sorbers. HALS have been shown more re- 
cently to have stabilizing effects against 
thermal oxidation at low temperatures, 
though they are largely ineffective at tem- 
peratures above 100 "C 

10.7 Loss of Stabilizing Additives 

As discussed earlier, many polymer ap- 
plications require the use of additives of one 
sort or another. Plasticizers, antioxidants 
and light-stabilizers, and fire retardants are 
all common. Many are small molecules dis- 
solved in the polymer. They can be vulner- 

able to loss by volatilization from the poly- 
mer surface and are sensitive to contact of 
the polymer with liquids which may extract 
the additive. In addition, they may phase- 
separate on the polymer surface. The phys- 
ical chemistry of polymer additives has 
been extensively discussed (Billingham and 
Calvert, 1980; Billingham, 1990; Moisan, 
1985; Luston, 1980). 

Where the additive directly modifies the 
properties of the plastic, as with plasticiz- 
ers, its loss may lead directly to embrittle- 
ment through the raising of the glass transi- 
tion temperature. Where an additive pro- 
tects the polymer from oxidative degrada- 
tion, its loss can accelerate degradative fail- 
ure. This situation is most important in the 
application of polymers as films or fibers, 
and anywhere where they may come into 
contact with liquids or adsorbent solids. 

If a polymer contains an additive at a con- 
centration below its saturation solubility 
and is in contact with air, the additive may 
be lost by evaporation from the surface. This 
sets up a concentration gradient and addi- 
tive then diffuses along this gradient, to re- 
plenish the surface. 

Evaporation of antioxidants in times 
comparable with the lifetime of the polymer 
has been demonstrated in studies of poly- 
ethylene (Hawkins et al. 1960; Bair, 1973) 
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and of rubber (Spacht et al., 1965). Loss of 
plasticizers by evaporation is also well 
known and is responsible for some of the 
sticky deposits that appear on the inside of 
car windows in hot weather. 

In principle, the rate of loss of a solute by 
evaporation might be controlled by evapo- 
ration, by diffusion or by both. Calvert and 
Billingham (1979) devised a theoretical 
model, in which additive loss was seen as 
analogous to heat flow. Considering the 
properties of typical antioxidant additives, 
they concluded that evaporation will be con- 
trolled by diffusion for thick samples but by 
volatility for thin films and fibers. 

A natural response to inadequate lifetime 
for a polymer in use or testing has been to 
use higher antioxidant concentrations. This 
can easily lead to supersaturation at room 
temperature, even though the antioxidant 
may be completely soluble in processing. 
Supersaturated additives should precipitate 
in the bulk of the polymer during cooling, 
after processing, and this does occur, espe- 
cially in rubbers and polymer melts. Joseph 
et al. (1968) and Narkis et al. (1977, 1979) 
have both studied the precipitation of low- 
molecular weight additives in polymers as 
a way of producing finely dispersed parti- 
cles. Precipitation is important in the behav- 
ior of some fire-retardants and is crucial to 
the action of nucleating agents. 

Although supersaturation often leads to 
precipitated additive, it often happens that, 
as the polymer is cooled from the melt, the 
temperature at which the additive becomes 
supersaturated is low enough that the poly- 
mer is extremely viscous and may be crys- 
talline. Under these conditions, the additive 
may be unable to phase separate and ends 
up as a metastable, supersaturated solution. 
Such a solution may lose the supersaturat- 
ed part of the additive by precipitation on 
the surface. This phenomenon is not uncom- 
mon in polymers and is termed ‘blooming’. 

It not only causes the loss of stability asso- 
ciated with the loss of the additive, but also 
causes unsightly changes in surface appear- 
ance. Blooming is not always a disadvan- 
tage; the performance of many antiozonants 
in rubbers depends partly upon their bloom- 
ing to form a protective coating. 

The effect of blooming is to remove the 
restriction on surface loss by forcing the 
concentration at the polymer surface to the 
saturation solubility to maintain equilibri- 
um with the precipitate. Thus, the rate of 
blooming should be controlled entirely by 
diffusion within the polymer. Obviously, 
blooming can only occur until the bulk con- 
centration is reduced to saturation; once that 
concentration is reached, evaporation must 
take over as the loss mechanism. 

Although a simple diffusion-controlled 
model for blooming works, there are more 
complex possibilities. Nah and Thomas 
(1980) found that the blooming of paraffin 
waxes from natural rubber was much slow- 
er than predicted from the known diffusion 
coefficient of the wax. They suggested that 
the wax precipitates in the body of the ma- 
terial but the stresses set up in the rubber by 
the growth of the crystals are high enough 
to give a free-energy difference between a 
crystal on the surface of the polymer and one 
in its interior. This difference drives diffu- 
sion of the wax to the surface. Roe (1974) 
suggested that blooming could occur even 
if the additive were present in the polymer 
as phase-separated material. The surface 
free-energy of micro-crystals in the polymer 
would cause them to have a free-energy 
greater than that of crystals on the surface; 
blooming would then occur by a process 
akin to ‘Ostwald ripening’ of small crystals. 

The loss of additives into a contacting 
medium, other than air, has been discussed 
(Reid et al., 1980; Chang, et al., 1988; Verg- 
naud, 1991). The problem is complex, be- 
cause it may involve limited solubility and 
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diffusion of the additive in both phases, pen- 
etration of the polymer by the contacting 
medium, finite volume of the contacting me- 
dium and variable degree of mixing 'within 
the contacting medium, although there are 
some simpler specific cases. 

If a polymer is in contact with a liquid 
that is a good solvent for the additive, the 
liquid is reasonably stirred and does not per- 
meate the polymer, then dissolution at the 
polymer surface provides efficient surface 
loss. Loss by leaching should then be deter- 
mined by the diffusion rate of the additive 
in the polymer. The mathematical treat- 
ments are well established (Crank, 1975) 
and allow the rate of loss to be predicted if 
diffusion follows Fick's laws and the diffu- 
sion coefficient is known. 

Leaching of antioxidants into organic sol- 
vents may be important in dry-cleaning. 
Leaching into water, or aqueous detergents, 
is important in applications as fibers and in 
cable insulation, as components for washing 
machines and dishwashers and in water pipes. 

A more complicated case arises if the 
polymer is in contact with a material in 
which its additives are soluble, but is of fi- 
nite volume or is non-stirred. Examples in- 
clude a material packaged in a stabilized 
polymer, or migration of a plasticizer be- 
tween two contacting polymers. Redistribu- 
tion of plasticizers and stabilizers can be a 
real problem in structures where two poly- 
mers may be in contact. Migration from 
packages into their contents is of particular 
concern in food applications. Migration of 
plasticizers or other components from one 
layer into the next may be important in long- 
term storage of films and recording tapes. 

The final equilibrium in cases of this kind 
is determined by the relative solubility of 
the additive in the two materials (i.e. the 
equilibrium partition coefficient) and the 
relative volumes of the two phases. If con- 
tact between phases is good, so there is no 

resistance to mass transfer, the approach to 
equilibrium and the distribution of additive 
around the interface are controlled by the 
diffusion rates of the additive in the two 
phases. In principle, the interface concen- 
tration profile and the total amount of mi- 
grating material can be computed from the 
partition coefficient and the two diffusion 
coefficients. The relevant mathematics is 
available (Karcher, et al., 1979; Vergnaud, 
1996). 

Another concern is loss of dissolved ma- 
terial from the contents of a package into its 
polymer walls (Roberts et al., 1979). It is 
important in pharmaceutical packaging (Po- 
lack et al., 1979) and in loss of flavor or odor 
compounds (Hansen and Arora, 1989), both 
situations where low concentrations of dis- 
solved material may be important. 

Loss of additive by leaching also may in- 
volve contact with a liquid that has some 
solubility in the polymer and this is a com- 
mon aspect of food packaging, in both PVC 
and polyethylene. Oily liquids, typical of foods 
and food simulants, may permeate the poly- 
mer, leading to plasticization and an increase 
in the diffusion coefficient of the additive. 

In the most general sense this is a com- 
plex problem to model mathematically but 
there are two simple extremes. For non-per- 
meating liquids the loss is slow and con- 
trolled by diffusion of the additive. For a 
rapidly permeating liquid, the rate is much 
faster and controlled, in the limit, by the rate 
of diffusion of the liquid into the polymer 
(Figge and Rudolph, 1979). 

The situation can be much more complex 
if the leaching agent is a poor solvent for 
the additive, if it is not efficiently stirred or 
if the additive degrades. For example, 
Schwope et al. (1987) studied migration 
of phenolic antioxidants from low-density 
polyethylene films into water. They con- 
cluded that diffusion in the polymer was not 
the only important factor; if the water was 
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static, the diffusion rate in the water could 
be slow enough that loss is controlled by dif- 
fusion through the static boundary layer of 
additive-saturated water. In other cases, the 
hydrolysis controlled the loss. 

10.8 Hydrolytic and Biological 
Degradation of Polymers 

10.8.1 Hydrolytic Degradation 

Many applications of polymers involve 
contact with water, either in weathering by 
rain or in their use as containers and pipes. 
We have already seen that contact with liq- 
uids can have deleterious effects due to 
stress cracking or to leaching of antioxi- 
dants or plasticizers. However, direct chem- 
ical reaction between the polymer and wa- 
ter is also a possible route to degradation. 

Hydrolysis can occur only if the polymer 
has functional groups capable of undergo- 
ing reaction with water and if the water can 
gain access. Hydrocarbon polymers are very 
resistant to hydrolysis because they are not 
wetted by water and contain no hydrolyz- 
able groups. In the polyolefins, water access 
is also restricted by the semi-crystalline na- 
ture of the polymers. In complete contrast, 
many natural polymers, especially the poly- 
saccharides (cellulose, starch etc.) are quite 
readily hydrolysed at appropriate pH, be- 
cause they are water absorbing and contain 
readily hydrolyzable links. 

Most synthetic polymers lie between 
these two extremes. Typical step-reaction 
polymers, such as polyesters, polyamides, 
polycarbonates, polyurethanes, cellulose 
esters etc. all contain hydrolyzable groups 
in the main chain. On the other hand, many 
chain reaction polymers, such as poly(meth- 
yl methacrylate), polyacrylonitrile and 
PVC, contain substituent groups which may 
hydrolyze at appropriate pH. 

Most of these polymers are regarded as 
highly stable in water because they are in- 
soluble, often semi-crystalline and absorb 
only very low levels of water. However, 
most of them will undergo surface attack in 
acids or alkalis and are generally unsatisfac- 
tory for long-term use in these media. The 
same is true of most cross-linked materials; 
epoxy resins, formaldehyde resins and un- 
saturated polyesters all suffer hydrolytic 
scission over long periods, especially at ex- 
tremes of pH. 

Another problem can arise when some of 
these thermosetting resins are used as the 
matrix in fiber-reinforced composites. In 
such materials there is a high area of fiber- 
matrix interface and hydrolysis in the inter- 
facial zones is a common source of failure. 
Interfacial degradation is a common prob- 
lem in the use of glass-reinforced polyester 
in marine applications. 

Water-soluble or swellable synthetic 
polymers, such as poly(viny1 alcohol), poly- 
acetals, poly(acry1ic acid) and polyacryla- 
mide are all relatively stable at neutral pH, 
but undergo quite rapid chain scission under 
acid or basic conditions. 

Table 10-3 lists typical commercial poly- 
mers classified according to their resistance 
to hydrolysis. 

10.8.2 Biodegradation 

Most organic polymers are much more 
hydrophobic than those found in nature and 
living organisms have not evolved enzymes 
which can effectively penetrate and cleave 
them. Thus synthetic polymers are typical- 
ly much more resistant to biological attack 
than are the natural polymers, such as pro- 
teins and polysaccharides. 

Polymers which resist hydrolysis are 
also resistant to biodegradation, since en- 
zymes operate in aqueous media. Thus poly- 
olefins, rubbers, polystyrene, poly(methy1 
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Table 10-3. Typical commercial polymers classified 
according to hydrolytic stability '. 

Polymers resistant to hydrolysis in all media 

Polyolefins 
Hydrocarbon rubbers 
Polystyrene 
Pol ytetrafluoroethene 
Poly(viny1 chloride) (unplasticized) 

Polymers sensitive to hydrolysis in both alkaline and 
acidic media 

Cellulose esters 
Poly(viny1 chloride) (plasticized) 
Poly(methy1 methacrylate) 
Polyacrylonitrile 
Polyoxy methy lene 
Pol yamides 
Polyesters 
Poly carbonates 
Poly sulfones 

Polymers sensitive to alkalis but not acids 

Unsaturated polyester resins 
Phenol-formaldehyde resins 

a Adapted from Schnabel(l981) 

methacrylate) and polycarbonate are highly 
resistant to micro-organisms. These poly- 
mers will biodegrade only if they are initial- 
ly heavily enough oxidized to reduce the 
molecular weight to values less than a few 
thousand. 

There is very strong synergism between 
thermal or photochemical degradation and 
subsequent biodegradation (See, e.g., Scott, 
1994). This is an important feature of the 
so-called photo-biodegradable polymers, 
which have applications in agriculture. A 
typical example is the Scott-Gilead pro- 
cess (Scott and Gilead, 1995). In this pro- 
cess, polyethylene film is doped with a mix- 
ture of iron and nickel salts which provide 
stability during processing but initiate pho- 
tochemical formation of radicals in sun- 
light, causing the polymer to photodegrade 
at a rate controlled by the ironhickel ratio. 

Water-swellable or soluble polymers may 
be biodegraded by micro-organisms if they 
contain functional groups that are suscepti- 
ble to enzymatic cleavage. Nature has 
evolved enzymes that can cleave the links 
in natural polymers, so that proteins, nucle- 
ic acids and polysaccharides are highly bio- 
degradable. Synthetic polymers are much 
more resistant since they usually contain 
functional groupings resistant to enzymatic 
cleavage, often have surface energies that 
resist wetting and are resistant to water per- 
meation. Further, even when an enzymatic 
cleavage is available, it frequently results in 
attack from the chain ends, with only a very 
slow reduction in molecular weight, and lit- 
tle effect on mechanical properties. 

Biodegradable polymers have clear ad- 
vantages in some applications, notably in 
medicine and agriculture. Unfortunately, 
most of the readily degradable natural poly- 
mers are not amenable to fabrication by the 
usual methods of the polymer engineer, be- 
cause they undergo thermal degradation at 
temperatures well below those at which they 
become thermoplastic. The major group of 
processable synthetic polymers susceptible 
to biodegradation is the aliphatic polyesters, 
which are found as components of several 
commercial polymer systems, notably some 
block copolymer elastomers. Some exam- 
ples are: 

CH2 -CH2 -CH2 -CH2 -CH2 -C -0 

poly(e-caprolactone) 

f 

poly(lactic acid) 
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Poly( &-caprolactone) has been used as 
a biodegradable polymer in agricultural 
applications and other aliphatic polyesters 
find applications in medicine, as biodegrad- 
able sutures. The natural polyester, poly(hy- 
droxybutyrate), is prepared commercially 
by bacterial fermentation and finds limited 
markets where its biodegradation is an as- 
set. Poly(1actic acid) is another thermoplas- 
tic polyester with good biodegradability. It 
finds applications in sutures and is being de- 
veloped as a ‘green’ packaging material. 

Other biodegradable polymers include 
poly(viny1 alcohol) and its copolymers, and 
some aliphatic polyurethanes and poly(es- 
ter-amides), again often as segments of co- 
polymer elastomers. Another approach to 
biodegradability is to blend a biodegradable 
natural polymer with a thermoplastic syn- 
thetic polymer. Blends of starch with poly- 
ethylene or with poly(viny1 alcohol) have 
been commercialized as packaging materi- 
als (Griffin, 1994), though they have main- 
ly been used in niche markets. 

However, synthetic polymers are very re- 
sistant to biodegradation and it must be em- 
phasized that biodegradation will be limit- 
ed to surface attack unless the moisture con- 
tent of the polymer is high enough. 

10.9 Prediction of Polymer 
Lifetimes 

In view of the importance of degradative 
processes, there are many methods that at- 
tempt to predict the lifetime of a sample of 
polymer under ambient conditions. Manu- 
facturers wish to be able to guarantee a life- 
time for a particular formulation of polymer 
and stabilizers without having to test Sam- 
ples for five or more years. The usual meth- 
od is to adopt some regime of accelerated 
aging at high levels of illumination or high 

temperatures. These results are extrapolat- 
ed to give expected lifetimes under normal 
conditions. 

If we consider thermal degradation, it is 
reasonable to measure a time to failure at a 
series of temperatures and extrapolate to 
room temperature. Failure may be defined 
in terms of an extent of discoloration, a de- 
gree of oxygen absorption, fracture under 
a fixed load or other convenient test. Since 
oxidation processes show an induction time 
followed by accelerating reaction, most 
measurements will yield reasonably consis- 
tent data if they detect the end of the induc- 
tion time (Feller, 1977). 

The obvious method of extrapolation is 
to assume that the rate determining step is 
characterized by a single activation energy 
and the Arrhenius equation can be applied 
(Cardamone and Brown, 1986). Unfortu- 
nately this method is normally invalid ex- 
cept for extrapolation over a short range of 
temperature and can only give a maximum 
lifetime (Gillen et al., 1996). 

As outlined above, degradation can occur 
through various pathways and the relative 
importance of these is likely to change with 
temperature. For instance, an antioxidant 
which is effective at scavenging radicals at 
high temperatures where it is mobile, may 
be less effective at low temperatures where 
rates could be dominated by diffusion of 
oxygen molecules to radicals. Similarly 
antioxidant loss may be diffusion limited at 
high temperatures but limited by evapora- 
tion rate at low temperatures. In either case 
the slope of a plot of log(1ifetime) against 
l/(temperature) would change at low tem- 
peratures (see Fig. 10-5). Multicomponent 
materials are even more likely to show com- 
plex, non-Arrhenius responses to aging tem- 
perature (Baer and Indictor, 1977). 

Similar points could be made in relation 
to photo-oxidative degradation where it is 
normal to test lifetimes using artificial irra- 
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High-temperature pmcess 
dekmines lifetime 

1/T 

Figure 10-5. Schematic diagram of the dangers of 
unconsidered extrapolation of aging data. The pro- 
cessed dominating lifetime at high and low tempera- 
tures may have very different activation energies, 
leading to curvature or crossover of the Arrhenius 
plots. 

diation with a solar distribution of wave- 
lengths but very high intensity (for example 
the Xenotest). If care is taken to keep the 
sample at 20 "C, it is natural to extrapolate 
the expected lifetime by multiplying by a 
factor which is the ratio of test intensity to 
normal averaged solar intensity. However, 
the higher rate of radical generation can be 
expected to change the relative importance 
of radical recombination processes and so 
change the overall kinetics. One compro- 
mise is to expose samples under natural sun- 
light in regions where most days are sunny. 
The two conditions usually considered are 
hot and dry (Arizona or Israel) and hot and 
humid (Florida or Queensland). Atmospher- 
ic acid pollution also might be added as a 
further factor by choosing a city environ- 
ment. 

While all extrapolations are unsatisfacto- 
ry, there is little choice since actual lifetime 
testing is impracticable. Accelerated tests 
are widely used to compare different stabi- 
lizer formulations. Interpretation must be 
coupled with some understanding of under- 
lying mechanisms based on a range of com- 

plementary methods for monitoring degra- 
dation. A wide range of methods has been 
reviewed by Gugumus (1987). 
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aluminum nitrides 333 
amide groups, photodegradation 494 
amines 
- antioxidants 489 
- inhibitors 408 
- stress corrosion cracking 23 
ammonia, electronic devices 441 
ammonium 
- concrete 399 
- electronic devices 441 
ammonium sulfate 463 
amoniacal solutions, stress corrosion cracking 
amphoteric metal 119 
anhydride groups 479 
annealing 471 
anodes, magnesium alloys 135 
anodic filaments, accelerated life testing 465 
anodic inhibitors, steels 17 
anodic metal dissolution, non-ferrous alloys 
anodizing, magnesium alloys 167 
antiblocking agents, polymers 471 
antioxidants 488 ff, 493 
antistatic agents 471 
applications 
- ceramics 331 f 
- reactive elements doping 241 
aqueous media 
- magnesium alloys 164 
- steel corrosion 15,39 ff 
aragonite 398 
arcing 445 
argentous oxides, Gibbs energy 116 
argon4xygen decarburization (AOD) 
- cast nickel-based alloys 93 
- high-temperature alloys 187 
aromatic amines 489 
aromatic groups 495 
Arrhenius equation 
- alloys/coatings 176 
- polymers 505 
ASTM, non-ferrous alloys 72 
atmospheric corrosion 15 f 
- magnesium alloys 136, 165 
- polymers 471 
- steels 33 ff 
atomized spray depositon 463 
auric oxides, Gibbs energy 116 
austenites 
- high-temperature alloys 183, 190 
- ironxarbon alloys 5 f 
austenitic stainless steels 11 f 
- aqueous corrosion 45 
- sour environment 63 
- stress corrosion cracking 26 f 
austenitic steels 409 
autosynergism, polymers 492 f 
average corrosion rate see: corrosion rates 

23 

72 f 

bainite 7 
band pass filters 448 

barium, stabilizers 480 
bases, silica formers 361 
basic solutions, magnesium alloys 164 
bauxite 115 
Beer-Lambert law 498 
bending, metal-to-glass seals 455 
benzotriazoles 498 
berryllia formers 235 
bery llides 
- intermetallics 308 ff 
- pesting 242 
beryllium 287 
binary alloys, internal oxidation I98 
biodegradation 503 
biofouling, copper-based alloys 99 
black steels 400 
blast furnace slag cement 393 f 
blends 
- biodegradation 505 
- inhibitors 407 
block copolymers 487 
blooming 493,501 
boehmite, Gibbs energy 116 f 
boiling solutions 
- cobalt-based alloys 95 
- Ni-Moalloys 81 
- titaniumalloys 105 
bond breaking, silica 337 
boria formers 33 1,369 ff 
boron 
- alloying element 272,305 
- interstitial elements 190 
- sintering aids 342, 364 
boron carbides 369 
boron nitrides 333,369,381 f 
brackish water 100 
brasses 99 f 
brittle fracture, metal-to-glass seals 455 
brittleness 
- intermetallics 233 ff 
- polymers 473f 
- titanium-aluminum-based intermetallics 266 
bromine, magnesium alloys 166 
bronzes 99f 
bubble formation, silica formers 348,353,365 

cadmium, stabilizers 480 
calcium 
- concrete 399 
- electronic devices 441 
- steels 8 
calcium nitrites 407 
calcium silicates/aluminates 394 
calcium-sulfur compounds 8 
capillary pores 395 
capillary suction 403,424 
carbide-forming cobalt-based alloys 94 
carbides 331 
carbon 
- alloying element 8,272 
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- non-ferrous metals I01 
- Portland cements 394 
- syntheticdust 463 
- titaniumalloys 104 
chemical degradation 475 
chemical processing, high-temperature corrosion 2 13 
chemical vapor deposition (CVD) 
- ceramics 333 
- high-temperature alloys 195 
- silicon nittideskarbides 342 
chloride-induced corrosion 
- Ni-Moalloys 81 
- reinforced concrete 406,422 
- stress corrosion cracking 3 1,55 f 
chloride ions 
- Al-based alloys 119 
- magnesium alloys 135 f 
- steel in concrete 402 
chloride removal, concrete rehabilitation 423,427 
chloride solutions 
- magnesium alloys 159 
- stress corrosion cracking 23 
chlorides 
- concrete 425 
- electronic devices 441,447 
- processfluids 58 
- steels 35 
- zirconium 103 
chlorinated solvents, aluminum corrosion 459 
chlorine 
- alloying element 272 
- iron-aluminum-based intermetallics 263 
- magnesium alloys I66 
- non-ferrous alloys 72 
- zirconium 102 
chlorobutyl rubber 455 
chromates 72 
chromia formers 
- high-temperature alloys 178 f 
- intermetallics 235 
chromic acids I65 
chromium 
- alloying element 8,97,250 f, 272 
- hardening element 187 
- in situ composites 290 
- iron 89 
- Lavesphases 287 
- molybdenum 82f 
chromium alloys 409 
chromium multilayers 453 
chromium oxide films 3 
chromium silicides 307 
chromium steels 44 
- stainless 122 
chromophores 494 
circuit boards, accelerated life testing 463 
citrate 117 
classification, steels 4 ff 
cleavage 
- biodegradation 504 
- polymers 495 

- interstitial element 190 
- polymers 471 
- sintering aids 342. 363 f 
carbon black 
- filledrubbers 490 
- photostabilization 498 
carbon bridges 447 
carbon containing gases 263 
carbon content, steels 4 f 
carbon dioxide 352 
- aqueous corrosion 41 
- concrete 399,405 
carbon equivalent (CEV) 6 
carbon fiber coating 380 
carbon fiber composites 415 
carbon steels 
- aqueous corrosion 59 
- stress corrosion cracking 30 
carbonate 
- aqueous corrosion 40 
- electronic devices 442 
- photodegradation 494 
- stress corrosion cracking 23 
carbonation, steel in concrete 404,427 
carbonyl groups 494 f 
carbonyl sulfide 442 
carboxyl groups 479,484 
carburization, high-temperature corrosion 21 8 f 
cast iron 122 
cast magnesium alloys 134 
cast nickel-based alloys 92 f 
cast superalloys 192 
cathodic-free corrosion 135 
cathodic protection, concrete 415,423 ff 
cathodic reactions, non-ferrous alloys 72 f 
caustic cracking 88 
caustic embrittlement 48 
cavitation corrosion 
- cobalt-based alloys 94 
- high-temperature alloys 208 
- processfluids 55 
- steels 33 
cavity discharges 448 
cellulose esters 503 f 
cementation, high-temperature alloys 195 
cementite 5 f 
cements 393 
ceramic-like coatings 167 
ceramic matrix composites (CMCs) 
ceramics 327-388 
chain breaking antioxidants 488 
chain scission 476,478,487 
chalking 472,481 
charge drift, modulators 450 
chemical attack, concrete 398 
chemical compositions 
- cast nickel-based alloys 
- cobalt-based alloys 95 
- copper-based alloys 99 
- high-temperature alloyskoatings 176 ff, 188 
- nickel-based alloys 74, 193 

333,379 ff 

92 f 
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clinker minerals 394 
coarse particles, accelerated life testing 440,461 
coatings 
- ceramic matrix composites 380 
- concrete 416,423 
- gold metallizations 457 
- high-temperature corrosion 173-228 
- magnesium alloys 167 
- polymers 501 
- refractory metals 366 
cobalt 
- alloying element 8,272 
- impurityelement 151,155 
cobalt-aluminum intermetallics 286 
cobalt-based alloys 69,94 ff 
cobalt-based superalloys 176 
cobalt oxides 178 
coefficient of thermal expansion (CTE) 
- high-temperature alloys 184 
- silicaformers 366 
- titanium-aluminum-based intermetallics 267 
combustion gases 332 
commercial nickel, non-ferrous alloys 74 
complex beryllides 308 
complex systems, mixed oxide scales 376 
composites 
- ceramics 332 
- compound oxides 377 
- intermetallics 286 ff 
- silicides 302 
compound oxides, multicomponent scales 374,377 
computer glitches, fretting 454 
concrete 389-486 
condensed deposits, iron-aluminum-based 

condition assessment, reinforced concrete 
conductance, Al-based alloys 116 
conductive anodic filaments, accelerated life 

conductivity, magnesium alloys 134 
connector contacts, gold-plated 452 
contact resistance, electric 452 
contamination 
- aluminum-based alloys 115 
- electronic devices 440 ff 
- magnesium alloys I37 
- silicon carbideshitrides 342 
cooling stress 352 
copolymers, stabilization 487 
copper 
- alloying element 118, 126,272 
- galvanic corrosion 457 
- impurityelement 151,154 
- nickel-based alloys 75 
copper alloy substrate, plating 452 
copper alloys, Al-based 128 
copper-based alloys 69,98ff 
copper-nickels 101 
corrosion 
- high-temperature alloys 196 ff 
- magnesium alloys 167 ff 

intermetallics 264 
41 6 ff 

testing 465 

- non-ferrous alloys 69-171 
- reinforced concrete 389-436 
- steels 1-68 
corrosion rates 
- aqueous 60ff 
- cobalt-based alloys 95 
- magnesium alloys 
- nickel-based alloys 75,78,81,93 
- zirconium 102 
corrosion resistance see: resistance 
corrosive media 
- basics 3 ff, 15f 
- electronic devices 442 
- iron-aluminum-based intermetallics 260 f 
corrundum 116f 
COR-TEN steels 36 
cosynergism, polymers 492 f 
cover, concrete rehabilitation 427 
covercoats, electronic devices 445 
cracking 
- alloy600 92 
- aqueous corrosion 49 
- atmospheric corrosion 38 
- concrete 397,423 
- high-temperature corrosion 219 
- intermetallics 237,253 
- magnesium alloys 138 
- metal-to-glass seals 455 
- molybdenum silicides 303 
- Ni-Mo alloys 82,88 
- non-ferrous alloys 72 f 
- polymers 472 f, 482,487 
- silicaformers 352 
- silver-plated copper cable 455 
- steels 3, 23 ff, 61 
- titanium 107 
crazing, polymers 472 
creep 
- alloyskoatings 176 
- high-temperature alloys 186, 191,208 
- molybdenum silicides 303 
- polymers 471 
creep resistance 
- high-temperature alloys 182 f 
- intermetallics 233 
creep strength 
- Lavesphases 287 
- Sic-reinforced alumina 377 
crevice corrosion 
- Al-based alloys 120 
- cobalt-based alloys 97 f 
- magnesium alloys 137 
- Ni-Cr-Moalloys 86 
- non-ferrous alloys 72 f 
- seawater 47 
- steels 3, 17 ff, 37 f, 55 
- titanium 107 
cristobalite 337 
critical crevice temperature (CCT) 73,87,98 
critical pitting temperature (CPT) 
- cobalt-based alloys 98 

139 f, 162 f 
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- non-ferrous alloys 73 
- Ni-Cr-Fealloys 91 
- Ni-Cr-Moalloys 87 
crosslinking, polymers 473,485 
crystal structure 
- boria 369 
- copper-based alloys 99 
- high-temperature alloys 182 f 
- iron-aluminum-based intermetallics 254 
- ironxarbon alloys 5 f 
- magnesium alloys 134 
- molybdenum silicides 303 
- silica 337 
- steels 8 
crystalline polymers 473 
cupric chloride 102 
cupric ions 
- Ni-Moalloys 78 
- non-ferrous alloys 72 
cupric oxides, Gibbs energy 116 
Cupronickel 99 
curing, concrete 395 f 
cyanides 457 
cyclic oxidation, silica formers 352 
cyclic stresses 94 

de-icing salts, concrete 398 f 
defects 
- laser facets 449 
- oxide layers 1 17 
- polymers 471 
degradation 
- accelerated life testing 461 
- high-temperature alloys 196 
- hydrolytic 503ff 
- intermetallics 238 
- polymers 469-507 
- steel in concrete 400 
delamination, concrete rehabilitation 427 
dendrites 
- contaminants 447 
- silverconductors 451 
density 
- magnesium alloys 134 
- Ni-Al-based intermetallics 279 
depassivation, steel in concrete 402 ff 
depropagation, chain scission 476 ff 
design parameters, electronic devices 449 ff 
desulfurization 56 
detergent induced failure, polymers 475 
deterioration 
- concrete 397f,423 
- polymers 474 
dicoloration, polymers 472 
die-cast magnesium alloys 134, 163 
diffusion 
- Al-based alloys 116 
- steel in concrete 402 
- titanium diffusion 450 
diffusion barrier, gold-plating 452 

diffusion processes 
- high-temperature alloys 194 
- intermetallics 233 
diffusivity 346 
digesters 59 
DIN 4030, concrete 398 
DIN 50 900, corrosion 3 
DIN 55 928, atmospheric corrosion 34 
DIN 81 249, seawater 21 
DIN EN 10 027, steel grades 4 f 
DIN norms, non-ferrous alloys 72 
direct vaporization, silica formers 354 
discharge temperatures, magnesium alloys 135 
discharges, electrical 448 
dislocations 
- Al-based alloys 117 
- cobalt-based alloys 94 
- intermetallics 233 
dissociation, thermal 20 
dissolution 
- magnesium alloys 140 
- oxygednitrogen 234 
- steel in concrete 400 
dissolved salts 
- aqueous corrosion 40 
- magnesium alloys 165 
doping, intermetallics 240 
double bonds 476 
drift rates, modulators 450 
drinking water, aqueous corrosion 40 
dry oxygen 338 
ductility 
- Fe-Al-based intermetallics 255 
- Ni-Al-based intermetallics 244,279 
- polymers 474 
- silicide intermetallics 296 
duplex stainless steels 14 ff 
- sour environment 63 
- stress corrosion cracking 3 1 
duplex steels 
- aqueous corrosion 49,57 
- concrete 409 
- high-temperature corrosion 180 
durability, concrete 392 ff, 402,423,429 
dust mixtures, accelerated life testing 463 
dust particles, electronic devices 445 
dusting, high-temperature alloys 221 

effectiveness, concrete rehabilitation 428 
electrical contacts 452 
electrical discharges, band pass filters 448 
electrochemical chloride removal (ECR) 424 
electrochemical corrosion, Al-based alloys 117 
electrochemical realkalization 424 
electrochemical treatments, concrete 

rehabilitation 400 f, 424,428 
electrolytes 
- nickel-based alloys 78,84 
- titanium alloys 106 
electromotive force series, magnesium alloys 140 
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electron beam physical vapor deposition 
electron migration, Al-based alloys 116 
electronic devices, corrosion engineering 437-467 
electroplating 
- electronic devices 452 
- metallic coatings 195 
Elgiloy 95,109 
Ellingham diagram 236,260 
embrittlement 
- caustic 48 
- high-temperature alloys 185 
- intermetallics 279,286 
- liquid metals 3,23 ff 
- Ni-Moalloys 81 
- polymers 475,486 
- tantaludniobium 108 
- titanium 107 
environmental effects 
- Al-based alloys 119 
- magnesium alloys 164 ff 
enzymatic cleavage 504 
epoxy, silver-filled 451 
epoxy-coated steels 402,413 
epoxy resins 167 
erosion 
- cobalt-based alloys 94 
- steels 3, 32,55 
ester groups, phbtodegradation 494 
evaporation 
- antioxidants 500 
- polymers 471,493 
experimental techniques, ceramics 333 ff 
exposure times, high-temperature alloys 197 
external oxidation 203 

196 

facet coating layers 449 
failure 
- electronic devices 445,449 f, 453 
- polymers 475 
- steels 23 
- thin-film tantalum nitride resistors 460 
fatigue 
- cobalt-based alloys 94 
- magnesium alloys 138 
- Sic reinforced alumina 377 
- steels 3.28 
- stress corrosion cracking 29 f 
fatty salts PVC 480 
Fe,Al, high-temperature oxidation behaviour 257 f 
ferric chloride 102 
ferric ions 
- Ni-Moalloys 78 
- non-ferrous alloys 72 
ferrites 
- high-temperature alloys 183 
- iron-carbon alloys 5 f 
femtic stainless steels 11 
- sour environment 63 
femtic steels, concrete 409 
fiber coating 380 

fiber optic transmission systems 450 
fiber-reinforced ceramic matrix components 383 
fiber-reinforced oxides 374 
fiber-reinforced plastics 414 
field tests, concrete rehabilitation 427 
filaments, accelerated life testing 465 
filiform corrosion 137 
fillers, concrete 393 
film-forming inhibitors, steel in concrete 407 
fine particles, electronic devices 440,461 ff 
fired silver pastes 45 1 
flow velocity, magnesium alloys 166 
flue gas desulfurization 56 
fluorine 
- Al-based alloys 117 
- magnesium alloys 166 
fluorophosphates 424 
formaldehyde 476 
formic acid 
- aqueous corrosion 53 
- electronic devices 442 
- Ni-Moalloys 78 
formulations, antioxidants 493 
fossil fuel combustion, electronic devices 440 
fracture 
- Lavesphases 287f 
- metal-to-glass seals 455 
- polymers 472 
- silicaformers 353 
freezelthaw cycles, concrete 398 
fretting corrosion, tin finishes 454 
functional groups, polymers 476 f, 503 

galvanic corrosion 
- Al-based alloys 122 
- magnesium alloys 136 f 
- steels 3, 18 ff 
- Ti/TiN/Al/TiN 457 
galvanic series 122, 157 
galvanized reinforcement, concrete 416 
gas bubble formation, high-temperature alloys 208 
gas production, process fluids 61 
gaseous media, steels 15 
gases, aqueous corrosion 41 
gate oxide thickness, electronic devices 440 
gel pores, cements 394 
germanium 300 
Gibbs energy 1 15 f 
gibsite 116 
glass fiber reinforcing bars, concrete 414 
glass manufacturing, high-temperature corrosion 

glass transition temperature 472 
glassy areas, silicon carbides 343 
gold 
- alloying element 272 
- Galvanic series 122 
- Gibbsenergy 116 
gold metallizations, contaminant-free 457 
gold plating 452 

problems 213 
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grain boundaries 
- aluminum nitrate 367 
- high-temperature alloys 201 
- Ni-Al-based intermetallics 248 
- silica formers 353,365 
- steels 10 
grain size, magnesium alloys 161 
grain structure, intermetallics 239 
graphite 
- Galvanic series 122 
- iron-carbon alloys 5 f 
green death 
- Ni-Cr-Fealloys 91 
- Ni-Cr-Moalloys 87 
ground synthetic dust mixture, accelerated life 

growth 
- high-temperature alloys 177 f 
- intermetallics 234 f 
- Ni-Al-based intermetallics 245 f 
- protective scale 205 
- silica 337 
- silicides 296 
gypsum 394 

testing 463 

haffnium carbides 37 1 
half-cell potential mapping, reinforced concrete 

416 f, 427 
halide ions 103 
halide salts 195 
halides, alkali impurities 342 
halogenated solvents, aluminum corrosion 459 
hardening 
- high-temperature alloys 187 
- stainless steels 63 
hardness, aqueous corrosion 40 
Hastelloy, non-ferrous alloys 
Havar, cobalt-based alloys 95, 109 
Haynes 6B, cobalt-based alloys 
heat affected zone (HAZ) 
- cracking 25 
- nickel-based alloys 82 
heat-resisting steels 4 f 
heat treatments 2 13 
hematite 116 
hermetic package, electronic devices 449 
heterogeneous structures, Al-based alloys 
HfB2-SiC, mixed oxide scales 376 
high-copper alloys 99 
high-impact polystyrene (HIPS) 487 
high-strength structural steels 5 
high-temperature alloys 177 ff 
high-temperature applications, ceramics 
high-temperature corrosion 
- intermetallics 229-325 
- metallic alloys/coatings 173-228 
high-temperature oxidation 
- intermetallics 229-325 
- silicides 298f 
hindered amine stabilizers (HAS) 490,499 

73, 109, 189 

95, 109 

1 17 

33 1 f 

hot corrosion 
- aluminum-based intermetallics 250,264,275 
- metallic coatings 195 
- silicon nitrideskarbides 342 
hot solutions, stress corrosion cracking 23 
humidity 
- atmospheric corrosion 35 
- magnesium alloys 166 
- relative see: relative humidity 
hybrid-integrated circuits, tantalum nitride 

resistors 460 
hydrabrasive wear by sand, process fluids 55 
hydrargillite 116 ff 
hydration reaction, concrete 393 
hydrobenzophenone 498 
hydrobromic acid 80 
hydrocarbon rubbers 471,496,504 
hydrochloric acids 
- concrete 398 
- electronic devices 442 
- nickel-based alloys 
- magnesium alloys 165 
- Ni-Cualloys 76 
- Ultimet 96 
- zirconium 102 
hydrogen 
- electronic devices 442 
- polymers 471 
- stress corrosion cracking 23 
hydrogen chloride/sulfide gold-plating 452 
hydrogen electrode 16 
hydrogen evolution reaction (HER), magnesium 

hydrogen-induced cracking (HIC) 3,23 ff, 61 
hydrogen-induced stress corrosion cracking 

hydrogen peroxide 72 
hydrolysis 120 
hydrolytic degradation, polymers 503 ff 
hydroperoxides 482,488,496 
hydroperoxy groups 480 
hydrophobic surface treatments, concrete 416 
hydroxides 
- gold metallizations 457 
- magnesium alloys 141 
- stress corrosion cracking 23 
hydroxy radicals 483 
hydroxyalkylamines 408 
hydroxyl 442 

75 f, 78 

alloys 145ff 

(HSCC) 20,24 f, 55 f 

immersion tests 
- cobalt-based alloys 97 
- magnesium alloys 15 1 
- Ni-Cr-Mo alloys 8 1 
- non-ferrous alloys 72 ff 
impurities 
- aluminum-based alloys 115, 118 
- electronic devices 455 
- magnesium alloys 136, 150 
- polymers 471,488 
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- silica 337,345 f 
- silicon nitrides/carbides 341 
- steels 10 
impurity chromophores 496 
in situ composites, intermetallics 286 ff 
incinerator temperatures 176 
Incoloy 
- high-temperature corrosion 190 
- non-ferrous alloys 73,109 
Inconel 73,109 
incubation period, pitting attack 120 
indoor atmospheric corrosion, steels 34 
indoor mass concentrations, airborne particles 441 
industrial atmospheric corrosion, steels 34 
industrial corrosion types 213 f 
industrial environments, magnesium alloys 136 
inhibitors 
- anodic 17 
- steel in concrete 407,423 
initiation phase 
- polymer oxidation 482 
- steel in concrete 402 
injection water, steels 55 ff 
inorganic salts, aqueous corrosion 40 
InP-based diode lasers 449 
instantaneous corrosion rates, reinforced concrete 421 
integrated circuits, aluminum pitting 459 
interfacial voids formation, intermetallics 238 
intergranular corrosion 
- Al-basedalloys 120 
- magnesium alloys 137 
- metal-to-glass seals 455 
- non-ferrous alloys 72 
- steels 9, 18,23 
intergranular cracking 92 
intermetallic compounds, Al-based alloys 118,128 
intermetallic phases, alloying elements 9 
intermetallics, high-temperature corrosion/oxidation 

intermolecular forces, polymers 47 1 
internal oxidation 
- high-temperature alloys 198 
- intermetallics 241,257 
interstitial elements, high-temperature alloys 190 
intrinsic chromophores, polymers 494 
intrinsic effects, water vapor oxidation 
iodine 166 
ion implantation 
- intermetallics 240 
- sodium 341 
ion migration, steel in concrete 403,425 
ionic contaminants 
- electronic devices 445 
- metal-to-glass seals 455 
iridium aluminum intermetallics 285 
iron 
- Al-based alloys 118,126 
- impurity elements 15 1 ff 
- nickel-chromium-based alloys 89 
iron aluminides, intermetallics 255 ff 
iron-aluminum based intermetallics 236,254 ff 

229-325 

346 

iron-chromium (aluminum) complexes, high- 

iron-chromium alloys, concrete 4 10 
iron-chromium-nickel steels, high-temperature 

iron-manganese compounds, magnesium alloys 156 
iron-nickel-based superalloys, high-temperature 

iron-nickel-cobalt alloys, metal-to-glass seals 455 
iron oxides, high-temperature alloys 178 
iron salts, biodegradation 504 
iron silicides, intermetallics 307 
iron silicon alloys, Al-based 128 
iron-carbon alloys 5 f 
isocorrosion diagrams, alkaline media 51 ff 
isotherms, Fe-Ni-Cr system 185 

temperature alloys 182 f 

corrosion 192 

corrosion 176 

Kelvin-Thomson equation, concrete 396 
kinetics 
- Al-based alloys 125 
- alumina formers 368 
- ceramics 333 
- high-temperature corrosion 209 
- high-temperature alloys 177,182 
- intermetallics 234f 
- internal oxidation 199 
- steelcorrosion 16 
kinks, Al-based alloys I 17 
Kirkendall effect, Ni-Al-based intermetallics 248 
Kraft process, aqueous corrosion 59 

laboratory tests, concrete rehabilitation 426 f 
lanthanides, intermetallics 308 
laser facets, passivation issues 449 
lattice diffusion coefficient, high-temperature 

lattice site, silica 337 
Laves phases 
- beryllides 308 
- intermetallics 280,286 ff 
leaching 
- antioxidants 502 
- polymers 471,493 
lead 
- alloying element 158 
- Galvanicseries 122 
- stabilizers 480 
leakage currents, electronic devices 445 f 
lifetimes 
- concrete 399,420 
- electronic devices 449,461 
- intermetallics 235 f 
- polymers 471,501,505 f 
lime 
- concrete 398 
- magnesium alloys 167 
line compounds 
- intermetallics 237 
- pesting 242 

alloys 201 
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linear oxidation, silicon 338 
liquid metal embrittlement 3,23 ff 
lithium niobate modulators, threshold voltage 

local corrosion rate 422 
local defects, laser facets 449 
localized corrosion 
- AI-based alloys 117, 120 f 
- aqueous 41 
- cobalt-based alloys 97 
- magnesium alloys 136 f 
- nickel-based alloys 75,86,91 
- non-ferrous alloys 72 ff 
- titanium 107 
long-chain properties, polymers 471 
low-alloy steels 4 f 
- aqueous corrosion 42 
- atmospheric corrosion 34 
- stress corrosion cracking 23 
low-coefficient of expansion alloys 455 
low-molecular weight substances, polymers 471 
low-pressure plasma spraying, metallic coatings 
low-temperature steels 5 

shifts 450 

196 

Maak treatment, high-temperature alloys 202 
macropores, concrete 395 
magnesium 
- alloyingelement 118, 126 
- concrete 399 
- electronic devices 44 1 
- Galvanic series 122 
magnesium alloys 131-171 
magnesium chloride, Ni-Mo alloys 81 
magnesium hydride model, negative difference 

magnesium oxide, sintering aids 343 
magnetite, Gibbs energy 116 
manganese, alloying element 8, 118, 126, 134, 154 f 
manganese alloys, Al-based 128 
marine atmosphere 
- magnesium alloys 136 
- steels 34 
marine biofouling, copper-based alloys 99 
martensite, iron-carbon alloys 6 
martensitic chromium steels, aqueous corrosion 44 
martensitic stainless steels 
- sour environment 63 
master alloy, metallic coatings 195 
material properties, steels 4 
materials selection 
- Al-based alloys 127 
- electronic devices 449 ff 
- high-temperature corrosion 2 14 
mechanical properties 
- low alloy steels 6 
- Ni-Al-based intermetallics 244 
- polymers 471 
- polyolefins 487 
- Sic  reinforced alumina 377 
- silica formers 365 

effect 148f 

I I f 

mechanical strength, nickel-based alloys 82 
mechanical stress, steels 3, 17 
Meijering treatment, high-temperature alloys 199 
melt stabilization, polymers 492 
melting points 
- aluminum-based alloys 115 
- beryllides 308 
- boria 369 
- intermetallics 233 ff, 286 
- Ni-Al-based intermetallics 244,279 
- polymers 473 
- transition metal carbides 371 
mercaptants, electronic devices 442 
mercury intrusion porosimetry (MIP), concrete 396 
metal deactivators, antioxidants 491 
metal dissolution, non-ferrous alloys 72 f 
metal dusting, high-temperature corrosion 22 1 f 
metal migration-induced failures, electronic 

metal oxide interface, Al-based alloys 116 
metal-to-glass seals, cracking 455 
metallic alloys, high-temperature corrosion 173-228 
metallic coatings, high-temperature corrosion 194 
metallic joints, electronic devices 452 
metallizations, electronic devices 453 
metallurgy 
- Al-based alloys 118 
- high-temperature corrosion 213 
- magnesium alloys 150 ff 
- titanium-aluminum-based intermetallics 276 
methyl methacrylate, ceiling temperatures 476 
methylstyrene, ceiling temperatures 476 
microbes, electronic devices 440,445,461 
microcracks, molybdenum silicides 303 
microholes, magnesium alloys 147 
microorganisms 
- aqueous corrosion 42 
- biodegradation 504 
micropitting, aluminum 459 
microstructures 
- high-temperature alloys 182 f 
- magnesiumalloys 161 
- polymers 471 
- silica formers 365 
migration 
- in aluminum oxide films 
- ions in concrete 403,425 
migration-induced failures, electronic devices 45 1 
mixed oxides 374 f 
mobility, dislocations 233 
modulators, threshold voltage shifts 450 
molecular weight, polymers 471 
molten salts 
- ceramics 331 
- iron-aluminum-based intermetallics 264 
- silica formers 361 
molybdenum 
- alloying element 8,97 
- hardening element 187 
- nickel-based alloys 77 
molybdenum carbides 37 1 

devices 451 

11 6,120 
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molybdenum silicides 
Monel 73,109 
monitoring, reinforced concrete 416 ff, 427 
monolithic ceramics 365 
monomers, ceiling temperatures 476 
monovalent magnesium ion model 
mortars 397 ff, 424 
mullite 366 
multicomponent ceramics 383 
multicomponent scales, ceramics 374 ff 
multilayers, electronic devices 453 

297 f, 303 ff 

147 f 

natural.water, aqueous corrosion 39 
negative-difference effect (NDE) 144 
Nernst equation 363 
nickel 
- alloyingelement 8 
- impurityelement 151,154 
nickel-alumina-based in situ composites 292 
nickel-aluminum-based intermetallics 244 ff, 25 1 
nickel-based alloys 69-111 
nickel-based superalloys 
- high-temperature corrosion 191 
- intermetallics 233 
nickel content, stress corrosion cracking 28 
nickel oxides 178 
nickel-phosphorus alloys 452 
nickel-plating, electronic devices 452 
nickel salts, biodegradation 504 
nickel silicides 307 
nickel silvers 99 
Nicrofer 74,109 
niobium 
- alloyingelement 8 
- hardening element 187 
- in situ composites 289 
- non-ferrous metals 101, 108 
niobium-aluminum-based intermetallics 279 ff 
nitrate solutions, stress corrosion cracking 23 
nitrates 
- magnesium alloys 165 
- non-ferrous alloys 72 
nitric acids 
- aqueous corrosion 53 
- band pass filters 448 
- concrete 398 
- electronic devices 441 
nitridation, high-temperature corrosion 222 
nitrides 331 
nitrites 407, 424 
nitrogen 
- alloyingelement 8 
- interstitial elements 190 
- polymers 471 
- titanium-aluminum-based intermetallics 27 1 
nitrogen oxides 440 
nitroxide radicals 499 
noble metals 
- fretting corrosion 454 
- intermetallics 285ff 

nonaqueous media, steel corrosion 15 
nonbridging oxygens, silicon networks 341 
nondestructive testing 416 
nonferrous alloys 69-171 
nonferrous metals 101 ff 
nonhermetic applications, laser facets 449 
nonmetallic reinforcement, concrete 402,414 
nonoxide ceramics 331 ff 
normal hydrogen scale (NHE) 74 
Nomsh cleavage 495 
nucleation, stress corrosion cracking 26 f 
nylon 473 

oil production 61 
on-site measurements, reinforced concrete 421 
operating conditions, corrosion of metals 
operating temperature increase, metallic alloys/ 

optic transmission systems 450 
organic acids 
- aqueous corrosion 50 
- electronic devices 442 
organic anions 117 
organic-based inhibitors 408 
organic coating, concrete 416 
organic solvents 23 
organic sulfides 442 
organic sulfur gases 452 
organic vapors 461 
orthorhombic titanium aluminides 265,276 f 
outdoor mass concentrations, airborne particles 44 1 
overall corrosion reactions, magnesium alloys 
oxalate 117 
oxidation 
- intermetallics 234 ff 
- internal 198 
- passive 357 
- silica formers 336 ff 
- steady-state 247, 252 
- thermal 338 
oxidation rates 
- ceramics 331 
- parabolic 179 
oxidative degradation 48 1 ff 
oxide dispersion strengthened (ODS) alloys 255 
- high-temperature 194 
oxide film layers, aluminum-based alloys 
oxide scale formation, intermetallics 234 f 
oxide substrate reactions, silica formers 
oxides 
- high-temperature alloys 178 
- multicomponent scales 374 
- protective see: protective oxides 
oxidizing conditions, non-ferrous alloys 
oxidizing salts 165 
oxidizing solutions 
- acidic 105 
- Ni-Cr-Fealloys 91 
oxygen 

3 

coatings 176 

140 

115 

356 

72 f 

- dry 338 
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phosphite esters 491 
phosphoric acids 
- aqueous corrosion 50 
- Ni-Moalloys 78 
photo-oxidation 494 ff 
photobiodegradation 504 
photodegradation 494 ff 
photoinitiators 484 
photonic devices, corrosion engineering 437467 
photostabilization 497 ff 
physical degradation 472 
physical properties 
- polymers 471 
- silica 337 
- silicide intermetallics 296 
physical vapor deposition (PVD) 194 
pigments 471 
Pilling- Bedworth volume 116 
pinholes 449 
pitting corrosion 
- aluminum-based alloys 
- cobalt-based alloys 97 f 
- magnesium alloys 137 
- Ni-C-Moalloys 86f 
- non-ferrous alloys 72 f 
- steel in concrete 401 f, 41 1 
- steels 
pitting resistance 
- Al-based alloys 127 
- stainless steels 11 
pitting resistance equivalent (PRE) 
plainsteel 72 
plasma-spraying 196 
plasticizers 456,471,500 
platinum 
- alloying element 250,272 
- Galvanic series 122 
platinum-aluminum intermetallics 285 
polarization curves 
- Al-based alloys 123 
- magnesium alloys 
polarization resistance 
- non-ferrous alloys 72 f 
- reinforced concrete 421 
pollutants 
- electronic devices 443 
- polymers 471 
polyacetals 476 
polyacrylonitrile 477,504 
polyamides, hydrolysis 479,503 f 
polybutadiene 477 
polycarbonates 503 f 
polyesters 479,503 
polyethers 476 
polyethylene 473,477 
- biodegradation 504 
poly(ethy1ene terephthalate) (PET) 473 
- photostabilization 497 
polyisobutene 477 
polyisoprene 477 
polymer coatings 457 

119 f, 125 ff 

3, 14, 17 ff, 37 f, 55 f 

14, 17,88 

145 f, 159 

- polymers 471 
oxynitride layer, silicon 340 
ozone 471 

pack cementation, high-temperature alloys 195 
packaging, sulfur-free 453 f 
painting, magnesium alloys 167 
palladium 
- alloying element 104 
- galvanic corrosion 457 
paper industry 
- high-temperature corrosion 2 13 
- processfluids 59 
parabolic oxidation 
- aluminum nitrate 367 
- ceramics 334, 338 
- intermetallics 234 f 
partial reconstruction, concrete 423 
partially-protective surface films, magnesium 

partially stabilized zirconia 366 
particle undermining model, magnesium alloys 
particulate matter contaminants, electronic devices 

passivating inhibitors, steels 17 
passivation issues, laser facets 449 
passivators, steel in concrete 407 
passive films 
- concrete 399 
- steels 3 
passive oxidation, silica formers 357 
pastes 394 
penetration rate 422 
pentoxides 460 
percolation 396 
perlite 6 
permeability, concrete 396 
permeation, silica 337 
peroxide decomposing antioxidants 491 
peroxydolitic antioxidants 499 
Perrault diagram 141 f 
pesting 242 f, 299 f 
petrochemical processing, high-temperature 

corrosion 213 
pH value, concrete 399,407 
PHACOMP 184 
phase diagrams 
- aluminum-based intermetallics 254,270 f 
- high-temperature alloys I83 ff 
- iron-carbon alloys 5 f 
- Mo-Si 297 
- Ti-Al-Cr 294 
phases 
- magnesium alloys 
- nickel-aluminum-based intermetallics 245 f 
- titanium-aluminum-based intermetallics 

phenol-formaldehyde resins 504 
phenolic antioxidants 489,499 
phosphates 165 

alloys 147f 

148 f 

440 

158 ff, 161 

267 f, 276 
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polymers, degradatiodstabilization 469-507 
poly(methy1 methacrylate) 
- biodegradation 503 
- pyrolysis 477 
p l y  olefins 
- biodegradation 503 f 
- degradatiodstabilization 47 1 f, 475 
- mechanical properies 487 
- photodegradation 496 
polypropylene 473,411,482 
polystyrenes 
- biodegradation 503 f 
- pyrolysis 477 
polysulfones 504 
polytetrafluorene 504 
polyurethanes 479,503 
poly(viny1 chloride) (PVC) 
- autosynergism 492 
- hydrolysis 504 
- thermal reactions 480 
pore creep corrosion, electronic devices 452 
porosity 
- concrete 395f 
- plating 452 
Portland cement 393 f 
potassium 441 
potassium impurities 345 
potential mapping, half-cell 416 f, 427 
Pourbaix diagram 
- Al-based alloys 117 
- iron-aluminum-based intermetallics 260 
- magnesiumalloys 141 f 
- nickel-based alloys 74 
- steelcorrosion 16 
pozzolanic materials 395 
precious metals 285 ff 
precipitation 
- high-temperature alloys 198 
- Ni-Mo alloys 81 
- steels 9,20 
- yttriumdoping 242 
precipitation hardening 63 
process fluids 15,55 ff 
process-related corrosion, electronic devices 

process temperatures, alloyskoatings 176 
producers list, high-temperature alloys 223 
product design, electronic devices 449 ff 
promoter solutions, stress corrosion cracking 24 
propagation phase 
- polymer oxidation 482 
- steel in concrete 406 
propylene, ceiling temperatures 476 
protective films 
- concrete 399 
- magnesium alloys 141 f, 147 
- polymers 501 
protective layers 
- aqueous corrosion 40,48 
- high-temperature alloys 203 
- steels 3 

458 ff 

protective oxides 
- beryllides 308 
- ceramics 331 
- high-temperature alloys 178 
- intermetallics 234 f 
prove-in, electronic devices 461 ff 
pulp industry, process fluids 59 
pulp/paper industry, high-temperature corrosion 21 3 
pyrolysis, momomers 477 

quality grade, steels 5 
quenching 
- iron-carbonalloys 6 
- magnesium alloys 163 
quinones 489 

radiation 494 
radicals 476 ff, 483 
random scission without depropagation 477 
rapid quenching 6 
rare earth alloying elements 
rare earth complexes, high-temperature alloys 18 1 
rare earth doping 247 
reaction binders, concrete 402 
reactive elements, intermetallics 238 f 
realkalization 423 
rebars, steel in concrete 402 ff, 409,424 
reconstruction, concrete 423 
recycling, aluminum-based alloys 115 
reducing acids 
- aqueous corrosion 50 
- nickel-based alloys 74 
- titanium alloys 105 
reducing agents, magnesium alloys 135 
reducing conditions, non-ferrous alloys 72 f 
reducing solutions, Ni-Cr-Fe alloys 91 
refinery plants, high-temperature corrosion 176 
reflectivity, laser facets 449 
refractory metals 
- alloying elements 216 
- hardening elements 187 
- Ni-Al-based intermetallics 279 
refractory metal line-compounds 242 
refractory oxide coatings 366 
rehabilitation, reinforced concrete 422 ff 
reinforced concrete 392 ff, 399 ff, 409,422 ff 
relative humidity (RH) 
- concrete 396 f, 404 
- electronic devices 442 
relays, gold-silver contacts 453 
reliability tests, electronic devices 461 ff 
repair methods, reinforced concrete 420 ff 
replacement, concrete rehabilitation 423 
resins, hydrolysis 504 
resistance 
- Al-based alloys 123 
- aqueous corrosion 45 f 
- cobalt-based alloys 94 
- high-temperature alloys 177 ff 

134, 158,238 
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- magnesium alloys 135 
- stainless steels I 1  
- steels 3 
- tantaludniobium 108 
resistivity measurements, reinforced concrete 419 f 
resistors, thin-film tantalum nitride 460 
restauration techniques, concrete 424 
Reynolds number 334 
rhenium 187 
ring-opening polymerization 476,486 
Rockwell hardness 
- Ni-Cualloys 77 
- stainless steels 12 
rubbers 
- biodegradation 503 
- carbon black filled 490 
- photodegradation 496 
- polymers 471,485 
rural atmospheric corrosion 34 
rural environments 136 
rust staining 427 
ruthenium-aluminum intermetallics 286 

salt solutions 442 
salt spray corrosion 136 
salts 
- aqueous corrosion 39 f 
- biodegradation 504 
- concrete 398 
- gold metallizations 457 
- iron-aluminum-based intermetallics 264 
- magnesium alloys 165 
- polymers 492 
- silicon nitrideskarbides 342 
- titanium-aluminum-based intermetallics 275 
saturation index, aqueous corrosion 41 
scale dissolution, Ni-Al-based intermetallics 250 
scale formation, ceramics 333 
scales 
- aqueous corrosion 40 
- high-temperature corrosion 177-228 
- intermetallics 234 f 
- steels 3 

Schaeffler diagram 8 
Schmidt number 334 
scission 476, 478,487 
Scott-Gilead process 504 
seawater 
- AI-based alloys 120 
- concrete 398 
- duplexsteels 15 
- pitting potentials 46 
- steels 21 
sealing 
- magnesium alloys 167 
- silicon devices 453 
segregation, intermetallics 239 
selective corrosion, steels 3 
selfprotecting polymers 486 

see also: protective films, coatings 

semiconductor oxides 116 
service life 
- concrete 399,420,423 
- electronic devices 449 

see also: lifetime 399 
shallow piting 
- steels 3, 18 f, 43 
- copper-based alloys 100 
shipping, device corrosion 456 
shrinkage, polymers 473 
shrinking-sphere model, ceramics 334 
Si,N20-Zr0, composites 378 
Sievertlaw 204 
silica formers 
- ceramics 331,336 ff 
- high-temperature alloys 178 f 
- intermetallics 235 
silicides 
- intermetallics 296 ff 
- pesting 242 
silicon 
- Al-basedalloys 118, 126 
- alloying element 8, 134,219,272 
- Lavesphases 287 
- thin-film tantalum nitride resistors 460 
silicon alloys, Al-based 129 
silicon carbide fibers 380 
silicon carbide-reinforced alumina 377 
silicon carbideshitrides 
- ceramics 331,336ff 
- coefficient of thermal expansion 
silicon oxidation 338 
silicon oxide films 450 
silver 
- alloyingelement 134,272 
- Galvanicseries 122 
- plating 451 f, 455 
single-phase Laves alloys 288 
single-phase oxide solid-solutions 379 
sintering 
- silicon carbides 342,362 
- siliconnitrides 342 
slag cement 393,398 
slat induced corrosion 365 
sliding wear 94 
smoke formation, silica formers 358 
smoking contaminations, electronic devices 442 
sodium 
- concrete 399 
- electronic devices 441 
- impurities 341,345 
- silicaformers 361 
sodium chloride 
- electronic devices 447 
- magnesium alloys 164 
sodium hydroxide 48 
sodium monofluoro phosphate (MFP) 408 
sodium nitrites 407 
soil 
- magnesium alloys 166 
- steelcorrosion 15 

366 
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solar radiation, polymers 494 
solder alloys 454 
solder connection, electronic devices 453 
solid-solution hardening elements 187 
solubility ranges, intermetallics 237 
soluble salts, concrete 398 
solution oxides, multicomponent scales 374 
solutions, stress corrosion cracking 23 
solvent swelling, polymers 475 
sour environment, stainless steels 63 
spacer layers, lithium niobate modulators 450 
spalling 
- aluminum-based intermetallics 247,259 
- concrete 397 ff,423,427 
- gold metallizations 457 
- silicaformers 352 
spherulitic crystallites 339 
spinels 
- Al-based alloys 117 
- iron-aluminum-based intermetallics 257 
stabilization 
- polymers 469-507 
- steels 10f 
stabilizers 
- polymers 471 ff, 500 ff 

stacking faults 94 
stainless steels 5 ,  8 ff, 72 
- aqueous corrosion 44 f, 57 
- atmospheric corrosion 37 
- concrete 402,409 
- Galvanic series 122 
- high-temperature corrosion 176 
- pitting corrosion 87 
- sour environment 63 
standard designation method 134 
starch blends 505 
steady-state oxidation 247,252 
steady-state scaling, high-temperature alloys 207 
steels 
- concrete 389-486 
- corrosion 1-68 
- Galvanicseries 122 
Stellite alloys 94, 109 
sterically hindered phenols 489 
sticking probability, electronic devices 445 
storage, device corrosion 456 
storage temperatures, magnesium alloys 135 
Streicher test 91 
strength 
- high-temperature alloys 182 f 
- tensile strength I I 

strength-to-weight ratio, magnesium alloys 134 
stress 
- cobalt-based alloys 94 
- nickel-based alloys 75 
- Ni-C-Moalloys 89 
- low-alloysteels 24 
stress corrosion 
- Al-based alloys 123 

- PVC 480 

see also: yield strength 

- steels 3, 17 
stress corrosion cracking (SCC) 20 ff, 61 
- cobalt-based alloys 98 
- hydrogen-induced 3,23 ff, 61 
- magnesium alloys 138 
- metal-to-glass seals 455 
- Ni-Cr-Moalloys 88 
- Ni-Moalloys 82 
- non-ferrous alloys 72 f 
- polymers 474 
- titanium 107 
stress rupture 176 
structural defects, polymers 47 1 
structural steels 4 f 
styrene 
- ceiling temperatures 476 
- high-impact 487 
sublattices 
- intermetallics 233 f 
- Ni-Al-based intermetallics 248 
subsurface penetration 197 
subsurface void formation 207 
sulfates 
- concrete 399 
- electronic devices 441 
- magnesium alloys 165 
sulfidation 
- high-temperature corrosion 215 f 
- iron-aluminum-based intermetallics 262 
sulfide stress cracking (SSC) 20 ff, 61 
sulfur compounds 
- silver-plated copper cable 456 
- steels 8 
sulfur containing gases 260 
sulfur dioxides 440 
sulfuric acid 
- aqueous corrosion 50 
- concrete 398 
- electronic devices 44 1 
- magnesium alloys 165 
- Ni-Cualloys 77 
- Ni-Moalloys 78 

- zirconium 103 
superalloys 
- high-temperature corrosion 191 
- Ni-Al-based intermetallics 252 
- Ni-based 233 
superlattices 233 
supersteels, austenite/duplex 47 
surface accumulation rate, contaminants 444 
surface films, magnesium alloys 142 f, 147 f 
surface finish, monolithic ceramics 365 
surface measurements, reinforced concrete 420 
surface oxide film, aluminum-based alloys 115 
surface pits, silica formers 353 
surface treatments, concrete 416,423 
susceptibility 
- copper-based alloys 100 
- Ni-Cr-Moalloys 88 
- non-ferrous alloys 72 ff 

- PVC 480 
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- silica 337 
- silicide intermetallics 300 
- steels 10 ff, 38 
- zirconium 103 
sustained exclusive growth 205 
swelling 475 
synthetic dust mixtures, accelerated life testing 463 

Tafel slope 42 1 
tantalum 108 
- alloying element 302 
- hardening element 187 
- non-ferrous metals 101 
tantalum carbides 371 
tantalum nitride resistors 460 
tap water 398 
tarnishing 455 
tartrate 117 
temperature-time-dissolutiodprecipitation curve 1 86 
temperature 
- alloys/coatings 173-228 
- critical pitting 18 
- magnesium alloys 
- Ni-Moalloys 81 
- polymers 472,476 
- polyolefins 487 
- stress corrosion cracking 27 
- titanium-aluminum-based intermetallics 265 
tempering 8 
tensile strength 1 1  
tensile stress 
- low-alloy steels 24 
- nickel-based alloys 75 
test chamber, fine particles 464 
test methods, non-ferrous alloys 72 
tetrafluoroethylene, ceiling temperatures 476 
thermal cycling 
- high-temperature corrosion 209 
- intermetallics 237 
thermal degradation, polymers 475 
thermal dissociation, steels 20 
thermal expansion 
- high-temperature alloys 184 
- polymers 472f 
thermal fatigue, S i c  reinforced alumina 377 
thermal oxidation, silicon 338 
thermal reactions, without chain scission 479 
thermal spraying 195 
Thermenol 257 
thermodynamics 
- Al-based alloys 124 
- magnesium alloys 140 
- titanium-aluminum-based intermetallics 269 
thermogravimetric monitoring 333 
thin-film tantalum nitride resistors 460 
thioglycolic acid 480 
thiosulfate pitting 60 
thorium 134 
threshold voltage shifts, modulators 450 
Ti/TiN/ALITN metallization 458 f 

135,138 f, 166 

Ti,SiC,, mixed oxide scales 376 
TB-Al,O, composites 379 
time-temperature-transformation diagram, iron-carbon 

tin 
- Galvanic series 122 
- stabilizers 480 
tin brasses 99 
tin finishes, fretting corrosion 454 
titania 497 
titania-based alloys 240 
titanium 
- alloying element 
- galvanic corrosion 457 
- Galvanicseries 122 
- in situ composites 294 
- Ni-Al-based intermetallics 280 ff 
- non-ferrous metals 104 
titanium-aluminum-based intermetallics 265 ff 
titanium-based alloys 69-1 11 
titanium carbides 
- ceramics 371 
- mixed oxide scales 377 
titanium diffusion 450 
titanium extraction 135 
titanium nitrides 377 
tolerance limits, magnesium alloys 151 
toughness 
- high-temperature alloys 182 f 
- polymers 473 
- S i c  reinforced alumina 377 
- steels 8 
trade names, non-ferrous alloys 
transgranular cracking 92 
transgranular failure 
- metal-to-glass seals 455 
- steels 23 
transient oxidation 
- intermetallics 236 
- Ni-Al-based intermetallics 245,252 
transient scaling, high-temperature alloys 207 
transition metal borides 374 f 
transition metal carbides 370 ff 
transition metal nitrides 370,374 
transition metals 308 
transmission loss, band pass filters 448 
transport properties 
- concrete 395 
- silica 337 
trapping 488 
triazines 498 
Tribaloy 94,109 
tridymite 337 
trioxan 476 
tungsten 
- alloying element 82,97,272 
- hardening element 187 
tungsten carbides 371 
Turkdogan approach 359 
twisting 455 

alloys 7 

8, 19 1,250,302 

73, 109 
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ultimate tensile stress 75, 89 
Ultimet 95 ff, 109 
ultraviolet radiation, polymers 494 
unalloyed steels 4 f 
- aqueous corrosion 42 
- atmospheric corrosion 34 
undercutting 458 
undersea acoustic detection system 455 
unified numbering system (UNS) 
- non-ferrous alloys 72 
- wrought high-temperature alloys 188 
upper use temperatures, intermetallics 236 
uranium extraction 135 
urban atmospheric corrosion 34 
US designation groups, Al-based alloys 128 

vacancies 
- Al-based alloys 117 
- high-temperature alloys 208 
- Ni-Al-based intermetallics 248 
vacuum-induction-melting (VIM) 187 
vacuum ladle treatment 8 
van der Waals gap 2 16 
van? Hoff isotherm 115 
vanadium 104 
vanadium-aluminum intermetallics 286 
vanadium carbides 37 1 
vanadium silicides 306 
vaporization, high-temperature alloys 182 
vinyl ketones 494 
visual inspection, concrete rehabilitation 427 
voids 
- concrete 398 
- high-temperature alloys 197,207 
- intermetallics 238,248,259 
- laser facets 450 
- polymers 472 
volatility 
- intermetallics 235,243 
- organics 443 
- silica formers 349,354 
volatilization 
- boronnitride 382 
- multicomponent scales 375 
- silicides 297 
voltage dependence, electronic devices 440 
volume fraction, refractory metals 293 
volume ratio, Al-based alloys 116 

Wagner boundary approach 358 
waste incineration 213 
water 
- aqueous corrosion 39 ff 
- copper-based alloys 100 

see also: seawater, tapwater 

water soluble dust contaminations 445 
water-to-cement ratio, concrete 393 ff 
water turbine 29 
water vapor 345 f 
weak links, depropagation 477 
weakening, polymers 475 
wear 377 
weathering 36 
weight change, molybdenum silicides 304 
weight gain, ceramics 333 
weight loss 
- silica formers 351 
- steel in concrete 401 
weldability, low alloy steels 6 
welding 
- iron-carbonalloys 7 
- steel in concrete 41 1 
whiskers 
- intermetallics 240 
- Ni-Al-based intermetallics 246 
Wohlercurves 28 
wood 59 
wormtrack corrosion 137 
wrought alloys 180 
- copper-based 99 
- nickel-based 73,93 

yellow death 87 
yellowing, polymers 475,482,487 
yield strength 
- cobalt-based alloys 94 
- stainless steels 11 
yield stress 
- nickel-based alloys 75 
- Ni-C-Moalloys 89 
yttrium 158, 238,272,302 
yttrium-aluminum alloy 236 
yttrium coating 240 
yttrium oxides 343 

zinc 
- alloyingelement 118, 134, 158 
- Galvanicseries 122 
- magnesium alloys 138 
- stabilizers 480 
zinc alloys, Al-based 129 
zirconia 
- partially stabilized 366 
- sinteringaids 363 
zirconium 
- alloying element 134, 157,302 
- nonferrous metals 101 
zirconium-based alloys 69-1 1 1 
zirconium carbides 371 
zirconium extraction 135 


