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FOREWORD

The ACS Symposium SeriEs was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Sympostum SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

his volume records the proceedings of a twelve lecture short course

jointly sponsored by the Chicago Sections of the American Chemical
Society and the Electrochemical Society. The lectures covered several
aspects of current work in corrosion; they were addressed to physical
chemists and chemical engineers as well as to corrosion specialists and
surface scientists. Readers from each of these disciplines will find several
parts of the work described here challenging and informative.

The study of corrosion has undergone substantial expansion in the
past decade in response to new techniques of study and to demands for
new materials to withstand hostile environments. New techniques include
expanded applications of electrochemistry, and recently developed meth-
ods for more-or-less routine surface analysis. Examples in which consid-
eration of corrosion has had a major impact on the development of new
materials include high temperature turbines, airframe structures, elec-
tronic applications of thin metal films, and energy development programs
such as coal gasification. This volume contains chapters related to appli-
cations and reviews of fundamental research. The impact of new electro-
chemical and surface characterization methodology is seen throughout
the text. Sections on electrochemistry and high temperature corrosion
will introduce those unfamiliar with these areas to new concepts. This
volume clearly illustrates the empirical foundations of corrosion chem-
istry, yet applications of solid state theory—to ionic and electronic con-
duction in solids, for example—emerge in several chapters.

The editors thank the author of each chapter for his or her work,
which in many cases involved substantial rewriting of the oral presenta-
tion; Rudolph H. Hausler for organizing the lecture series; Ms. Dorothy
Huber for taped transcripts of the proceedings; the staff of the Chicago
Section for management of the lecture series; and the institutions for
which we work for allowing us the opportunity to bring this volume
together.

Illinois Institute of Technology GEORGE BRUBAKER
Chicago, Illinois

IBM Corporation BEVERLEY PHIpps

San Jose, California
September, 1978
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Corrosion: The Most General Problem of Materials

Science

DONALD TUOMI

Solid State Physics, Roy C. Ingersoll Research Center, Borg-Warner Corp.,
Des Plaines, IL 60016

The following chapters systematically address
varied aspects of the field known as corrosion.l 1In
this introductory overview, an effort will be made to
touch only lightly the breadth and depth of corrosion
- the most general problem of materials science.

For the first step to developing an overview, a
meaning to the word corrosion needs expression. To my
wife, corrosion means that there is a dirty brown
splotch on the side of the car which means it is worn
out and time to trade in is here. They don't make them
as well as before! This brings our attention to the
classic meaning of corrosion as being a loss in value
for some solid object which has been suffering from
chemical attack at the surface. I suspect that for
many this feeling of decreased value through corrosion
leads to a negative feeling towards the topic. Corro-
sion, in general, is used to describe degradation in
value of useful objects.

An alternative perspective is present in corrosion

engineer anecdotes. "Nope, we don't have any corrosion
problems in this plant. The pumps wear out every six
weeks and we replace them." Or alternatively, "We just

dump the scrap here and as soon as we can fill a rail-
road car we haul it to a hole a hundred miles away and
bury it. Some day when the corrosion finishes the junk
off, we'll build condominiums on the land."™ Or yet
another one - "Hey, would you believe that with six
months' data they want me to warrant that tank for 50
years of radiocactive waste storage?" Yes, these do
represent some famous last words. Enough for the anec-
dotal description; we are not gathered here to be
entertained.

Corrosion is a serious, costly materials science
problem. In the years ahead as our resources are
increasingly utilized to the limits of practicality,

0-8412-0471-3/79/47-089-001$08.50/0
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2 CORROSION CHEMISTRY

and conservation and recycling are watchwords, not
catchwords; the corrosion engineer will be at the
forefront.

May I emphasize again the title, "Corrosion: The
Most General Problem of Materials Science." So many I
encounter speak in a disparaging voice about corrosion
problems - that it's just a black art - without support-
ive science. Just go in there and do your thing -
don't bother me with the facts. As a matter of fact,
however, there is so much science in this show that a
constipation of words readily sets in before the con-
stipation of ideas is even approached.

For the next 90 minutes or so let us explore this
field - CORROSION. We shall travel in two distinct
ways. One is to bring your attention to arrays of key
words and concepts. The other is to formulate a pattern
of solid state surface structural chemistry which may
be useful as a framework for remembering complex options
and for exploring new options. The latter will be
within two areas: (1) exchange current descriptions of
corrosion potentials and (2) the nature of corroding
surfaces.

The empiricism that appears to follow the corro-
sion engineer arises from the multi-factor, multi-
component situations which are present within all
common articles of commerce, be they made from iron,
aluminum, or more exotic material combinations. The
variables are continually interacting in increasingly
complex ways so we can become engrossed for even a life-
time with just one problem in performance such as air-
foil stress corrosion cracking, boiler feed water
stabilizations, or corrosion inhibiting paints, and
many more. But does this mean the work lacks for
glamour and excitement?

Well, the materials engineer is frequently caught
with orders to select materials combinations in a prac-
tical situation giving desired property balances with
adequate performance designed to first or to life costs.
Alternatively, he selects model Mark II materials to
cover model Mark I mistakes. More important today,
material selections must avoid warranty payouts capable
of corporate bankruptcy as well as extended personal
liability. How indeed are R & D data predicting field
reliability? What is a valid test?

The corrosion engineer is frequently the pragma-
tist - so what is the problem - get rid of the offend-
ing material. Another approach is "Hey, what can we
add to, introduce to, or otherwise coat the system
with so the problem will disappear long enough to
keep the customers adequately happy? Or at least not

In Corrosion Chemistry; Brubaker, G., et a ;
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1. TUOMI Corrosion: Problem of Materials Science 3

seriously disappointed in the value received? We can't
sell many gold-plated Cadillacs." Or the customer asks
how can I cheaply save money in the long run without
paying the factory? Ziebart it!

Well, enough commercials ~ who is this corrosion
engineer and what is he like? How many years has he
spent in the ivory towers? Or has heever visited them?

Well, if I had my druthers, I would see to it that
the corrosion engineer had a bit of flavoring from
materials science as shown in Figure 1. 1In these days
of specialization, it would be nice to train some gen-
eralists. As an expert responsible for the future
behaviors of most of our solid materials, surely a
mastery of the full range covered by chemistry, physics
metallurgy, and just a few other incidental fields
would be consistent with assigned responsibilities. 1If
he feels a bit short, clearly recourse will be taken to
the consultants and the colleagues forming his support-
ive technical society.

What, you think the survey is facetious and out of
place? Let's take a look at a corrosion smdrg8sbord of
terminology in Figure 2. The experiences of a corro-
sion engineer are represented by the term array. Sampl-
ing them at random, it seems to be a jumble. However,
it is an overview.

Who, then, is the corrosion engineer? For many
here, he has an exciting, responsible way of doing
complex materials science in service to our society.
This individual may never have deliberately planned the
career which developed. Rather as a civil engineer, a
mechanical engineer, a chemist, a physicist, an analyst,
one day suddenly he has a responsibility thrust on him
relating to materials reliability, to materials perfor-
mance or just to solve that problem before we are broke.

Thus, many routes lead to a corrosion engineer's
responsibility as is reflected in Figure 3. He con-
tributes to A Priori Problem Solving but economics of
first costs frequently lead to Post-Factum Problem
Solving. For, too often, corrosion is tied directly
to systems' weakest link variables. Much of the needed
knowledge is absorbed almost by an osmosis process
because there just aren't simple valid descriptions of
general use. All quickly become specific.

Ladies and gentlemen - if you were to examine the
agenda for the next few weeks, quickly a recognition
would develop that the key-words have touched on the
program exposures each will experience - can you see
the beauty of the toughest materials science problems
emerging through the program?
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CORROSION CHEMISTRY

THE CORROSION ENGINEER'S RESPONSIBILITY
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Figure 8. Corrosion engineer’s responsibility
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1. TuoMx Corrosion: Problem of Materials Science 7

Let us look at another pair of smdrg8sbord figures
on corrosion. The first, Figure 4, focusses largely on
surface phenomena froma physical chemist -~ electrochemist’
or surface chemist context. Do the words have a famil-
iar meaning? Should I define a few or perhaps we
should look at another, Figure 5, which outlines
another set of, probably less familiar to most, key
words. These are related to the description of solid
state structures which are encountered on the solid
side of the electrical double layer. It is the dis-
turbing phenomena proceeding within the solid surface
side that gives rise to the diverse experiences of the
corrosion engineer.

For an overview we clearly could spend much time
on each word, learning what meaning was experienced by
each of us. Each would be surprised what a range
could be revealed by the dialogue. This is why so
much of the management end of the talent spectrum is
inclined to say, please practice your art without
fully recognizing or experiencing the complex beauty
present. For it is only art to the beholder - let us
continue sketching the canvas.

Did you ever stop to contrast the conceptualiza-
tion ¢f chemists' common models, or for that matter,
most descriptions of solid material behaviors? 1In
Figure 6 we are examining the phenomenological situa-
tion over which we spend so much time puzzling. The
mental images usually do not assign detailed structure
to the solid phase. We can clearly see it before us
- it is so obvious.

The model we are usually speaking about is shown
in the lower left corner - a structureless solid
behaving in an environment of liquid, or gas, more
rarely an imperfect, impure vacuum. The latter envi-
ronment has the spatial extent.

More truly as in the lower right corner the solid
is defined by x-y-z coordinates which define what is
actually happening where as a function of time in an
exper iment.

Still more precisely, the solid in the experiment
is being space averaged to produce the data in the
figures above.

The solid is best described generally for the
corrosion engineer's purposes as a

"polyphase inhomogeneous solid containing

heterogeneity homogeneously dispersed."
The description is rather precise according to Webster's
Unabridged Dictionary. This reference can be cited if
the statement requires substantiation.

Goodness, with this complexity where do we go from
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10 CORROSION CHEMISTRY
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Figure 6. Phenomenological view of a one-dimensional solid contrasts with the
three-dimensional reality of most solid systems.
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1. TuoMI Corrosion: Problem of Materials Science 11

here? Well, let's just acknowledge that this has
always been the stage on which most of us are acting
out our professional lives.

Thus, in Figure 7, Solids are described as being
ideally perfect versus ideally imperfect with most
being in the latter category. A sharp consequence was
taught to me many years ago by Leroy Dunham of the
Edison Primary Battery. When I smartly described a
statistical quantum-mechanics model of charge transfer
catalysis of oxygen reduction on an electrode surface,
he smiled as if he was enjoying himself. He had been
forced to leave school at the eighth grade level.

Later in the day as he and I strolled through the
production plant making his electrodes, he gquietly
said, "Don, I enjoyed your comments so very much.

Back in the '30's when I was doing the development work
many confusing results came from experiments. In the
evenings I have enjoyed reading the Encyclopedia
Britannica. One day it dawned on me that the distri-
bution of people in the United States versus other
areas resembled the charge transfer behavior. To
change things the people must move around, get into
and out of cars, trains, planes.

What a memorable moment - the theory did not have
to be absolutely right to be useful in guiding exper-
iments.

Why have I taken such a circumspect path to reach
this point? Well, I wish to present a conceptualiza-
tion of the problems which has been useful to me. It
has helped to bridge the chasm separating different
experimental situations.

The following Figure 8 indicates that the lectures
could be placed in a variety of categories. First, the
familiar metal-electrolyte system with gas evolution
potentially present. Second, the systems involving
metals separated from the liquid by a covering film
structure, and third the metal separated from a gas by
an intermediate phase layer. There is some ambiguity
evident in this description; however, in the next few
minutes perhaps some new perspectives for thought
organization can emerge.

In a more general sense surface corrosion pro-
cesses can be described in terms of the phases present
as shown in Figure 9. Here the solid is not identified
simply as a metal but a more general term S is being
used with L representing liguid phase and G gas phase.
The systems locally present can be represented by the
notations S-L, - S-L-G, S-G or, if a covering chemically
altered layer exists on the surface, then S;-S; is
present with S; the starting material.
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12 CORROSION CHEMISTRY
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TUOMI Corrosion: Problem of Materials Science 13
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Figure 8. Corrosion lecture classifications
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14 CORROSION CHEMISTRY

The perspective of simple phases and phase equil-
ibria is adequate for many corrosion problems. This is
particularly true for the cases where thermodynamic
free energy data really describe what phases are present.

Let us examine this for a few minutes from the
viewpoint of everyday experience. We will utilize the
key device which was responsible for our arrival at
the lecture - the black box called

THE LEAD-ACID STORAGE BATTERY.

This system permits brief descriptions of some key
concepts encountered in corrosion phenomena: electrode
potentials, exchange currents, mixed potentials,
corrosion potentials, passive films, as well as leading
to thermodynamic descriptions of systems .2

The redox systems of the battery are simply pre-
sented as:

Negative:

- Anodic 0.335
Pb + 50, = PbSO, + 2e + 0.
(s) Cathodic (s)
Positive:
+ _ Cathodic
PbOz( )+4H + 50, *+2e = PbsSO, + 2H,0 + 1.685
s Anodic
= vo2
Pb(S) + PbO, (s) + 2H, S0, PbSOq(s) + 2H,O0 v

At the negative lead is oxidized to lead sulfate during
discharge while at the positive lead dioxide is

reduced to lead sulfate. The functioning of the bat-
tery for many cycles depends upon maintaining the
reactions isolated to their respective electrodes, to
having the electrons flowing through an external cir-
cuit, and only ionic currents flowing in the internal
electrolyte circuit.

If the potential-current (E-i) characteristics of
the individual reactions were measured, the reactions
could be readily modeled as electrochemical reactions
with the battery at open circuit as indicated by the
processes in Figure 10. If dynamic electrode potential-
current relationships were determined, the electrode is
expected to show the classic Tafel slope behaviors as
the exchange current of the anodic-cathodic equilibrium
is shifted into either direction. From the Tafel
curves a value for the Eg and iy of the electrode
could be defined.

In Corrosion Chemistry; Brubaker, G., et a ;
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LOCAL REGION SOLID SURFACE TRANSFORMATIONS
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Figure 9. Corrosion system
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Figure 10. Model battery anodic—cathodic reactions
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16 CORROSION CHEMISTRY

If the two electrodes are short~-circuited together,
the cathodic process of the positive combines with the
anodic process of the negative as shown in Figure 11.
The battery now has a singular potential - the short
circuited potential. This clearly is a mixed potential
or could be viewed as a corrosion potential of the
system.

Looking at Figure 12, a sketch of a single cell
shows that the positive is a paste of PbO, in a lead
grid. This electrode in the electrolyte clearly must
have a mixed potential since metallic lead in the
presence of lead dioxide and sulfuric acid is thermo-
dynamically unstable. At the negative the lead grid
contains pasted lead! This is also unstable with
respect to charging the battery. Both electrodes
represent a corrosion control problem! »

Really, this is a little too simple, because if
the electrodes are fully charged, the voltage may be
increased so oxygen and hydrogen are evolved at the
positive and negative, respectively. This is indi-
cated by the potential-log current lines in Figure 13.
These reactions convert the battery into a potential
explosive by the H,-0, recombination to form water
if a match is used to aid in seeing how much water
needs to be added. 1If the 0, reduction could be made
to proceed on the negative surface as a local corro-
sion current, and if the H, could be made to undergo
oxidation on the positive surface, a hermetically
sealed cell could be made. These electrochemical
reactions, however, represent forms of local cell
reactions familiar to corroding systems.

As any of these reactions proceed at the electrode
surface, the surface chemistry is continuously changing.
The composition of the local electrolyte in contact
with the solids is changing. Thus, the simple chem-
istry implied by the reaction

Pb + PbO, + 2 H,S0, + PbSO, + 2 H,O

really does not exist. There are numerous changes of
a complex form proceeding on the metal surfaces, on
the metallic heavily-doped oxide PbO,, on the PbSO,
crystallites, on the Pb particulates in the negative
grid, as well as in systems of grain boundaries which
are present.

Suddenly, as we peer beyond the casual solution
chemistry equation, rather complex solid state chemis-
try is interacting with solution and gas phases
processes,
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Figure 11. Short circuit of battery terminals creates characteristic short circuit
potential (Eg¢) and short circuit current (ige).
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Figure 13. Hydrogen and oxygen evolution reactions at the battery electrode
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Clearly the system has electrochemical~chemical
exchange currents at the positives and negatives which
define the potentials observed. The metal grid must
show combinations of PbSO, film, PbO, film, as well as
hydride film phenomena. 1Isn't corrosion chemistry
exciting in that black box under the hood?

The battery electrode mixed potential brings at-
tention to the corrosion engineer's problem of control-
ling either the cathodic or anodic process to minimize
the corrosion current. The problems of surface passi-
vation, the question of identifying the distinctive
spatial locations of the reaction processes are
frequently present in practical situations - what is
cathodic to an anodic region or vice versa, what are
useful ways to modify the surface processes?

Thus, when attention is given to detail, what
appeared as a simple problem initially has with a
little thought become complex.

For a few moments let's drop the key words and
turn to creating a skeleton for the corrosion engi-
neer's interphase transport processes. We need all the
tools possible to bring the materials science re-
sources to our aid. How can we express questions so
aid can come from other experts?

Part II

This phase of the discussion is concerned with
concepts of solid state chemistry rather than a
detailed analysis of a particular case. The objective
is to bring attention to a variety of surface chemis-
try perspectives. This variety can be helpful because
the number of ways we can scavenge information from
related materials science areas becomes expanded.
Further, a variety of seemingly unconnected phenomena
can be brought into related ballgames. The multi-
disciplinary character of real material science is its
real richness.

Earlier attention was brought to the corrosion
processes of liquid-solid systems. Let's start with a
metal contacting an electrolyte as do all electro-
chemistry texts.

The simplest model of the electrical double layer
between a metal and an electrolyte is the simple capa-
citor visualized by Belmholtz2 as shown in Figure 14.
The diffuse ion distribution in the liquid phase was
recognized by Gouy and Chapman®s® to form a space
charge region adjacent to the electrode surface.

Stern® in 1924 combined the structures to form a
compact double layer at the electrode surface with a

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



20 CORROSION CHEMISTRY

HELMHOLTZ GOUY CHAPMAN
1879 1910-1913

%6'9 @ ©O ©
3 B SYcCHC

g) o ©@ ©
-1 “1®0 @ © o

N

+

+
7 Cl> e o ®
X _Helmholtz
Plane
0. STERN (1924) STERN-GRAHAME (1947)

N

NN
—

Helmholtz Plane *Quter Helmholtz Plane
*Inner Helmholtz Plane

Figure 14. Models for the electrical double layer at a metal surface
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diffuse space charge. 1In 1947 David Grahame? added to
this the specific adsorption of ions forming an inner
and outer Helmholtz plane with hydrated cations not
approaching as closely as the anions at the ideal
metal substrate surface. In this ideal polarizable
electrode model perspective, no charge transfer occurs
between metal and liguid phase - i.e., no Faradaic
processes are present. It is important to visualize
this surface region as formed of atoms, molecules, and
ions having significant thermal vibrational, rotational
and translational energy. The sketched structures are
for only a moment in time but are averaging over space
adjacent to the electrode surface when measurements
are being made.

A subsequent description by Bockris and associ-
ates? drew attention to further complexities as shown
in Figure 15. The metal surface now is covered by
combinations of oriented structured water dipoles,
specifically adsorbed anions, followed by secondary
water dipoles along with the hydrated cation structures.
This model serves to bring attention to the dynamic
situation in which changes in potential involve
sequential as well as simultaneous responses of molec-
ular and atomic systems at and near an electrode sur-
face. Changes in potential distribution involve inter-
actions extending from atom polarizability, through
dipole orientation, to ion movements. The electrical
field effects are complex in this ideal polarized
electrode model.

The models clearly have not assigned any atomic
structure to the metal side. With a metallic substrate
Rice, in 1928,% showed the electric field penetration
was indeed slight. Consequently, this model was ade-
quate for the ideal polarizable electrode without
Faradaic charge transfer.

A further complication is introduced in Figure 16
where the presence of surface adatoms is indicated as
well as metal lattice vacancies in the substrate
surface. Within the system attention now can be drawn
to Faradaic processes involving the substrate structure.
The transfer of an atom to the surface can be expressed
by the equation

M/[]M+[[SIM/[[S+[:[M

where M/EIS, the surface adatom, is further potentially
involved in the exchange process

M/[Jg + n H20 ~ M (H20)  + e + []g
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Figure 15. Structures of the electrical
double layer, ideal polarizable electrode
(8)
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This suggests that attention needs to be given to
interphase exchange currents which involve not only
electron transfer from the metal surface, but may
involve atom exchanges from the bulk to the surface
region. The plane metal surface associated with
studying the model ideal polarized electrode behavior
now becomes part of an interphase system separating
metal from an electrolyte or a gas phase system.

The evolution of semiconductor electronics depen-
ded upon developing a detailed materials science,
first for germanium and then for silicon. This con-
fronted the electrochemist with a further refinement
of the electrical double layer systems model. At the
surface of a silicon semiconductor crystal the elec-
tronic process now is no longer simply an electron
transfer from a metal but involves two distinct
reactants, electrons or holes. Thus, the following two
reactions are not equivalent at the surface of a
semiconductor, S:M

S +O0H > SOH + e
S + OH + p > SOH

A further complication arises when attention is
focussed on the electron density distribution within
the semiconductor solid. This, in contrast to the
metal case, now is able to vary from a low to a high
concentration level as electrons in a conduction band
or as holes in a valence band. The electric field on
the so0lid side of the electrical double layer now has
spatial extent - a diffuse double layer character
exists within the so0lid. The conventional electric
field effects previously associated with ion motion
and ion distributions in the electrolyte have a
counterpart within the solid phase.

A further complication is brought to the fore-
front by silicon-electrolyte electrochemical studies.
This is the phenomena of surface states at the solid-
electrolyte interface. These become critically
involved in charge transfer reactions involving com-
plex reactants at the surface. Thus simple electric
field distributions are not present except in partic-
ular model cases.

On the other hand, rather than having a semicon-
ductor replacing the metal, the actual situation may
involve growth of semiconductor layers on a metal
surface, or a dielectric film, or more generally a
compound MX separating the base metal from the corro-
sion media. A new phase separates the corroding base
from the reactants.
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The examination of the material MX as a model two-
dimensional lattice solid phase, AB, in Figure 17 is
revealing. The material can have a variety of lattice
imperfection structures*including

interstitial A and B atoms A/A, B/A
improper site A and B atoms A/i=], B/
lattice vacancies for A and B sites E% L=
associated A and B vacancies +1-

as readily described by a simplified symbolism. 1In
real systems attention must be given to defining at
least conceptually the nature of the phases present.
Frequently, under ordinary conditions the solid does not
fit any simple stoichiometry or electrical neutrality
compound model but is a structure unique to the actual
system under study. Thus, useful results may come

from unorthodox approaches to real systems.

If attention is given to the combination of a
metal M becoming covered with MX the model as shown in
Figure 18, several observations can be made as to
interphase systems and the growth of the film layer.

At the exterior surface a particular combination of
interphase exchange currents for solid phase growth

can be formulated depending on the detailed character
of the solid phase, the surface states, the allowed
electronic processes. Similarly, a set of interphase
exchange currents can be formulated at the boundary of
the metal and the MX layer again subject to constraints
defined by the mass transport processes permissible in
the covering layer and in the metal.

The situation is illustrated in greater detail in
the following model situations where attention is given
to the interphase boundary exchange currents injecting
the lattice imperfections which are responsible for
atom transport through the compound MX.

Thus in Figure 19 lattice vacancy with a trapped
hole is injected at the compound electrolyte interface,
the imperfection at the metal-compound interface reacts
to release a vacancy into the metal. Alternatively,
in Figure 20 the exchange process injects a lattice
vacancy on the cation lattice which appears at the
metal compound interphase to release an electron and
transfer a metal ion into the surface region.

Transport models such as these have been created
to bring attention to the possibility of the boundary
exchange currents injecting imperfection into a
crystalline phase during an anodic process. In fact,
they may determine the solid phase structures formed.
Furthermore, the metal with a solid phase covering film
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can be in reversible equilibrium with an electrolyte
without having exposed metal necessarily in contact
with an electrolyte. 1In such a model, an increase in
the driving currents may increase the mass transport
rates (alter solid phase structures) within limits so
the rapid phase transformations (M to MX) can occur
without necessarily involving ion-solution and precip-
itation reactions in the ordinary sense.

This discussion has brought attention to the pot-
ential presence of two classes of interphase transport
conditions in solid state systems. Let us examine
these for a moment from the perspective of forming
solid phases under model conditions.

For the single interphase exchange process of
solid phase P:; interactions with P; shown in Figure 21,
a series of model conditions are illustrated. For each
a set of interphase atom exchange reactions can be
formulated which have both thermodynamic and kinetic
interpretations. The first is the local deposition of
metallic titanium by the thermal decomposition of TiCl,
gas on a hot wire. This vapor plating technique can be
performed to grow a varied crystallite structure of a
relatively pure titanium on the hot filament. More
generally, vapor plating techniques of many complex
forms are used to grow epitaxial silicon layers of
controlled impurity content onto silicon substrates.
The careful control of conditions results in an amaz-
ingly homogeneous film growth of high semiconductor
quality. The imperfection structure in a composition
and structural sense depends on technique details.

The second example is electrolytic plating of
copper films. Contrary to some expectations growth
close to equilibrium potential conditions does not
result in the highest quality deposit. In general, the
composition and structure of the deposit depends on the
detailed combination of transport processes towards and
away from the electrode surface. Adding the local
hydrodynamic variables provides the system with an
extremely broad structural chemical range.

The third example involves growth of a crystalline
salt phase from the saturated solution. The thermo-
dynamic description again is inadequate for describing
the detailed states of the solid. The relatively
anhydrous chloride ion readily deposits into the
surface lattice but the sodium ion mustbe dehydrated
to form NaCl. This means that water must be diffused
away from the surface during solidification. The white
cast of salt, termed veiling, involves solution incor-
poration during growth with a subsequent diffusion of
the solvent out of the crystal.
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The fourth example is the controlled solidifica-
tion of germanium (or silicon) to produce semiconductor
grade materials. The solid phase structure and compo-
sition depend strongly upon the interphase exchange
processes which can enhance incorporation into the
solid or into the liquid depending upon 2?? This
example implicitly includes the production of most of
the metallic structural materials.

The metal alloy systems generally have both con-
trolled and uncontrolled impurities being deposited and
redistributed within the solid as a result of complex
ligquid hydrodynamic interphase region processes as well
as secondary solid state diffusion and transformation
processes. This materials science is familiar to all
corrosion engineers who become involved with commercial
systems.

The second interphase transport model incorporates
the dynamic interaction of three phases with two inter-
phase exchange currents at the separated boundaries as
indicated in Figure 22 where a solid phase P, is formed
by interactions involving the separated phases P; and
P;.

The classic oxidation of aluminum to form a pass-
ive surface is the first illustration. While the
second model is the anodic oxidation of aluminum, the
interphase transport phenomena here can be distributed
within more complex contexts as a result of the
boundary layer composition changes in the electrolyte.
This model is a particularly fascinating one because
several decades ago it was clear that the large
negatively charged oxygen anion could not migrate in
such oxidation processes - the metal ion +3 aluminum
was small and of course had to transport all the
current through the film. Famous last words that
created a crisis when good transport number experiments
were performed which showed both atoms move in the
film-forming process.l

The silver tarnishing reaction involving hydrogen
sulfide is a classic of solid state materials science
literature, and the zinc oxidation is yet another
example of a more complex protective layer corrosion
problem for which wide ranges of data exist relating
to purity, to kinetic conditions, etc.

This interphase exchange current modeling of the
solid phase formation process serves to emphasize the
varied perspectives from which useful information can
be drawn to aid in describing and understanding corro-
sion processes in varied systems. Rarely are the real
systems simple and many pieces of data are examined
before the models do incorporate the full ranges of
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variables present.

The corrosion engineer's experiences exist in a
complex synergistic relationship to the varied inter-
phase exchange current relationships present within
systems of practical concern. It is indeed rare that
his problems are expressed within any model materials
science contexts. He must necessarily work with the
economically feasible materials for the practical
applications. As the production engineers work with
steadily increasing labor costs in assembly, the
materials engineer - corrosion engineer - wear engineer
become increasingly on the spot to extract the required
values from cheaper materials. It is no joke that
the contract went to the lowest bidder.

What does this mean to all of us assembled here?

First, a recognition needs to exist that in all
practical situations materials science is a tough
ball game - it cannot remain a phenomenological art
if we are expected to warranty the performance.

Second, a recognition needs to exist that, though
the problems are complex, many new tools and skills
are increasingly available to clarify directly the
character of the problems present. The articles which
follow bring attention to this.

Third, a recognition needs to exist that organ-
ized knowledge on solid state chemistry is becoming
increasingly available to us. This is illustrated by
N. B. Hannay's multi-volume Treatise on Solid State
Chemistry.4* As noted by Hannay in his foreword,

"... Yet even though the role of chemistry
in the solid state sciences has been a vital
one and the solid state sciences have, in
turn, made enormous contributions to chemi-
cal thought, solid state chemistry has not
been recognized by the general body of
chemists as a major subfield of chemistry ...
Solid state chemistry has many facets, and
one of the purposes of this treatise is to
help define the field."

If chemists are to be the atomic-molecular domain
custodians of solid state materials science, a serious
concern will need to exist for acquiring useful back-
grounds in this area. A significant related publica-
tion is the recent appearance of F. A. Krdger's second
edition of the Chemistry of Imperfect Crystalsi* in
three volumes. The defect chemistry concepts from this
area need to be incorporated more generally into the
new surface science which relates to the environmental
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stability of materials.

Fourth and last, but not least, a growing recog-
nition needs to exist that the application of the new
complex instrumental techniques can clarify the sur-
face chemistry speculations previously necessary. So
frequently our conceptualizations of the real problem
are wrong. I personally accept the hypothesis that
the first six models when tested in detail will prove
wrong. However, as the real model emerges in its
complex beauty, the number of paths to optimizations
have multiplied and science is no longer dead ended.

The complex instrumentations include LEED, low
energy electron diffraction, which is revealing a
complex model for surface structure when apparent
multilayer adsorption of oxygen proceeds on clean metal
surfaces.

It also includes ESCA, electron spectroscopy for
chemical analysis, or x-ray photoelectron spectroscopy
that can prove that the postulated covering film, by
golly, is not covering, and what's the surface compo-
sition? Ever try to deal with nine surface components
at once? Well, you can seriously explore that distri-
bution for electroless nickel films being deposited on
a catalyzed substrate.

It also includes Auger electron spectroscopy
microprobe identification of the surface crud in the
pit, or definition of the surface composition gradient
previously omitted from the speculation on atom
transport processes.

The scanning electron microscope provides us
neophytes with a realistic look at surface structure
as encountered in the system. When teamed with Auger
or ESCA a confrontation can be created with self,
trying to rationalize the 0ld comfortable models that
did not have to acknowledge that surface chemical
structure really existed on the "polyphase inhomo-
geneous solid containing heterogeneity homogeneously
dispersed."”

Corrosion is here to stay. The wedding to
materials science is implicitly reviewed in the first
five figures. It is a clearly important complex mater-
ials science drawing on all the other disciplines. As
the surface science of interphase mass and charge
transport phenomena on solids continues to evolve then
more clearly, defined new routes for product optimi-
zations will be evident.

Would you agree that corrosion is the most general
problem of materials science?

May all have fun exploring the new vistas of our
physical world through the following chapters. For
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indeed we are all stewards of the utilization of mater-
ials on this scene in service to all. May the mastery
of corrosion extend the resources available to all
those who will celebrate the tricentennial, for few of
us will have this privilege.
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Electrochemical Techniques in Corrosion Studies

FRANCIS M. DONAHUE
Department of Chemical Engineering, University of Michigan, Ann Arbor, MI 48109

Corrosion may be defined as the spontaneous de-
terioration of a structure or part of a structure due
to the action of the total environment or individual
environmental agents. For the purposes of this chapter,
the structure is assumed to be metallic and the en-
vironment is assumed to be aqueous. Using this defini-
tion and the constraints noted, this chapter will out-
line the electrochemical techniques used to develop
criteria of corrosion and those used in the study of
corrosion kinetics.

Chemical Criterion of Corrosion

Free Enthalpy Change.

In the definition of corrosion given above, the
word "spontaneous" was used in the thermodynamic sense,
i.e., a chemical reaction for which the free enthalpy
change, AG, is negative. Therefore, one can ascertain
whether a postulated corrosion reaction can lead to
corrosion by determining the sign of the free enthalpy
change of the reaction.

The free enthalpy change for a chemical reaction
at a temperature, T, is given by

Vy
AGT = AG,E1 + RT SZ,n(II(aY) ) (1)

where AG? is the standard free enthalpy change for the
reaction at the prescribed temperature, I is the multi-
plication operator, a, and v, are the activity (fuga-
city, for gaseous spegies) and stoichiometric coeffic-
ient, respectively, for a species, Y, in the chemical
reaction and R is the gas constant. By convention,

0-8412-0471-3/79/47-089-035$10.25/0
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36 CORROSION CHEMISTRY

stoichiometric coefficients for reactants are negative
while those for products are positive.

The standard free enthalpy change for a chemical
reaction can be calculated from tabulated values of
various thermodynamic functions (1-3). For aqueous
chemical reactions at 25°C, the standard free enthalpy
change is computed from

(2)

where I is the summation operator and pg is the stand-
ard chemical potential of a species, Y, at 25°C.
Pourbaix (1) has tabulated the standard chemical poten-
tials of most species of interest in corrosion studies.
At other temperatures, the standard free enthalpy
change 1is

[+] -— - o]
AGT = Z(\)YAHfY 298) + TZ\)Y((G° H298 /T)Y (3)

where HS is the standard enthalpy of formation
of a specié§; Y, at 25°C and is a
thermodynamic function which depgnds én g species, Y,
and the temperature, T. These thermodynamic quantities
are tabulated in some reference books (2,3).

Equation 1 is useful as a criterion of corrosion
for postulated corrosion reactions. Its main utility
is that it permits one to ascertain whether a particu-
lar environmental agent (dissolved species) or the
solvent can interact chemically with the metallic
structure to cause corrosion of the structure. If the
computed free enthalpy change is positive, it indicates
that corrosion cannot occur by the postulated reaction.
However, it does not mean that corrosion cannot occur
due to the action of another environmental agent.
Therefore, computations of this sort should be exhaust-
ive and account for all environmental agents. If the
computed free enthalpy change is negative, it indicates
that corrosion by the postulated reaction is possible.
The computation provides no information about the rate
of the corrosion reaction.

Many corrosion processes, e.g., stress corrosion
cracking and other corrosion-fracture processes, cannot
be described completely by a chemical reaction. These
processes are complex interactions among chemistry,
physical properties of the metal and mechanical stress.
Therefore, the corrosion tendency of the metal-environ-
ment interaction cannot be evaluated using Equation 1.
At the present time, empirical criteria (which are be-
yond the scope of this chapter) are used.
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Illustration 1. Chemical Criterion of Corrosion.
Copper metal is in contact with a strong acid
solution at 25°C.

a) If the only information availa?}e are the
activities of nhydrogen ion (10 “) and cu-
pric ion (10 ), can corrosion occur?

b) If oxygen at a fugacity of 0.2 is in equi-
librium with the solution in part "a"
can corrosion ocggr? -7

c) If ferrous (a=10 ) and ferric (a=10 ')
ions are contaminants of the solution in

" n

part "a", can corrosion occur?

Solutions:
a) Assume a corrosion reaction,
cu + 28" > cu®* + B,
From Pourbaix (l) and inspection of the
chemical reaction, e
Y

Species (kcal/mole) XX
Cu 0 -1

+
H 0 =2
cu?* 15.53 +1
H, 0 +1

Using Equations 1 and 2 and the available
data (assuming unit fugacity for hydrogen
gas),

AG = (~1)(0) + (=2)(0) + (1) (15530

)
+ (1.987) (298) 2n((107%)/(107%)

= +1.553x10% cal/mole of cu
Therefore, corrosion cannot occur by the
postulated reaction.
b) Assume a corrosion reaction,

2cu + 40T + o, » 2cu®t + 2m.0

2 2

From Pourbaix (1) and inspection of the

chemical reaction, °
Hy

+ (1) (0)
2y

Species (kcal/mole) XX
Cu 0 =2
B 0 -4
0, 0 -1
cu?? 15.53 +2
H,0 -56.69 +2
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Using Equations 1 and 2 and the available
data (assuming unit activity for water),
AG = (-2) (0) + (~4)(0) + (-1)(0) +

(2) (15530) + (2) (-56690) +

(1.987) (298) &n((10 %)%/ (10

= -8.14x10% cal/ 2 mole of Cu
Therefore, corrosion can occur as a result
of the postulated reaction.
c) Assume a corrosion reaction,

cu + 2Fe3t » cu?t + 2re?t

From Pourbaix (1) and inspection of the
chemical reaction, o

2)4(0.2)

Y
Species (kcal/mole) XX
Cu 0 -1
re3*t -2.53 -2
cu?t 15.53 +1
ret ~20.30 +2
Using Equations 1 and 2 and the available

data,
AG = (~1) (0) + (-2) (-2530) + (1) (15530)

+ (2)(-20300) + (1.987) (298) &n (10"

= —2.27x104 cal/mole of Cu
Therefore, corrosion can occur by the post-
ulated reaction.

2y

Electrochemical Thermodynamics

Electrode Potential Measurements.

Electrochemical reactions can be written in the
general form

Red = Ox + ne (4)

where Red represents the reduced form of a chemical
species (and any other species with which it reacts in
the electrochemical reaction), Ox represents the oxi-
dized form of the same chemical species (and any other
species with which it reacts) and n is the stoichio-
metric coefficient of the electron, e . Electrochemical
reactions take place at the interface between a metal
(or other electrically conductive substrate) and a
solution. An electric field exists across this metal-
solution interface due to the nature of the reaction
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2. DONAHUE Electrochemical Techniques 39

and the disposition of ionic and dipolar species on
the solution side of the interface. Although this
electric field is present, it cannot be measured di-
rectly. Instead, a relative measurement is made which
provides useful information.

The circuit used in this measurement is shown in
Figure 1. The electrode under investigation, TE, is
connected to a second electrode, RE, by means of a
voltage-measuring device, E. Since it is necessary to
make these measurements in the virtual absence of a
current flowing in the circuit, the voltage-measuring
device should possess a large (>109 ohms) input imped-
ance. In addition, it is usually necessary to make
measurements over the range of *2.0V with an accuracy
on the order of *1mv.

The reference electrode, RE, should possess a
stable, known electrode potential, i.e., a measure of
the electric field at its metal-solution interface.
Since all electrode potential measurements are relative,
it is convenient to have an "ultimate reference point".
By convention, the electrode potential of the hydrogen-
hydrogen ion electrochemical reaction, i.e.,

H, = 20t + 207 (5)

is assumed to have a value of 0.000V when hydrogen gas
is at unit fugacity and the hydrogen ion is at unit
activity. This is the so-called standard hydrogen
electrode (SHE). The electrode potentials of some
common reference electrodes (relative to the electrode
potential of SHE) are given in Table I.

The electrode potential of the test electrode, TE,
shown in Figurel 1is the voltage measured on the
device, E, and is reported as "x.xxxV vs. RE". If it
is necessary to convert the value of the electrode
potential of a test electrode from one reference
electrode scale to another, this is accomplished by

%2 = %1 * %gE1,2 (6)

where ¢2 is the electrode potential relative to the
second reference electrode (the desired quantity),
¢l is the electrode potential relative to the first
reference electrode (the measured quantity) and ¢RE1 5
is the electrode potential of the first reference ’
electrode relative to the second reference electrode.
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Table I. Electrode potentials of some common
reference electrodes at 25°C. (4)

Electrode Reaction/ Electrode
Name of Reference Potential
Electrode Electrolyte (V vs. SHE)
2Hg + 2C1 = Hg,Cl, 0.0l M KCl 0.389
- 0.10 M " 0.333
+ 2e / Calomel 1.0 M " 0.280
Satd. " 0.241
cu = cu®t +2¢7 / 0.1 M cuso, 0.284
Copper-Copper 0.5 M " 0.294
Sulfate Satd. " 0.298
Ag + C1~ = AgCl + e 0.001 M KC1 0.400
Silver~Silver 0.01 M " 0.343
Chloride 0.1 M " 0.288
1.0 M " 0.234

Illustration 2. Conversion of Reference Electrode
Scale.

If the electrode potential of an iron electrode

is -0.528 V vs. saturated calomel reference
electrode (SCE), what is its value relative to
SHE?

Solution:

Inserting the measured electrode potential and

the electrode potential of the reference electrode

from Table I (¢RE1 2 = 0.241 V vs. SHE) in
Equation 6, !
¢, = =0.287 V vs. SHE.

Equilibrium Electrode Potentials.

The condition for equilibrium for the electrochem-
ical reaction given in Equation 4 is

veu + Zqu =0 (7)

eo Y

where the "chemical" potential of the electron at
equilibrium, u o’ is related to the equilibrium elec-
trode potentiaf of the reaction, ¢o, by

Heo = ~Fé, (8)

where F is the Faraday constant. The chemical potential
of a species, Y, is

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



2. DONAHUE Electrochemical Techniques 41

= u® + RT 2&n a (9)

Hy = Hy Y

Inserting Equations 8 and 9 in 7 and rearranging

v
9y = (L/V F)Ivgus + (RT/v F)2n (1 (ay) Yy (10)
It can be shown that
$° = (l/veF)Zqu§ (11)

where ¢° is the standard electrode potential of the
reaction. Tabulated values of standard electrode poten-
tials relative to SHE for many electrochemical react-
ions of interest in corrosion are available (4). In-
serting Equation 11 in 10

v

b = ¢° + (RT/v_F)in (1 (ay) ¥y (12)

o

Equation 12 may be used to compute equilibrium
electrode potentials for electrochemical reactions.

In order for such calculations to be consistent with
respect to the sign of the potential, the standard
electrode potentials should have signs consistent with
those of de Rethune (4) and the stoichiometric coeffi-
cients should be inserted consistent with Equation 4
as written.

Activities and/or activity coefficients are not
available for ionic species in most corrosion solutions.
Therefore, as a practical expedient, the concentrations
of the species are used in place of the respective
activities when computing equilibrium electrode poten-
tials.

Pourbaix Diagrams.

If an electrochemical reaction is perturbed from
the equilibrium state, the relative stabilities of the
species in the reaction are changed. The manifestation
of the perturbation is the measured electrode potential,
which differs from the equilibrium electrode potential
for the reaction. If the measured electrode potential
is positive with respect to the equilibrium potential,
the reaction given by Equation 4 proceeds irreversibly
from left to right, i.e., the reduced form of the
chemical species is unstable while the oxidized form
of the species is stable. The converse is true when the
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measured potential is negative with respect to the
equilibrium potential.

Water is an electrochemically active chemical
species. The electrochemical reactions in which water
is the primary reactant or product are

+ -
2H20 = 4H' + o, + de (13)

and

H, + 20H = 2H,0 + 2e (14)

For solutions where the activity of water is unity and
the fugacities of oxygen and hydrogen gases are unity,
the equilibrium electrode potentials for the reactions
given by Equations 13 and 14 at 25°C are, respectively,

¢O’H20/02 = +1.23 - 0.059pH (15)

and

¢O,H2/H20 = -0.059pH (16)

where these electrode potentials are V vs. SHE.

Pourbaix (1) has shown that plotting electrode
potentials of electrochemical reactions against solu-
tion pH is useful in delineating regions of stability
of various chemical species in and in contact with
aqueous solutions. These plots are commonly called
Pourbaix Diagrams. The utility of this approach will
become evident in the subsequent presentation.

_  The Pourbaix Diagram for the system, HZO H2 O2 H -
OH , is given in Figure 2. The lines "15" and "le"
represent plots of the data for Equations 15 and 16,
respectively. Inspection of Equation 13 and line "15",
in conjunction with the previous discussion of species
stability, indicates that the solvent, water, is
stable (with respect to Equation 13) at electrode
potentials below this line while water is unstable at
potentials above this line. Similarly, inspection of
Equation 14 and line "16" indicates that water is
stable at electrode potentials above line "16" and
unstable below the line. Figure 2 is analogous to a
phase diagram; it represents a form of electrochemical
phase diagram. Similar to a phase diagram, the region
where a species is stable is identified with the chem-
ical symbol for the species.

The Pourbaix Diagram is particularly useful in
determining the stable species for metallic systems in
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@

Figure 1. Schematic of a circuit to mea-
sure the electrode potential of a test
electrode

[m-]
[m=]

SHE)

ELECTRODE POTENTIAL (V vs.

pH

Figure 2. Pourbaix diagram for the system H,O-H,-O,-H'-OH". Activity of
water is unity; fugacities of hydrogen and oxygen are unity. Temperature is 25°C.
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contact with aqueous solutions. Two general classes of
metals are found when Figure 2 and the Pourbaix Diagram
for a metal are superimposed. This classification is
based on the relationship between the metal-metallion
equilibrium reaction and the region of stability of
water. In the first case, the metal-metallion equili-
brium potential falls within the region of stability

of water. In these instances, it is possible to meas-
ure the equilibrium electrode potential of the metal-
metallion reaction in aqueous solutions and to devise

a means whereby the kinetic properties of this reaction
may be obtained with minimal kinetic complexity. The
second class of metals has metal-metallion equilibrium
electrode potentials which fall below the region of
stability of water. Since these metals form mixed
potential systems with the solvent (see below), the
equilibrium electrode potential of the metal-metallion
reaction cannot be measured in aqueous solution, and
the kinetics of the complete reaction can be determined
only with great difficulty. Copper and iron are ex-
amples of these two classes of metals and will be dis-
cussed below.

Figure 3 is the Pourbaix Diagram for copper and
some of its ionic species and compounds in contact
with water at 25°C. The equilibrium electrode potential
for the copper-cupric ion reaction is located within
the region of water stability (dashed lines). There-
fore, the measurement of the equilibrium potential is
possible, and the kinetics of the copper-cupric ion
system can be studied without interference from re-
actions involving decomposition of the solvent. With
the exception of Equation 21, which is a chemical re-
action involving the hydrolysis of cupric ion (re-
actions which are purely chemical, since they bear no
relation to electrochemical reactions, per se, appear
as vertical lines on Pourbaix Diagrams), all of the
reactions considered in Figure 3 are electrochemical
and may be studied using the techniques outlined in
this chapter. If the measured electrode potential (with
respect to SHE) and the solution pH are known, Figure 3
may be used to determine the stable form of copper or
its compounds which can be expected under those con-
ditions.

Figure 4 is the Pourbaix Diagram for iron and
some of its ionic species and compounds in contact
with water at 25°C. The equilibrium potential of the
iron-ferrous ion reaction falls outside the region of
stability of water (dashed lines). Therefore, any at-
tempt to measure the equilibrium potential will fail
since the solvent will undergo electrochemical reduc-
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SHE)

ELECTRODE POTENTIAL (V vs.

0 7 14
pH
Figure 3. Pourbaix diagram for the system Cu-Cu*-Cu,0-H,0. Activity of

cupric ion is assumed to be 0.01. The dashed lines denote the stability range of
water. Temperature is 25°C. The reactions considered:

Cu=Cu? + 2¢" (17)

Cu,0 + 2H® = 2Cu® + H,0 + 2¢° (18)
Cu,0 + H,O0 =2Cu0 + 2H* + 2¢” (19)
2Cu + H,0 = Cu,0 + 2H" + 2¢ (20)
Cu?* + H,0 = CuO -+ 2H* 21)
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pH

Figure 4. Pourbaix diagram for the system Fe-Fe*~Fe*'~Fe;0,~Fe,0;5. Activi-
ties of ferrous and ferric ions are 1075, Temperature is 25°C. The reactions con-

sidered:
Fe=—=Fe?* + 2¢” (22)
3Fe + 4H,0 =Fe,O0, + 8H* + 8¢~ (23)
3Fe? + 4H,0 = Fe,0, + 8H* + 2¢° (24)
2Fe? + 3H,0 = Fe,0, + 6H* + 2¢- (25)
Fe?* =Fe% + ¢ (26)
2Fe* + 3H,0 = Fe,0, + 6H* (27)
9Fe,0, + H,0 =3Fe,0, + 2H" + 2¢° (28)
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tion while the iron will undergo electrochemical oxida-
tion. This type of process is a form of corrosion and
is the basis for an electrochemical model of corrosion
called the theory of mixed potentials (to be discussed
below) .

In the potential-pH region where iron metal is the
stable species, corrosion - defined as dissolution or
oxidation - cannot occur since these reactions are not
favored thermodynamically. Pourbaix (l) has designated
these regions as "immune" to corrosion. However, in
the broader sense of corrosion (see definition of cor-
rosion at the beginning of this chapter) this region
may be quite conducive to iron deterioration. For ex-
ample, in this region hydrogen gas is stable (see Fig-
ure 2). Some iron alloys are susceptible to fracture
in the presence of hydrogen (5). Therefore, it is not
sufficient for a structure to be chemically "immune"
in order for it to be free of corrosion.

When a chemically stable oxide (or salt) film is
present on the surface of a metal (see the iron oxide
stable regions of Figure 4), that metal may be free
of subsequent corrosion. The conditions for this form
of corrosion mitigation are that the underlying film
is adherent, coherent and pore-free. In essence, these
conditions merely stipulate that the film must be an
effective barrier between the metal and the environ-
ment. This condition is called passivity and is char-
acterized by measured electrode potentials in the re-
gions where the film is stable. Iron and its alloys
have been shown to exhibit passive behavior (6).

Figure 5 is a simplified representation of the
Pourbaix Diagram for iron. It delineates the regions
where immunity, corrosion and passivity can be expect-
ed. Similar diagrams (as well as the more chemically-
oriented diagrams) are available in the monograph by
Pourbaix (1).

Illustration 3. Use of Pourbaix Diagrams.
Identify the stable species and whether corrosion
is possible in the following situations:

a) copper metal at +0.150 V vs. SCE in an agqueous
solution with a pH of 2.5 and a cupric ion
activity of 0.01 at 25°C.

b) iron metal at -0.750 V vs. SCE in an aqueous
solution with a pH of 5.0 and a ferrous ion

activity of 107°% at 25°c.

Solutions:
a) the electrode potential (vs. SHE) is computed
using Equation 6 and Table I, i.e., ¢ = 0.391 V

American Chemlcal
Society Library
1155 16th Si. W. W.
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vs. SHE. Referring to Figures 2 and 3, the

. + + .
stable species are Cu2 , H and H20. Corrosion

is possible under these conditions.

b) the electrode potential (vs. SHE) is computed
using Equation 6 and Table I, i.e., ¢ = -0.509
V vs. SHE. Referring to Figures 2 and 4, the
stable species are ferrous ions and H,. Cor-
rosion is possible under these conditlons.

Electrochemical Kinetics

Properties of Electrode Reactions.

Electrochemical (electrode) reactions are inher-
ently heterogeneous. The electron transfer reaction
occurs at a metal (or other electrically conducting
substrate)-solution interface. However, prior to and
following the electron transfer reaction, transport of
chemical species between the bulk of the solution and
the interface also takes place. Figure 6 is a repre-
sentation of these processes which constitute the to-
tality of the electrochemical reaction.

The three steps associated with electrochemical
reactions, i.e., transport of reactant(s) to the inter-
face, the electron transfer (surface) reaction and
transport of product(s) from the interface, are sequen-
tial. Therefore, the overall rate of reaction is con-
trolled by the slowest of the three steps. When the
transport processes are capable of operating at high
rates relative to the electron transfer reaction, the
rate of the overall reaction can be described by equa-
tions of electrodekinetics. These types of electrode
reactions are said to be "under activation control".

On the other hand, when the electrode reaction is
capable of operating at high rates relative to the
transport process(es), the rate of the overall reaction
can be described by equations of convective mass trans-
port. These types of electrode reactions are said to

be "under transport control”. In the discussion to
follow, the equations of electrodekinetics and caonvect~
ive mass transport will be presented with the condi-
tions under which the respective equations apply.
Readers wishing a more detailed presentation than is
possible here should refer to the monograph by Vetter
(7).

The rate of an electrochemical reaction is usually
measured by a current, I, flowing in an external elec-
trical circuit (see below). This current is related to
the flux of a reacting species, N, and the flux of a
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product species, N_, and the rate of the surface re-
action (based on. the reacting species), T3 by

I/nFA = N, = \)JNK/\)K =r (29)

J J
where n is the number of electrons transferred in the
in the electrochemical reaction, A is the surface area
of the metal substrate in contact with the solution
and vy and v, are the stoichiometric coefficients of
the reactant and product species, respectively.

The sign of the current is dependent on the sense
of the electrochemical reaction. For example, when
Equation 4 operates from left to right, i.e.,

Red + Ox + ne (4a)

an electrochemical oxidation takes place. Electrochem-
ical oxidations are often called anodic reactions. In
the convention used in this chapter, anodic reactions
are associated with positive currents. When the di-
rection of the reaction is reversed, i.e.,

Ox + ne ~+ Red (4b)

an electrochemical reduction (cathodic reaction)
occurs. Cathodic reactions are associated with negative
currents. The signs of the rate and flux terms in
Equation 29 should be adjusted to accomodate this sign
convention.

The rate (current) of an electrochemical reaction
is described by the sum of the rates (currents) of the
anodic and cathodic reactions which constitute the
electrode reaction. The anodic and cathodic currents,
representing "parts" of the overall current (rate), are
called partial currents.

Activation Controlled Electrode Reactions.

At equilibrium, the rates of the anodic and cath-
odic partial reactions are equal, i.e., there is no
net change of the inventory of Red and Ox. When the
system is perturbed such that the electrode potential
is positive with respect to the equilibrium potential,
the rate of the anodic partial reaction is greater
than that of the cathodic partial reaction. The elec-
trode reaction exhibits a net anodic (oxidation) cur-
rent. Likewise, for perturbations negative to the
equilibrium potential, the electrode reaction exhibits
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a net cathodic (reduction) current.

The equation which has been found to describe the
current-electrode potential behavior of activation
controlled reactions is

I/Aa =i =i [exp(n/B, )-exp(-n/B )] (30)

where i is the net current density (I/A), i_ is the
exchange current density, n is the overpotential and
Ba and B are so-called Tafel constants (slopes).

The “exchange current density is a measure of the
intrinsic reactivity of the electrode reaction, i.e.,
the rates of the anodic and cathodic partial reactions
at the equilibrium potential. The empirical equation
which often describes the exchange current density is

iO = nFk° [Red] P [0x]¥[cat]” (31)

where k° is a specific rate constant, [Red] and [0x]
are the concentrations of the oxidized and reduced
forms of the chemical species, [Cat] is the concentra-
tion of a catalytic species and p, w and Y are react-
ion orders.

The overpotential is defined by

no= b, (32)

where ¢i is the perturbed electrode potential associ-
ated with a net current density, i. Overpotentials
for anodic reactions are positive while those for
cathodic reactions are negative.

At large anodic overpotentials, Equation 30
becomes

[N
[l

iexp(n/g,] (33)
or

3
1

BaQn(i/io) (34)

where B_ is the anodic Tafel constant or slope (see
above).aEquation 34 indicates that ¢-2n i data for an
electrode reaction are linear over a specified range.
This linear region provides access to two important
empirical parameters in Equation 30, viz., the anodic
Tafel slope and the exchange current density. The form-
er is the slope of the line in this linear region. The
exchange current density is obtained by extrapolating
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the line for the linear region data to the equilibrium
potential, i.e., n=0. Inspection of Equation 34 shows
that the current density obtained by this extrapolation
is numerically equal to the exchange current density.

At large (negative) cathodic overpotentials,
Equation 30 becomes

i=-iexpl-n/8_] (35)

or

3
H

-8 an (-i/i) (36)

where B is the cathodic Tafel constant or slope. The
utility of Equation 36 for the analysis of empirical

kinetic parameters for cathodic partial reactions is

identical to that for Equation 34 for anodic partial

reactions.

When electrochemical rate data, i.e., electrode
potential-current density data, are plotted, it is
often done on semi-logarithmic paper. Since the log-
arithmic scale of this paper is usually "base 10",
the Tafel slopes which are measured are related to
the Tafel constants in Equation 30 by

B = b/2.30 (37)

where b is the slope measured on "base 10" paper.

Illustration 4. Analysis of Electrochemical Rate
Data for Activation Controlled Reactions.
Estimate the exchange current density and Tafel
slopes for an electrode reaction from the data
given below.

o) i ¢ i ¢ i
mvV vs. 2 mvV vs. 5 mv vs. 2
SCE mA/cm SCE mA/cm SCE mA/cm
280 100 210 0.96 150 - 2.6
270 57 205 0.42 140 - 3.1
260 32 200 0.00 130 - 3.9
250 18 195 -0.35 110 - 4.6
245 13 190 -0.64 110 - 5.6
240 9.5 185 -0.90 100 - 6.8
235 7.2 180 -1.15 80 -10
230 5.1 175 -1.37 60 -15
225 3.8 170 -1.60 40 =21
220 2.5 165 ~-1.80 20 -32
215 1.76 160 -2.10 0 -47

155 -2.30
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Solution:

The data are plotted in Figure 7. The anodic and
cathodic Tafel slopes ("base 10") are 40 and 120
mV, respectiyely, and the exchange current density
is 1.0 mA/cm”. Therefore, the current density-
electrode potential behavior of this activation
controlled electrode reaction is described by

i=1.0[lexp(n/17.4)-exp(-n/52.2)]

where the current density is in mA/cm2 and the
overpotential is in mV.

Transport Controlled Electrode Reactions.

As noted above, the transport of material to and
from the surface is involved in any electrochemical
reaction. The convective mass transport equations
which describe this material flux (in terms of current
density and consistent with the sign convention pro-
posed in this chapter) are

i= (n/lvRedl)ch([Red]b—[Red]s) (38)
and

-
1

= = (n/] v, DTk ([0x] - [0x] ) (39)

where k_ is the mass transfer coefficient and the sub-
scripts™ and s represent the bulk and interfacial
concentrations, respectively. To the extent that the
bulk and interfacial concentrations are approximately
the same order of magnitude, the kinetics of the
electrode reaction are adequately described by Equation
30. However, when these concentrations differ by an
order of magnitude or more, the rate of the electrode
reaction is controlled by the rate of mass transport.
Figure 8 shows the electrode potential-current
density behavior of a cathodic partial process demon-
strating activation control, transport control and the
transition region between them. The dashed line re-
presents the extension of the Tafel line, i.e., Equa-
tion 36. This dashed line predicts current densities
which exceed the rate of mass transport - an impossi-
bility. The vertical (electrode potential independent)
line represents the limiting current density for the
process. Although mathematical relationships have been
proposed for the transition region, their utility is
minimal since the limiting cases of activation and
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Figure 8. Electrode potential-current density behavior of a cathodic partial
process showing regions of activation control, transport control, and the transition
between them ’
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transport control represent the propezties of the vast
majority of electrode reactions.

Mass transport control of electrode reactions can
be caused by one of two physical processes. In the
first case, the interfacial concentration of the react-
ant drops to zero, i.e., the electron transfer reaction
consumes the species as quickly as it arrives at the
interface. In the second case, the interfacial concen-
tration of the product reaches saturation. When these
conditions prevail, the rate of mass transport is at
its limiting (maximum) value. Limiting current densi-
ties, iR and i, , for anodic and cathodic partial re-
actions, respec%ively, are

ig, = (n/[vRed[)ch[Red]b (40)
iga = (n/]vOX[)ch([Ox]satn—[Ox]b) (41)
i = -(n/|v0X|)ch[Ox]b (42)
i = —(n/[vRed[)ch([Red]satn—[Red]b) (43)

The value of the mass transfer coefficient depends
on the physical system, the transporting species,
Physicochemical properties of the fluid and the fluid
flow rate. Methods of estimating mass transfer coeff-
icients are given elsewhere (8-10).

Illustration 5. Estimation of Limiting Current
Density.
Estimate the limiting current density for the

reduction of oxygen (concentration, [Ox]b = lO—7

5

mole/cm3; diffusivity, D, = 10 cm2/sec) to a

rotating cylinder (rotation speed, w, = 95 sec_l;
radius, r, = 1.27 cm) if the kinematic viscosity,

3 cmz/sec.

v, of the solution is approximately 10~
Solution:
The mass transport correlation for a rotating
cylinder is (9)

Sh = 0.0627 Re?/3gcl/

where, in this case,
Sh = Sherwood Number

3

k r/D
c2

Re = Reynolds Number wr-/v

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



2. poNaHUE  Electrochemical Techniques 57

Sc = Schmidt Number = v/D

Then,

k_ = 0.0627(D/r) (wr®/v)?/3 (v/D) 1/
= 6.58X10 > cm/sec.

The electrochemical reaction for oxygen reduction

is + -
O2 + 4H + 4e ~ 2H20

Then, the limiting current density, i.e., Equation
42, is

i = —4ch[0x]b .

(-4 equiv/mole) (9.65X10° A-sec/equiv)

(6.58X1073 cm/sec)(lO_7 mole/cm3)
2

-2.54x10"% A/cm?.

3

Criteria for Control of Electrode Reactions.

It is useful to be able to ascertain a priori
which type of control operates for an electrode re-
action. In order to demonstrate how this may be
achieved, consider a cathodic partial reaction. The
key element in ascertaining control is the ratio of
the hypothetical activation controlled current den-
sity, Equation 35, to the limiting current density,
e.g., Equation 42. This ratio is

i/i, = (|vOX]io/anc[Ox]b)exp(—n/Bc) (44)

For electrode reactions where this ratio is 0.3 or
less, activation control operates. When the ratio is
1.0 or greater, the electrode reaction is under
transport control.

Inspection of Equation 44 underlines the relative
importance of various parameters in the study of
electrode reactions. It is evident that the analysis
of activation controlled electrochemical data for
reactions with large exchange current densities is
restricted to a small range of overpotential unless
the mass transfer coefficient is large. The mass trans-
fer coefficient is generally large for experimental
arrangements like rotating disks, rotating cylinders
and other systems capable of achieving high fluid
velocity rates (9). On the other hand, if one wants to
study the region of mass transport control, it is
necessary to operate at large (negative, in the case
of cathodic reactions) overpotentials and low concen-
trations of the reactant species. However, this
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approach is not without its difficulties (9), e.g.,
the appearance of a second electrode reaction may in-
fluence the data.

Electrochemical Kinetics of Corrosion Processes

Mixed Potential Model of Corrosion.

Metallic corrosion processes which are chemical
in nature (see above) can be written in the following
general form

z+
M+ Ox o > M + Redenv (45)

where M represents the metal, Mz+ represents an oxi-
dized form of the metal (for convenience, it is writ-
ten as a metallic ion), Ox represents the species
in the aqueous solution €NV which reacts with the
metal in the corrosion reaction and Red nv is the
modified form of that species. Inspectidn’ of Equation
45 shows that it is composed of two electrochemical
partial reactions, i.e.,

M > MZT 4 ze (46)
and

Ox ., + 28 RedenV (47)

The anodic partial process, Equation 46, generates the
electrons which are used in the cathodic partial pro-
cess, Equation 47. This model of corrosion processes
is based on the theory of mixed potentials (ll) and is
shown schematically in Figure 9. The original theory
of mixed potentials was based on the "superposition”
of polarization curves for the respective partial pro-
cesses (l11-13). However, since many mixed potential
systems (particularly corrosion processes) involve
interactions among the reactants, the presentation
of mixed potentials given here will consider the more
recent approach considering these interactions (14).
Metals where corrosion processes take place are
usually isolated, i.e., not in contact with an exter-
nal electrical circuit. Charge conservation is the
necessary condition for a mixed potential process to
lead to corrosion on an isolated metal, i.e.,

IA.i. (¢

315 @eory) = O (48)

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



2. poNAHUE  Electrochemical Techniques 59

where A. is the surface area where the "jth" partial
processjoperates, i, (¢ ) is the current density of
the "jth" partial ) corr process at the electrode
potential for the isolated electrode, i.e., corrosion
potential, ¢corr' Equation 48 represents an operational
definition of the corrosion potential, i.e.,
that electrode potential where the sum of the partial
currents in a corrosion process is zero. This defini-
tion is similar to that for an equilibrium potential.
However, the essential difference between equilibrium
and mixed potentials is that of inventory of the re-
actant and product species - mixed potential systems
necessarily involve changes in this inventory.

For uniform corrosion, i.e., the entire surface
is accessible to the metal oxidation reaction and
the environmental reaction(s), Equation 48 becomes

le(¢corr) =0 (49)
Equation 49 will be used subsequently to develop ex-
pressions for the corrosion current density for spe-
cific examples of corrosion systems.

When a metal electrode is made part of an elec-
trical circuit (see below), the net current density,
i.e., 1=I/A, at a perturbed potential, ¢., in uniform
corrosion is 1

i-= Zij(¢i) (50)

Equation 50 will be used subsequently to develop
electrochemical rate equations for specific examples
of corrosion systems.

Two Activation Controlled Partial Processes.

When there are two partial process in a mixed
potential system and both are under activation control,
the most probable forms of the current densities of
the anodic and cathodic partial processes are Equations
33 and 35, respectively. For an isolated metal, the
overpotential (since the corrosion potential represents
the perturbed electrode potential in this case) is

¢ (51)

n=¢ o

corr
Substituting the appropriate forms of the respective
current densities for the partial processes and this
definition in Equation 49, one obtains
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ioanp((¢corr—¢oa)/Baa)

_ioceXp((¢oc_¢corr)/Bcc) =0 (52)

where the additional subscripts, a and c, denote the
properties of the respective partial processes. The
exchange current densities in Equation 52 have mathe-
matical forms similar to Equation 31. If interactions
among the reactants are present (14) , the interacting
species behave like catalysts.

The first term in Equation 52 is proportional to
the rate of metal dissolution at the corrosion poten-
tial, i.e., the corrosion rate. Therefore, a measure
of the corrosion rate is the corrosion current density,

icorr’ which is defined for this case as
lecorr © loanp((¢corr—¢oa)/Baa)
= loceXP((¢oc—¢corr)/Bcc) (53)

A mathematical relationship similar to Equation 31 can
usually be obtained experimentally for the corrosion
current density.

For a corroding metal which is connected to an
electrical circuit {(in order to study its electrode
potential-current density properties - see below),
the overpotential is

¢,) (54)

no= om0y = (950 ) (0 o

i~ "corr corr

Substituting the appropriate forms of the respective

current densities and this definition in Equation 50,

one obtains
i=1,,exp ({0 g

—i,08xp ({9, -0

¢Oa)/8aa)eXP((¢i-¢corr)/8aa)
)/Bcc)exP((¢ -¢i)/Bcc)
(55)

corr corr

Noting the definition of corrosion current density,
i.e., Equation 53, Equation 55 becomes

) /8,5
94 /Bg)] (56)

i=1i [exp ((¢;-9

corr corr
-exp ( (¢

corr

For convenience, one may define a parameter called
polarization, €, as

€ = ¢.-0 (57)
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which is the mixed potential analog of overpotential.
Inserting Equation 57 in 56 yields

i= Corr[exp(E/B )-eXP(‘E/BCC)] (58)

Since Equation 58 is identical in form to Equation 30,
the analysis of data for mixed potential systems is
the same as that for simple electrode reactions.

In studies of reaction mechanisms of the partial
processes, the following form of Equation 50 is
useful (15)

. ° pa wa °
i= nF{ka[Red] [ox] exp((¢i-¢a)/6aa)

p w
-kg [Red] °[0x] Cexp(($3-4;)/8,.)} (59)

When data are taken at fixed potential(s) in the re-
spective linear region(s) (the so-called Tafel region)
of electrode potential-current density experiments
(so-called polarization experiments) with appropriate
variation of concentration of one or more of the
species, the reaction order(s) of the species may

be computed, e.g., for cathodic data,

= w (60)

9 4n i
c

P 1n[ox]]¢i,[Red],T

With judicious choice of experimental conditions and
appropriate analysis of the data, the parameters in
Equation 59 can be obtained with relative ease. Once
these parameters are specified, the elucidation of
the reaction mechanism(s) can be attempted. However,
no discussion of reaction mechanisms or the methods
used to develop them will be given here.

Illustration 6. Analysis of Activation Controlled

Mixed Potential Data.

The data given in the accompanying tables are

for iron in sulfuric acid. Determine:

a) the corrosion potentials and the corrosion
current densities for the three systems;

b) the specific rate constant and the reaction
order for hydrogen ion for free corrosion;

c) the specific rate constants and the reaction
orders for hydrogen ion for the partial
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processes.

(7]
System M Symbol
A 0.055 (]
B 0.100 o
C 0.250 A

CURRENT DENSITY (A/cmz)
mV vs. SHE System A System B System C

-300 6.88X10°2 3.78X10°2 1.51X10 2
-325 1.58x1072 8.65x107° 3.35x107°
-350 3.59x10"3 1.91x10”3 5.89x10 %
-375 7.60x10”4 3.23x107% -1.56%x107%
-400 7.09%10"> -1.14x10"% -5.08x107*
—425  -1.s2x10”4 -3.31x107% -8.80x107*
~450  -3.06x10"% -5.70x107% -1.44x1073
-500  -8.27x10"4 -1.50x1073 -3.76x1073
-550  -2.16X10"° -3.94xX107° -9.84X10 >
-600  -5.66X10"> -1.03x10"2 -2.57%x107 2

Solutions:
a) The data are plotted in Figure 10. Extrapolat-

b)

ion of the Tafel region data to the respective
intersections yields:

System ¢corr icorr
A -406 1.33x10 %
B -390 1.79x107%
c -367 2.85x10°%

where the corrosion potentials are mV vs. SHE
and the corrosion current densities are A/cm”™.
In order to determine the reaction order of
hydrogen ion for free corrosion, plot log i
vs. log (hydrogen ion concentration) ,i.e.,
the lowest line in Figure 1l1. The slope of the
line, 0.5, is the reaction order for hydrogen
ion under these conditions. To compute the
specific rate constant, one notes that

o3 +,0.5
k —1corr/nF[H ] .
where n=2 and F=9.65X10 A-sec/equiv and k°
"contains" the terms associated with "Red".

corr
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Figure 9. Schematic of corrosion as a mixed potential process
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Figure 10. Polarization diagram for data in Figure 6
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Then,
System k°
A 2.94%10°
B 2.93x107°
c 2.95x1o'z

mean value= 2.94X10°
¢c) In order to determine the reaction orders for
hydrogen ion for the partial processes, choose
¢i=-325 mV for the anodic partial process data
and ¢.=-500 mV for the cathodic partial +
process data. Plot the log i(¢.,) vs. loglH ],
i.e., the upper pair of lines in~ Figure 11.
The slopes of these lines are the respective
reaction orders, i.e., w_=-1.0 and w_=+1.0.
The specific rate constants are comptted from
(see de Bethune (4) for the standard electrode
potentials and Tafel slopes are from Figure 10)

k;=ia[H+]/nF exp ((-325-(~440)) /17)
and

e=-i /nFIH'] exp ((0-(-500))/51)
The datg for these analyses:

i ~i
System A/Sm2 k; A/Sm2 ké
-2 ~11 -4 -12
A 1.58X10 5.46X%10 8.27X10 4.30X10

B 8.65x10"> 5.44x10711 1.50x1073 4.20x10712
¢ 3.35x107° 5.27x10° %1 3.76x107° 4.30x10712
The mean values of the constants are:

k;=5.39X10-ll and ké=4.30X10_12.

Two Partial Processes - One Under Transport
Control.

Mixed potential systems with the cathodic partial

process under transport control and the anodic partial
process under activation control is typical of many
corrosion systems. For the cathodic partial process to
be under transport control, Equation 44 must be unity
or larger. This occurs when the absolute value of the
difference between the equilibrium electrode potential
of the cathodic partial process and the corrosion is
on the order of one volt. This condition prevails for
most metals of interest in corrosion studies if oxygen
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is present in the solution and for many metals when
contaminants like ferric and cupric ions are present.

The corrosion current density for this class of
corrosion sytems (assuming that the limiting current
density for the cathodic partial process is given by
Equation 42) is

1
corr

¢,.)/8

ioaexP((¢corr_ oa aa
(/[ v, [ Fk _[0x]y (61)

Equation 61 demonstrates that the corrosion rate for
this class of systems is controlled uniquely by the
by the rate of mass transport. Comparing Equation 61
with Equation 53 reveals that the corrosion potential
is defined by the natures of the anodic and cathodic
partial processes for Equation 53 while, in the case
at hand, the corrosion potential is influenced by the
magnitude of the mass transfer coefficient - a property
of the convective mass transport condition.

The electrode potential-current density behavior
of this type of corrosion system is

i= 1corr[exp(e/8aa)—l] (62)

Equation 62 predicts Tafel behavior only for anodic
(positive) polarization. Cathodic polarization is
predicted to be potential independent at large negative
polarizations. However, for most corrosion systems,
this region of potential independence is small due
to the presence of other cathodic partial processes,
e.g., solvent decomposition to form hydrogen gas.
While these other cathodic partial processes usually
do not participate in the corrosion system per se,
they are manifested in the experimental data and can
cause difficulty in analyzing the data. Methods of
compensating for these effects have been employed
with success (16, 17).

Illustration 7. Evaluation of Mass Transport
Controlled Data.

The data given below are for cathodic polarization
of iron in 0.01 M sulfuric acid in the presence

of 0.53 M ferric ion. Estimate the limiting cur-
rent density and mass transfer coefficient for

the reduction of ferric ion under these conditions.
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- -i )
mV vs. SHE mA/cm
360 0
380 1.30
400 4.54
450 4.89
500 5.37
550 5.96
600 7.57
650 11.6
700 22.0

Solution:

The data are plotted in Figure 12. Although there
is no unequivocally potential independent region,
the data between -400 and -550 mV approximate
that behavior. The mean value of the current
density over this range, 5.2 mA/cm“, is assumed
to be the best estimate of the limiting current

density.
The electrode reaction for ferric ion reduction is
3+ 2+

Fe + e -+ Fe

Then, the mass transfer coefficient is
. 3+

kc—lzc/F[Fe ]b

4

=(5.2%1073) /(9,65x10%) (5.3x10™% mole/cm?)

= 1.02x10"% cm/sec

Multiple Partial Process Corrosion Systems.

Although most corrosion systems can be described
by the limiting models presented above, there are in-
stances where control of the corrosion system is a
combination of both types, viz., activation controlled
anodic partial process with two cathodic partial pro-
cesses - one under activation control and another
under transport control. Examples are iron corrosion
in acid solution with inorganic contaminants (16, 18)

and oxygen (17). The corrosion current density in
such systems 1is

icorr = %oanp((¢corr_¢oa)/8aa)
Loc®¥P (00,0 orp) /Bc)
+ (n/|v0x|)ch[Ox]b (63)

where [Ox]b is the bulk concentration of the "contam-
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Figure 12. Polarization diagram for data in Figure 7
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inant". It is evident from Equation 63 that such mul-
tiple control is a fortuitous combination of properties
of the respective cathodic partial processes and, while
observed, probably represents a "special case" of the
other types of corrosion systems.

Experimental Techniques

Although the other authors in this monograph have
described their experimental systems in detail, it is
worthwhile to outline the essential features of the
experimental electrochemical techniques which are
used to measure and evaluate the various parameters
discussed in this chapter.

Electrode Potential Measurements.

The methods of measuring electrode potentials in
the absence of an externally applied current have
been given above. In general, these comments are
applicable to polarization experiments, as well. The
major difference between "equilibrium" and polariza-
tion measurements is that, in the latter case, an
ohmic voltage drop is present between the test and
reference electrodes due to the flow of current
through the resistive electrolyte (between the test
and auxiliary - see below- electrodes). In order to
minimize this effect (it introduces an error in the
measurements which virtually precludes the correct
application of, for example, Equation 58), one uses
a Luggin capillary (shown schematically in Figure 13).
Since no current flows in the voltage measuring circuit
(between the test and reference electrodes), the po-
tential of the solution at the tip of the capillary
is equal to the solution potential at the reference
electrode. Therefore, if the capillary tip is located
close to the test electrode, the actual interfacial
potential difference can be measured. Barnartt (19)
has given a detai ed analysis of the effects of such
capillaries.

Electrochemical Polarization Systems.

Figure 13 is a schematic representation of the
three electrode system normally used in electrochemical
polarization studies. This system includes two separate
electrical circuits. One of these, between the test
and reference electrodes, is a voltage measuring
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Figure 13. Schematic of electrochemical polarization system
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circuit and has been discussed above. The other circuit
passes current between the test electrode and an aux-
iliary electrode (AE). Since the product(s) formed at
the auxiliary electrode are electrochemically active
and could be transported to the test electrode, the
test and auxiliary electrodes are usually maintained

in separate compartments with a porous fritted glass
disk or ion exchange membrane used to maintain electro-
lytic transport between the compartments. Normally,

the auxiliary electrode is electrochemically inert,
€.g., platinum, but, on occasion, the auxiliary
electrode is the same material as the test electrode.
The container used for these studies should be inert,
e.g., glass, teflon, etc. Since the designs for such
containers are as diverse as the number of researchers,
no recommendations with respect to design will be

given here.

Two methods are available to provide current flow
between the test and auxiliary electrodes. These are
the constant current (galvanostatic) and constant
electrode potential (potentiostatic) methods. The
former utilizes a constant voltage source with a
variable resistance and ammeter in series between the
test and auxiliary electrodes. This type of arrange-
ment is simple and can be used for most electrochem-
ical studies. The potentiostatic method is more
complex, but is essential for studies where mass trans-
port effects or passivity phenomena are to be studied.
Potentiostats (available commercially) operate by
comparing the actual potential difference between the
test and reference electrodes with a "desired" poten-
tial difference and by passing a current between the
test and auxiliary electrodes which makes the "differ-
ence" zero. Large impedances, particularly in the
voltage measuring circuit, should be avoided in systems
using potentiostats.

As noted above, potentiostats are particularly
suited to the study of mass transport processes and
passivity phenomena. In the case of transport pro-
cesses, the instantaneous flux (current density) of
the process can be measured easily in the region of
mass transport control while, with galvanostatic
experiments, the electrode potential at the limiting
current density is unstable and either drifts slowly
or oscillates. The utility of potentiostats in passiv-
ity studies is demonstrated in Figure 14. The solid
curve represents typical data obtained at passivating
metals using a potentiostat while the dashed line
represents the data in the passive region which one
obtains using a galvanostat. It is evident that it
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Figure 14. Comparison of potentiostatic (——) and galvanostatic (———) data in

the passive region for metals capable of passivating during anodic polarization
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is only with a potentiostat that one can measure the
passive current density, i , (which provides a basis
for determining whether anodic protection of a
structure is advisable).

pass

Symbols/Nomenclature
Symbol Significance Units

A Surface area cm
a Activity -
b Tafel slope (kase "10" v
Cat Catalyst in reaction -

e Electron -
F Faraday constant
Thermodynamic calcu-

lations (=2.31X104) cal/V-equiv
Kinetic/Transport calcu-

lations (=9.65X104) A-sec/equiv
Free Enthalpy cal/mole
Enthalpy cal/mole
Current A 2
Current density A/cm
Specific rate constant (variable)
Mass transfer coefficient cm/sec

Natural logarithm -
Metal - 2
Flux mole/cm“sec
Number of electrons in
reaction equiv
Oox Oxidized form of chemical
species -
R Gas constant (=1.99) cal/mole~°K
Red Reduced form of chemical
species -
T Temperature °K
z Number of electrons in
metal oxidation reaction - 3
[ ] Concentration mole/cm
Tafel slope (base "e") \%
Reaction order of Cat -
Polarization v
v
v

Q

o) Z:Z;; AP HIDQ

Electrode potential

Overpotential

Chemical potential cal/mole
Stoichiometric coefficient mole
Reaction order of Red -
Reaction order of Ox -

ED <CEIS M= ®
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Symbol Significance Units

Superscripts.

[+]

z+ Ionic charge on metallion

Standard property -

Subscripts.

a Property of anode or
anodic reaction -
b Property of bulk
solution -
c Property of cathode or
cathodic reaction -
corr Property at free corrosion -
e Property of electron
env Property of environment -
J Property of reactant
species -
Jj Property of "jth" par-
tial process -
K Property of product
species -
L Limiting (maximum) prop-
erty -
o Equilibrium property -
satn Property at saturation -
Y Property of any chemical
species -
298 Property at 298°K

Literature Cited

1.

2.

Pourbaix, M. "Atlas of Electrochemical Equilibria®,
Pergamon, Oxford, 1966.

~ "JANAF Thermochemical Tables", U. S. Department
of Commerce, Washington, 1965.

Lewi
L- "

s, G. N., Randall, M., Pitzer, K. and Brewer,
Thermodynamics", 2nd Edition, pp. 669-686,

McGraw-~Hill, New York, 1961.
de Bethune, A. J., Licht, T. S. and Swendeman, N.,

J. E

lectrochem. Soc., (1959), 106, 616.

Louthan, M. R. "Process Industries Corrosion",

pPp.

126-134, NACE, Houston, 1975.

Uhlig, H. H. "Corrosion and Corrosion Control",

2nd Edition, pp. 60-91, Wiley, New York, 1971.
Vetter, K. J. "Electrochemical Kinetics", Academic,
New York, 1967.

Welty, J. R., Wicks, C. E. and Wilson, R. E. "Fun-
damentals of Momentum, Heat and Mass Transfer”,

PP-.

578-589, Wiley, New York, 1969.

In Corrosion Chemistry; Brubaker, G., et a ;

ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



2. DONAHUE Electrochemical Techniques 75

9.

10.

11.
12.

13.
14.

15.

le.

17.

18.
19.

Donahue, F. M. "Fundamentals of Electrochemical
Engineering", Chapter IX, Engineering Summer Con-
ferences, University of Michigan, Ann Arbor, 1978.
Donahue, F. M. "Physicochemical Processes for Water
Quality Control", W. J. Weber, Editor, pp. 467-468,
Wile-Interscience, New York, 1972.

Wagner, C. and Traud, W., Z. Elektrochem., (1938),
44, 391.

Stern, M. and Geary, A. L., J. Electrochem. Soc.,
(1957), 104, 56.

Stern, M. J. Electrochem. Soc., (1957), 104, 645.
Donahue, F. M., J. Electrochem. Soc., (1972), 119,
72.

Donahue, F. M. "Fundamentals of Electrochemical
Engineering", Chapter X, Engineering Summer Con-
ferences, University of Michigan, Ann Arbor, 1978.
Makrides, A. C., J. Electrochem. Soc., (1960),
107, 869.

Donahue, F. M. and Nobe, K. "Second International
Congress on Metallic Corrosion", pp. 916-924,
NACE, Houston, 1966.

Gatos, H., Corrosion, (1956), 12, 322t.

Barnartt, S., J. Electrochem. Soc., (1961), 108,
102.

REcEIVED September 1, 1978.

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



3

High-Temperature Corrosion

J. BRUCE WAGNER, JR.
Center for Solid State Science, Arizona State University, Tempe, AZ 85281

The purpose of this review paper is to survey the princi-
ples of high temperature oxidation or high temperature corro-
sion. A typical situation is that of a metal exposed to a hot gas
which can act as an oxidant. In many cases the oxidation pro-
duct forms a layer which separates the reactants, the metal and
the gas atmosphere. Under special conditions, the kinetics are
diffusion controlled, i.e., the rate of the reaction (the rate of
oxide thickness growth) depends on the diffusion of species,
ions and electrons, through the layer {sometimes called a tar-
nish layer ). Actually when a metal or alloy is exposed to a cor-
rosive gas, the reaction kinetics may be controlled by one or
more of the following steps:

1. Transport of reactant gases to the surface.

2. Transport of reactants (or products) through a boundary
layer adjacent to the surface.

3. A surface controlled reaction (phase boundary reaction) at
the gas-metal interface.

4. Transport of reactants through a corrosion product layer
either by bulk diffusion or by migration through cracks and
pores.

In the present paper, attention will be focused on the fourth step

involving bulk diffusion. This is a classical electrochemical

situation involving an anode (the metal) where oxidation occurs
and a cathode (the oxide at the oxide-gas interface) where reduc-
tion of oxygen occurs. The oxide layer acts as the solvent for
point defects which diffuse through it as will be discussed below.

Consider the diagram shown in Figure 1. The oxide layer

thickens with time and so the rate of oxidation (governed by dif-

fusion through the oxide layer ) decreases with time,t. This spec-
cial situation yields the parabolic rate law first reported by

Tamman (1) and by Pilling and Bedworth (2). Tamman's rate

equation was stated in terms of tarnish layer thickness, AX,

0-8412-0471-3/79/47-089-076$05.00/0
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and is

dAaX

aas | X

o ky./A (1)
whence

(AX)? = 2kt (2)
where is the Tamman rate constant with dimensions of cm?/

sec. The Pilling-Bedworth rate equation was expressed in
terms of weight change per unit area, Am/A. 1t is

Am \?

(—A_ = th (3)
where k_, is the Pilling-Bedworth rate constant with dimensions
of gm? /cm? sec.” These equations describe a parabolic law as
is shown schematically in Figure 2.

Originally it was thought that oxidation proceeded by the
migration of oxygen molecules through the product layer to the
metal. A classic experiment known as marker movement was
performed by Pfeil (3) in 1929 which in principle can distin-
guish whether the migrating species occurs from the gas atmos-
phere inward or from the metal outward through the oxide. ( Fig. 3)
Pfeil placed some inert oxide particles (markers) on the metal
surface (iron) prior to oxidation. After oxidation had proceeded
for some time, he examined the cross sections of the samples
and determined the location of the inert oxide particles, the
markers. It was found on iron that the particles remained at the
metal-oxide interface indicating that the migrating species were
the iron atoms diffusing from the metal-oxide interface to the
oxide-gas interface. If the markers remained at the oxide-gas
interface,then the inference would be that oxygen would have
migrated inward towards the metal. These limiting cases can
be visualized by imagining the moving atomic species as impart-
ing momentum to the marker as they move past them. It

¥ The two rate constants are related by
2
Z~V
k.. - %[l_O_L_] K
T A P
O
where zq denotes the valence of the oxidant (oxygen in the

example ), v the equivalent volume of the oxide, and A o the
atomic weight of the oxidant.
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!

film thickness,
Ax or weight
gain per unit

area, Am/A

time —>

Figure 1. Schematic of film thickness or gain in weight per unit area vs. time for
oxidation of a pure metal where diffusion is rate controlling. The kinetics are
denoted as parabolic oxidation kinetics.

(Ax)2
or
(Am)2 Z__slope =
time ——>

Figure 2. Schematic of parabolic oxidation kinetics replotted from data of Fig-
ure 1
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remained for Carl Wagner (4) to perform the classic experi-
ment to distinguish the mobile species in a corrosion experi-
ment. His experimental set-up is shown in Figure 4. The over-
all reaction he studied was

2Ag(s) +5(1) = Ag,S(s).

His set-up provided an artificial reaction product layer of two
preweighed silver sulfide pellets separating the reactants,
liquid sulfur and the silver pellet which was also preweighed.
After one hour all the pellets were reweighed. The pellet adja-
cent to the liquid sulfur had gained 124 mg while the pellet adja-
cent to the silver had not changed weight but the silver pellet
had lost exactly one milliequivalent of weight (108 mg). Thus
for this system, silver migrates from the silver pellet through
both silver sulfide pellets and the reaction occurs primarily at
the silver sulfide-sulfur interface.

The mechanism of diffusion through the corrosion product
was still to be decided. C. Wagner proposed (4) that the mi-
grating particles involved ions and electrons, the ions migrat-
ing via defects. These lattice defects may be missing cations or
anions (vacancies) or cations or anions located in interstitial
positions. The state of stoichiometry, i.e., strict adherence to
Dalton's law is no! usual in most inorganic compounds and the
attainment of this state occurs only at well-defined temperatures
and chemical potentials of the constituents. Kr8ger and Vink .
(5) developed a notation for point defects whereby all the ions of
usual charge on usual lattice sites are denoted without charges
while the defects, vacancies or interstitials, exhibit a charge
relative to these ions on usual sites. Superior primes denote
negative charges and superior heavy dots denote positive
charges. Consider an oxide, MO, wherein both ions are nor-
mally divalent. The disorder in stoichiometric crystals may be
classified in the following limiting cases and an equilibrium
constant (a function of temperature only) relates the concentra-
tions of each as follows:

1. Schottky Disorder: Equal concentrations of cation vacan-
cies and anion vacancies
- Y/ b 4
K = [V 1V, (4)
2. Frenkel Disorder: Equal concentrations of cation vacan-
cies and interstitial cations
" o
= 5
Kp = [V, 1M, ] (5)
3, Anti-Schottky Disorder: Equal concentrations of cation
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METAL OXIDE
No

inert i
BEFORE markers AFTER Mmarkers
OXIDATION OXIDATION

Figure 3. Schematic location of inert markers before oxidation (on the surface of
the pure metal) and after oxidation (at the metal-metal oxide interface). From
this limiting case one may infer that the mobile species diffuses from the metal-
metal oxide interface outward through the scale or tarnish layer. If the marker
were found at the oxide—gas interface, the inference would be that the mobile
species diffused from the oxide—gas interface to the metal-oxide interface.

S (liquid)
+2Ag —26=Ag,S E S
2 Ag*| 26" I+124mg
AgZSI *0Omg

L lag -t08mg

Figure 4. Schematic of the experimental setup used by C. Wagner (4) to deter-

mine the location of the reaction 2Ag 4 S — Ag,S and the migrating species (sil-

ver) through the artificially prepared tarnish layer of Ag,S separating the reactants,
silver and liquid sulfur
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and anion interstitials
n .
Ky g = [0,1[M, ] (6)

4. Anti-Frenkel Disorder: Equal concentrations of anion
vacancies and anion interstitials

Ky _p = [041[0]] (7)

5. Anti-Structural Disorder: Cations located on anion sites
and anions on cation sites
.. i“
Kanti-str. = [Mo 11Oy (8)

The above considerations apply to stoichiometry. For non-
stoichiometric compounds, the excess or deficit of a component
may also be expressed by equilibrium constants and chemical
equations.

In view of the limitations of space, consider a few selected
examples. The oxidation of cobalt is one of the better studied
systems. Cobaltous oxide is a metal deficit compound. The
ratio of Co to O is less than one. At a given temperature the
equation for this situation may be written as

3 O:(g) =0g + VS, +h’ (9)

where the notation of Kr8ger and Vink is again used.

Superior primes and heavy dots denote effective negative
and positive charges, respectively. Ions on normal lattice sites
are designated with no effective charge while defects are desig-
nated with effective charges relative to the normal ions. Thus a
nickelous ion on a normal site in nickel oxide is denoted as Nipy
and a mckehc ion in NiO would be denoted as NLN1 The

"extra'' oxygen is accomodated on a normal lattice site and a
cobalt ion vacancy (with a single effective negative charge) plus
one compensating electron hole is formed. An alternative .
description of the electron hole is a cobaltic ion (Co*** or Co )
situated in a sublattice of normally cobaltous ions. The equili-
brium constant for Eq. (9) is written as

Kio = [V 1R ]/ p'%;z (10)
Kio = eXp(-AEI;[OZ/RT)
= exp[(-Aﬁglo2 + TA'S-%I\QID2 )/RT] (11)

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



82 CORROSION CHEMISTRY

where AG%/[O2 , AHl;/[o2 and AS%/[O2 denote the partial molar free
energy, enthalpy and entropy of dissolution of one-half mole
oxygen into cobaltous oxide. In view of the requirement of elec-
trical neutrality in the oxide [V(l:o] = [h ]. Consequently,

Kio = [V(’:szlpozt Rk /pO%Z. (12)

Thus if one solves explicitly for the cation vacancy concentration
or the electron hole concentration,

1
=TV =2 <
(h1=10Vo,1=Y Kiopq,
1 Aﬁg[o TA%VIO
= P, exp(- 2+ =). (13)
O, ZRT 2RT

Because Dgo o« [Vdlthen if one measured the radio tracer dif-
fusion of cobalt in CoO, the isothermal oxygen pressure depen-
dence should exhibit a one-quarter dependence. This is exactly
what Carter and Richardson (6) did. Their results are shown
in Figure 5. The electronic conductivity, o, is

c=[h']uhq (14)

where the symbol denotes the mobility of an electron hole
and is here assu :-8 not to be dependent on composition. Be-
cause [h’] oc pO% then the isothermal electronic conductivity
should also be dependent upon the one-quarter power of the
oxygen pressure. This behavior was reported by Eror and
Wagner (7) (see Figure 6). The diffusivity of oxygen is negli-
gible compared to cobalt according to marker studies (8,9) and
to stable oxygen isotope diffusion studies (10,11). Thus

when cobalt is oxidized, the migrating species should be
cobalt via cation vacancies and electrons (as electron

holes ).

For an oxide growing on a metal by a bulk diffusion con-
trolled process, C. Wagner (4) derived an expression for the
flux as

14

. P
A_eq _ RT ("% (htt)uo Po
A cm’sec AX F¢2 |2, | Po (15)
2

4
PO2
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Journal of Metals
Figure 5. Tracer diffusion in cobaltous oxide as a function of oxygen pressure
[and hence Co/O ratio given by Equations 9 and 13]. The symbols (X) denote
data obtained by a sectioning technique while (®) denote data by the surface
decrease method. The slopes of the lines are approximately one-fourth, indicating

the existence of singly ionized cation vacancies (6).
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Journal of Physics and Chemistry of Solids
Figure 6. Electronic conductivity of cobaltous oxide single crystals as a function
of oxygen pressure. The slopes of the lines are approximately one-quarter, indi-
cating the eixstence of singly ionized cation vacancies and compensating electron

holes (7).
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where the flux r'1/A is the rate of oxide formation per unit area,
F is Faraday's constant, Ny is Avogadros number, q is the
electronic charge, t denotes a transference number and the sub-
scripts 1, 2 and 3 denote the metal ion, the oxygen ion and
electron, respectively. The total electrical conductivity is o.
Local equilibrium is assumed to occur at the metal-oxide inter-
face and also at the oxide-gas interface. Therefore,the chemi-
cal potential of oxygen is fixed at each interface. The oxygen
pressure at the metal-oxide interface is fixed as the dissocia-
tion pressure of the oxide and denoted as po The oxygen
partial pressure in the gas phase, p(‘) , 18 at equilibrium at the
oxide-gas interface. (See Figure 7) ThlS equation may be
written as

COER S
T (16)

where k,. is the rational rate constant* expressed as eq/cm ~sec.
In other words, the flux is inversely proportional the film
thickness--just the requirement of the parabolic rate law.

When t; >> t, or t;, {the oxide is primarily an electronic con-
ductor ) the equation may be rewritten using the Nernst-Einstein
equation,

u.

p°- B, kT=l—-|—-‘ kT. (17)
1 1 Ziq

Here B; is the absolute mobility of the ith species, u; the drift
mobility, D the self diffusion ecoefficient and the other terms
have their usual significance. It follows that

pl/
1.1 Ceg ©: z s de kr
1 2
-_—= D + —— D 18

where Cg, denotes the number of equivalents of oxide per cc.
Particular note is made of the fact that the transport numbers
and the diffusion coefficients are behind the integral because
the parameters depend decisively on the metal-to-oxygen ratio
and hence on the effective value of the oxygen potential. The
valence of the cation and anion, z; and z, are behind the inte-
gral.

+*
The rational rate constant, 1%, is related to the Tamman
rate constant,

kr = kT/v. (See footnote on Page 2)
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Frequently, the values of D? and Df are very dissimilar
and one term in brackets Eq. (18) may be neglected. For
example, in the case of the oxidation of cobalt, it was noted
earlier that D¢y >> Dos in CoO. Consequently,the second term
in brackets may be neglected and

4

P o
kr ~ constants Jpl ' ' D1 d1n po (19)
2
Often authors plot the logarithm of the parabolic rate con-
stant (usually kp or k) versus log po and infer from the
oxygen pressure dependence (+ 1/n) a ‘mechanism. If one mech-
anism dominates across the oxide layer, that is, one mechanism

is predominate between po' and the upper limit for po';, then
2

1 1
nET _ k- Suu
k o [po2 n - P, n ] (20)

where the value of n and its sign will depend on the type of de-
fects in the oxide. For p-type oxides such as cobaltous oxide,
1/n =+ 1/4, for cuprous oxide 1/n=+1/8, etc. For an n-type
oxide such as ZnO, PO, = - 1/4. Details of the defect structure
of many compounds may be found, for example, in the book by
Kroger (12).

Note that an increase in oxygen pressure (p¢j, ) results in
an increase in oxidation rate. However the sign of the exponent
on the oxygen pressure in Eq. {20) exerts a large effect. For
cobaltous oxide, 1/n = + 1/4. An increase in oxygen results in
an increase in the concentration of cation vacancies and a con-
sequent increase in oxidation rate. But for some metals, the
change in oxidation rate with oxygen pressure is small. For
example, zinc oxide growing on zinc metal. The dominant de-
fects in zinc oxide are singly ionized zinc interstitials and com-
pensating electrons (i.e., Zn/O> 1). The equation may be
written as

Zno=Zni' +e’ +1/20,. (21)
The corresponding equilibrium constant is
Koz = [Zn 1[e’] » p ¥ (22)
1 Oz

and electroneutrality condition is

[Zn.] = [e”] (23)
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so that

[Zni.] = \/‘f_{zzpoz_% . (24)

Hence, increasing the oxygen pressure over zinc oxide growing
on zinc metal affects the oxidation rate very little because dis-
fusion through zinc oxide is via interstitial zinc ions. These
limiting cases are shown schematically in Figure 8 (13).

The temperature dependence of the kinetics at constant
oxygen pressure is often plotted as log kp or log kt versus 1/T.
In addition to the migration enthalpy of the mobile species, the
slope of such an Arrhenius plot may reflect an enthalpy for the
change in composition of the oxide with temperature.

The oxidation rate of a pure metal may be calculated from
self diffusion data. Conversely, oxidation kinetics may be used
to calculate self diffusion data. Eq. (18) may be rearranged
and the rate constant differentiated with respect to log oxygen
pressure to yield

Z) s S, _const. d kr
{E—ID1+D2}=C i1a (25)
2 eq pOZ
When D? >> D? and z; = z,, the equation may be simplified.
Moreover the practical scaling constants may be introduced
into Eq. (25) to yield

s d kP
D) = constant ————— . (26)
d log Po
2

Thus if one measures kp (or kr ) as a function of oxygen pres-
sure and plots the data as kp (or k) versus log pO;', the tan-~
gent to the curve generated yields a value of D; at any fixed
pPo’. Such procedures have been used by F. S. Pettit [FeO
(14)],K. Fueki and J. B. Wagner [NiO (15), MnO (16)] and
by S. Mrowec and coworkers [CoO (17,18), Cu,O (19)]. The
agreement between self diffusion data calculated from direct
radiotracer diffusion data and those calculated from oxidation
kinetics is remarkably good indicating the validity of C.
Wagner's theory.

Some metal-oxygen systems exist with more than one
stable oxide compound. Examples are CoO and Co;0,4; FeO,
Fe; O4 and Fe, Oy ; and Cu,; O and CuO. When oxygen pressures
high enough to nucleate a second phase are encountered, the
rate of oxidation may be altered dramatically. As an example,
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METAL

——— metal ions ——>
electrons >

0,6AS

<—— oxygen ions ———

Figure 7. Schematic of transport processes through an oxide layer growing on a
metal. Two limiting cases may be distinguished. First, metal ions and electrons
may migrate from the metal toward the oxide~gas interface and second, oxygen
ions may migrate toward the metal-oxide interface with electrons migrating in
the opposite direction. In any volume element of the oxide, electrical neutrality
is required. The chemical potential of oxygen is fixed at both the metal—oxide and
the oxide—gas mterface The former is fixed by the dissociation pressure of the
oxide, po,’, and the latter by the ambient oxygen partial presure, po,”.

METAL

metal
deficit

OXIDE GAS

low P&
0,

OXIDE GAS

Figure 8. Schematic of the effect of

oxygen partial pressure on the concen-

tration of defects in a oxide growing via
parabolic oxidation on a metal.

The upper figure shows the effect of in-
creasmg oxygen lpressure on a metal deficit
oxide, e.g., cobaltous oxide. See Equations
9, 10, 11, 12 and 13. The lattice defects in
CoO are Vm,’. Parabolic oxidation proceeds
via diffusion of cobalt ions migrating by
means of Vy,'. Thus increasing po,” exerts
a large influence on the oxidation rate of
cobalt. The lower figure shows the effect of
oxygen partzal pressure on a metal excess
oxide growing on a metal, e.g., zinc oxide.
The lattice predominant defects in ZnO are
Zn;. See Equations 21, 22, 23, and 24.
Hence increasing the oxygen pressure does
not appreciably affect the oxidation rate (13).
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consider the oxidation of pure copper to cuprous oxide. The
rate of oxidation increases with increasing oxygen pressure
until the cupric oxide phase is formed on top of the growing
cuprous oxide. In this example oxidation proceeds via diffusion
of copper (via singly ionized copper ion vacancies) through the
inner oxide. When pg; attains the value for the coexistence of
Cu, O and CuO, the gradient in oxygen activity and eation vacan-
cy concentration is fixed (poz' equals the dissociation pressure
for Cu; O or the coexistence oxygen pressure for Cu and Cu, 0).
The value of the oxygen pressure at the Cu, O-CuO boundary is
fixed and because diffusion of copper through the Cu,O is rate
limiting, the kinetics become independent of oxygen pressure at
this point. This situation is shown schematically in Figure 9.

Oxidation of alloys introduces a higher degree of com-
plexity. When two components are present, each is competing
for the oxygen in accord with the free energy of formation of the
oxide per gram atom of oxygen. For illustrative purposes, con-
sider again limiting cases. The first is a binary alloy, AB,
which is very dilute in one component, e.g., 99.5 at 4 A and
0.5 at 4 B. Furthermore,assume the respective oxides, AO
and BO,, form solid solutions. Such alloys of nickel have been
extensively studied. When nickel containing small amounts of
chromium is oxidized, the oxidation kinetics are more rapid than
for pure nickel. The reason is that the small amount of chrom-
ium enters the nickel oxide creating a greater concentration of
nickel ion vacancies which in turn increases the diffusion of
nickel and hence the parabolic oxidation kinetics (_2_(_)_). The
relevant equations are as follows. For pure nickel oxide the
deviation from stoichiometry is similar to that for cobaltous
oxide except that doubly ionized cation vacancies form in pure
NiO at elevated temperatures.

10, = u '

30, = Og+ V! +2h. (27)

K = Tv._.” ®q2 é (28)
28 [ Ni:][h :] /po2 .

The electroneutrality condition is

Vi 1= #[0'] (29)
so that
[VNi”] = ¥4k o pO-f . (30)
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Figure 9. Schematic of the behavior of the parabolic rate constant as a function

of oxygen pressure for the oxidation of copper. The rate increases [1/n — 1/8, see

Equation 20] until the formation of CuO occurs. At that point the chemical poten-

tials of oxygen are fixed both at the Cu—Cu,0 and at the Cu,0-CuQ interface,
and the kinetics become independent of external oxygen pressure (13).
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For a fixed oxygen pressure, adding a donor (C".Ni) increases
the concentration of cation vacancies according to

Cr;Os= 2Cry, + 304+ V. (31)
accordingly the oxidation rate increases (20). Conversely,
adding an acceptor (Lii\n) decreases the concentration of cation
vacancies and the rate decreases* (20). Such modification of
oxidation kinetics has been termed the doping effect by alio-
valent additions. The defect chemistry (number and types of
lattice and electronic defects) has been tested using chiefly elec-
trical conductivity but also thermogravimetry and diffusion
studies on doped crystals. The technique has been used exten-
sively and quantitative predictions can be readily made provided
the defect structure of the host lattice is known. For example,
in the case of nickel containing small additions of chromium (2_1_)

kP( Ni-Cr alloy)

C ]

kP(pure Ni) P

po2 = const,.

mole fraction Cr'Ni in doped NiO

mole fraction h in pure NiO

(32)

This holds for dilute alloys and dilute solid solution of oxides.
If higher concentrations of chromium are used, a second phase
of Cr;O; may form on the outer surface. Conseqguently, a situa-
tion similar to that discussed above for the formation of CuO on
Cu, O obtains. However, transport through Cr; O; is very slow
and that step becomes rate limiting with a concurrent dramatic
decrease in oxidation rate of the alloy.

Another limiting case is that of an alloy, AB, which
oxidizes to form only one oxide, AO. An example is the nickel-
platinum alloy. Platinum doesn't oxidize and only NiO is
formed. When a given alloy is oxidized at high temperatures,
the formation of NiO uses up the nickel in the surface of the
alloy. More nickel must diffuse to the surface from the bulk of
the alloy in order to form more NiO. Simultaneously, platinum

*The preparation of a Li-Ni alloy is exceedingly difficult owing
to vaporization problems. The theory has been tested by
vaporizing Li, O onto the growing NiO as Ni was oxidized. A
decrease in oxidation rate was observed. (1(_)_)
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must diffuse away from the surface (see Figure 10). The
chemical potential of oxygen at the alloy-oxide interface is not
fixed but changes slowly with time as the composition of the
alloy changes according to

Ni (in alloy) + 30, = NiO (33)
a
NiO
K34 = . (34)
aNipoz5

The NiO is pure so its activity is set equal to unity in
Eq. (34). However the activity of nickel, ayj» decreases with
time (the alloy becomes more concentrated in Pt) so the oxygen
partial pressure at the alloy-NiO interface increases with time
(see Eq. (34)). This effect is small and more significant is any
change in oxygen pressure at the oxide-gas interface (pg! >>
poz' # constant). Furthermore, different alloys will oxidzize
at different rates. For alloys rich in nickel, the kinetics will
be almost those of pure nickel. But as the concentration of
platinum increases beyond a certain critical value, diffusion of
nickel to the metal-metal oxide surface will be rate-deter-
mining and a large decrease in oxidation rate will occur, i.e.,
the rate limiting step will be diffusion in the alloy and not dif-
fusion through the oxide scale.

Another limiting case is an alloy, AB, neither component
of which initially reacts to form an external scale and in which
component A has a much greater affinity for oxygen than B. A
classical example is the silver-indium alloy system. Silver
doesn't form an oxide at elevated temperatures, but it does
dissolve oxygen. Small amounts of indium will therefore form
an oxide within the alloy metal, a so-called subscale or internal
oxide. The process is diffusion controlled and the diffusion of
oxygen in the alloy is rate limiting. Such systems have been
studied extensively by R. A. Rapp, especially the transition
from only internal oxidation to the formation of an external
scale (22).

When both components of a homogeneous, one phase alloy
react with oxygen, there is a competition for the oxygen in
terms of the affinity for oxygen as mentioned above. If the
oxides so formed are immiscible, the nucleation and growth of
each oxide phase as well as displacement reactions must be
considered. As an example, consider 85-15 brass (85 wt %
copper = 15 wt % zinc) oxidized at 700°C. For the first hour
the kinetics are nearly parabolic, i.e., diffusion controlled,
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The free energy of formation for zinc oxide is much more nega-
tive than that for cuprous oxide. But transport of ions through
Cu, O is much greater than transport through ZnO. Consequent-
ly, cuprous oxide and some zinc oxide forms on this brass and
as time proceeds, a displacement reaction occurs (Q),

Zn (alloy) + Cu, O (oxide layer) = ZnO (oxide layer) +
2 Cu (free). This is indicated by the appearance of free copper
(pink color) in the cross sections of the samples and a decrease
in rate as more ZnO forms with time. Furthermore, if the
oxygen is pumped out of the reaction chamber and the sample
given an anneal in an inert gas, the subsequent oxidation kine-
tics in oxygen are drastically reduced (see Figure 11). This
large reduction in oxidation kinetics is due to the large propor-
tion of ZnO formed during the anneal in an inert gas and the
fact that diffusion through ZnO is slow. The importance of dis-
placement reaction is that an oxide not in contact with the exter-
nal gas atmosphere can grow by means of a displacement
reaction.

As more and more demands are placed on materials for
energy production, the diversity of corrosive atmospheres
complicates and accentuates the corrosion problems. For
example in coal gasification plants and in certain airplane tur-
bine engine applications, mixtures of oxygen and sulfur bearing
gases are encountered. Consider a pure metal exposed to a
mixed oxidant, e.g., nickel exposed to oxygen and sulfur
dioxide. The sulfur dioxide increases the rate of parabolic
corrosion. One limiting case has been discussed by Alcock,
Hockings and Steele (24). They suggested that sulfur entered
NiO and created additional cation vacancies which increased
the oxidation rate of nickel. J. B. Wagner (25) suggested the
following equation,

50;(g) = Sq(in NiO) + 0, +e’ (35)

and that if sulfur acts as a donor, it affects NiO in the same
way as chromium doping, i.e., creates cation vacancies.
However, the solubility of sulfur is very small [about 108 /cc
(26)] and some reported increases in rates were far in excess
of that which Eq. (35) could account for. Worrell (27) made a
very important suggestion. In SO, -0, gas mixtures, it some-
times happans that two phase (duplex) scales are formed.
These scales consist of thin channels or stringers of sulfide
embedded in a matrix of oxide. Because diffusion in the sul-
fides is so much faster than diffusion in oxides, the rate is
determined by diffusion through the channels. This type of
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Ni-Pt ALLOY NiO 0,
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Figure 10. Schematic of the concentration profile of nickel in a Ni~Pt alloy being

oxidized to form NiO as a growing oxide scale. The concentration profile of

nickel ion vacancies in NiO is also shown. In the example discussed, the rate

determining step is the diffusion of nickel from the bulk alloy to the surface (and

of platinum in the opposite direction) rather than diffusion of nickel via vacancies
in NiO (13).

(ém)z N
A isothermal anneal in argon

TIME ——>

Journal of the Electrochemical Society

Figure 11. Schematic of the oxidation of 85 wt % Cu-15 wt % Zn at 700°C.

Initially the kinetics are almost parabolic, and diffusion through a two-phase scale

(Cu,0 and ZnO) is rate determining. The displacement reaction, Zn (alloy) +

Cus0 (oxide layer) = 2Cu (free) + ZnO (oxide layer), proceeds continuously. An

interrupted anneal in argon allows the displacement reaction to proceed without

the uptake of further oxygen from the ambient. Subsequent oxidation proceeds
very slowly (23).
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parallel diffusion path will be very important in corrosion of
multiphase alloys that form multiphase scales.

In the foregoing, limiting cases of various high tempera-
ture, isothermal corrosion situations have been briefly dis-
cussed. Actually in most engineering uses, the corrosion is
not isothermal but involves cyclic thermal treatment (e. g., in
a turbine engine). In addition to seeking an oxide scale that
will exhibit slow diffusion of the reactants, it is necessary that
the oxide resist thermal shock. Most of the protective oxides
involve A1, O;, Cr, O; or Si0O,. Efforts to increase the adher-
ence of the oxide on the metal have been directed to additions
of certain rare earth metal oxides to the metal or alloy. These
oxides are usually insoluble in both the metal and the oxide
scale. Surprisingly, the small particles of these added oxides
often segregate to the metal-oxide boundary where they appear
to project up from the metal into the scale with a dramatic
increase in resistance to spalling during thermal shock. One
suggestion is that the oxide particles act as "'pegs' to pin the
oxide scale. Other explanations involve changes in the inter-
face chemistry and concurrent adhesion between metal and
scale or a change in plasticity of the oxide scale. In any case
the effect is important and the most appropriate explanation
awaits some challenging surface chemistry and microanalysis.

The foregoing survey was focused on situations where
bulk diffusion processes were rate determining. Such systems
are amenable to analysis using an electrochemical approach.
Other factors such as transport down pores or cracks, volati-
lization or melting of the oxide scale may occur and require
different analyses but diffusion controlled processes may be
mathematically modeled and correlated with the defect chem-
istry of the corrosion product. These limiting cases provide
a guide to understanding the more complex phenomena fre-
quently encountered.
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Tonic and Electronic Conduction in Nonmetallic Phases

JOHN W. PATTERSON

Engineering Research Institute and Department of Materials Science and Engineering,
Iowa State University, Ames, IA 50011

PART I Open Circuit Theory and Parabolic Tarnishing Kinetics

Historical Background

About the turn of the century and shortly thereafter, certain
developments in mathematical physics and in physical chemistry
were realized which were to prove important in the theory of mass
and charge transport in solids, later. Einstein(l) and
Smoluchowski(2) initiated the modern theory of Brownian motion
by idealizing it as a problem in random flights. Then some seven-
teen years or so later, Joffee 3) proposed that interstitial de-
fects could form inside the lattice of ionic crystals and play a
role in electrical conductivity. The first tenable model for ionic
conductivity was proposed by Frenkel(ﬂ), who recognized that vacan-
cies and interstitials could form internally to account for ion
movement.

Figure 1 is a schematic representation of Frenkel's notion:
an atom or ion can get dislodged from its normal site to form an
interstitial-vacancy pair. He further proposed that they do not al-
ways recombine but instead may dissociate and thus contribute to
diffusional transport and electrical conduction. They were free
to wander about in a "random walk" manner essentially equivalent to
that of Brownian motion ... this meant they should exhibit a net
drift in an applied field.

In the fluids considered by Einstein and Smoluchowski, all
species large and small are capable of substantial migration at all
times. In solid crystals, however, only the interstitial atoms and
those next to vacant sites can enjoy any significant amount of mo-
tion. Thus, it was realized that the concentrations of mobile de-
fects are the important things, at least in connection with the ionic
conductivity of crystals. BAn elaborate analysis of thermodynamic
equilibria of point defects was then developed by Wagner and
sChottky(élgAin which the laws relating defect concentrations to im-
purities, ambient partial pressures and temperature were worked out
in detail.

Wagner followed this in 1933 by combining virtually all the
foregoing concepts to explain the phenomenon of parabolic tarnish-
ing of metal in aggressive enviromments'Z’. He assumed that trans-
port of neutral species was negligible compared to that of ions and

0-8412-0471-3/79/47-089-096%07.50/0
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Figure 1. Frenkel defect in a crystal lattice
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electronic carriers, which no doubt must have seemed a rather bold
assumption to many others at that time. But beyond that he also
assumed that all the charged carriers migrated with Einstein-type
mobilities under the combined influences of free energy (i.e.,
chemical potential) gradients and electric fields. 1In this way,
he was able to transform the problem of parabolic scaling of me-
tals to one of diffusional transport in a electrochemical medium.

The implication of Wagner's theory was that the parabolic
scaling rate constants, many of which were known for certain gas-
metal combinations, should be quantitatively related to two basic
types of information.

A) Thermodynamic information, such as the formation free
energy for the scale and partial pressure or activity data for
the environment... and

B) Electrical property information for the scaling compound,
such as electrical conductivity, ionic and electronic transference
numbers or the open circuit emf established over the growing scale.

In addition, the theory predicted that a measurable emf would
be established over the tarnishing layer, and moreover, that this

voltage could be used to infer the average ionic and electronic
transference numbers of the scale. Prior to Wagner's treatment,
of course, there had been no reason whatever to think that the
electrical properties of the scale compound should bear any re-
lation to oxidation rates, nor was there any reason to think that
voltages should appear over these coatings.

And so the metal scaling systems known to exhibit parabolic
growth kinetics were soon selected for the critical testing of Wag-
ner's theory. The conductivity-emf-transference number data re-
quired by the theory were measured and the scaling rate constant
predicted. Then independent measurements of the same scaling con-
stant were obtained, as for example from weight gain measurements
and the results compared.(10-12).Astounding agreement was found and
much excitement began to spread in corrosion engineering circles be-
cause Wagner's theory suggested many ways to possibly control or
stop scaling. But this optimism was somewhat overdone because so
few practical situations conform to the parabolic scaling prere-
quisites. Nevertheless, Wagner's theory has been applied and re-
viewed extensively and this continues up to the present time (13-19)

Presently, the major interest in Wagner's theory derives mainly
from the open circuit emf relationships rather than the scaling
rate predictions. Only a limited number of the metal scaling sys-
tems important to modern technology strictly conform to the con-
ditions required by Wagner's theory, because of various compli-
cating factors (abrasion, thermal gradients, contaminations, and
so on). However, a variety of new solid electrolyte materials
has been developed for remote sensor applications(gg), fuel cell-
battery applications(gg) and for laboratory investigations of
thermodynamic data(21=23) 14 a11 of these applications the solid
electrolyte element can be expected to perform according to
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Wagner's tarnishing theory but significant modifications are re-
quired for the non-open circuit cases(lgl—gé-. In short, we can
say that the present understanding of solid-state electrochemistry
is largely due to Wagner's electrochemical theory of tarnishing
and moreover that the concepts as he initially elucidated them
have remained in tact to the present time. In part II of this paper,
less simple mixed conducting phases and mon open circuit conditions
will be considered

pPhysical Processes Occurring During Parabolic Scaling

patterson (19) has given a detailed discussion of Wagner's
theory complete with flow-diagram summaries for the derivations

of the quantitative formulas. But these derivations are much too
elaborate to develop here. We will invgke a simplified model ori-
ginally put forward by Hoar and Price(g_), but this comes later.
First let us outline the physical processes that can and do occur
in parabolic scaling.

Figure 2 facilitates the physical description by showing the
compound MgXy (oxide, fluoride, chloride, etc.) attached as a
scaling layer to the substrate of metal M on the left. The layer
is exposed to an atmosphere containing X; gas molecules (02, Fjp,
Cly, Np, etc.) on the right where the X3 molecules become adsorbed
on the surface and eventually get incorporated as ions. Ultimately,
however, the scaling rate--whether measured by weight gains or
scale thicknesses -- 1is Jjust the total assimilation
rate of X atoms by the scale. This can happen in either of
two ways: by combining with cations which emerge at L or by dif-
fusing in as anions.

For simplicity, assume for the moment that only cations are
mobile in the scale. Even though no X anions can move, adsorbed
X atoms can still be assimilated because M cations can migrate
from the other side to combine with the adsorbed gas atoms. Note
however, that the scale would grow only at the gas side in this
case. On the other hand, if anions are mobile, but cations are
not, the adsorption-dissociation process Xz(g) =+ 2X (ads) on the
right is followed by anion migration through the scale and growth
occurs at the M, MpXp interface (left side). These two situations
can be distinguished experimentally by identifying markers insgide
the scale. The apparent change of depth of the marker with time
identifies the mobile ionic species.

If the scale is an ionic compound, X5 molecules, which are
neutral, can be incorporated only as anions, which are negatively
charged X ions. Conversely, each incorporated M atom must become
a positively charged cation. This has important electrochemical
consequences because the region at L is forced to become increas-
ingly electron-deficient or positively charged as the negative
anions are "formed” and then wander off toward the metal-rich side.
similarly, the metal at the left accrues a surplus of negative
charge due to the electrons liberated when M atoms enter the scale
as cations.
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Eventually these oppositely charged outside layers cause a
very strong coulombic field to build up, but it must be positive
on the gas side and negative at the metal side. But of course this
polarity necessarily opposes the migration of both anions and ca-
tions and increasingly so as the charging continues to build.

That is, the incorporation of X atoms by the scale is self defeat-
ing if eletrochemical forces are at play. In fact, if there were
no electronic leakage paths connecting the two surfaces, all cat-
ion and anion migration would soon grind to a halt. At this point,
no further weight gain would be observed but an emf on the order

of volts would be observed.

However, some degree of internal shorting within scales always
occurs because scaling layers always exhibit at least a trace of
internal conduction by electronic carriers. For this reason, it
is best to think of scales as mixed (ionic and electronic) conduc-
tors. The effect of the internal short is to bleed off some of the
charge.on the surfaces and thus weaken the coulombic field accord-
ingly. This would allow ionic migration to continue indefinitely
but at an ever-decreasing rate as the thickness of the scale in-
creases. In principle then, real scaling layers never achieve the
completely arrested state alluded to above as a limiting case. In-
stead, they thicken indefinitely but according to the parabolic
law. And since all the mobile species are presumed to be charged,
applied electric fields or currents can be used to significantly
alter the thickening kinetics and morphologies of mixed conducting
scaling systems.

Now if the scale exhibits a large conductivity for electrons
(large compared to the ionic conductivity), massive internal short-
ing occurs and no coulombic retardation of ion movement is possible.
In this situation, scaling proceeds as fast as the unhindered ions
can diffuse through the scale. BAnd although the growth kinetics
will still be parabolic, no perceptible open circuit emf will be
found over the scaling layer. This is the limiting case in which
electronic conduction dominates in the scale. This limiting
case is at the opposite extreme to that in which ionic conduction
dominates, as discussed first.

Equivalent Circuit Description of Mixed Conduction in Solids

In essence chemical free energy differences cause the ions to
migrate during scaling, Thisis similar to the way batteries induce
current flow in resistors. 1In parabolic scaling the cations mi-
grate outward to the gas surface while the anions move inwards to-
ward the metal. The molar free energy p (often called the chemical
potential) for the metal is highest at the metal side but very low
at the gas surface, and vice versa for the non metal species X or
X5. Thus, every time a mole of metal migrates out from the inside:
the total free energy of the entire system drops by the amount

1
- = 1
My T My T Ay
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Here as elsewhere below, a double prime indicates the gas side at
L whereas a single prime quantity refers to the metal side at zero.
Thus, the free energy change of equation 1 is a drop because y, is
very low compared to y, which prevails at the metal interface. By
the same token every mole of X passing in the opposite direction
changes the free energy inventory by

* "
5 Ux2 - % UXZ = =k AUX2

and is also a decrease as Ux; refers to the gas side.

These free energy drops act as the chemical driving forces
which cause the ionic migrations to take place in the first place.
They continue to persist but become less and less effective as the
coulombic fields build up at the opposite sides of the scale. 1In
any case, we begin to see how an electrical formulation of the
chemical process of scaling might become possible. The actual ion-
ic migrations amount to internal electrical currents which are
being driven at the expense of the chemical free energy inventory,
just as occurs when batteries discharge through a circuit of resis-
tors.

A successful equivalent circuit approach to Wagner's theory
was worked out by Hoar and Price 23), They developed a simple volt-
age divider circuit which gives quantitative formulas for emf and
scaling rate that are very similar to those derived more rigorously
by Wagner. A linear lumped version of their proposed circuit is
shown in Fig. 3. The subscripts 1, 2 and 3 refer to M cations, X
anions and electrons respectively.

The voltages V; and V, are given by the expressions

V] = - Au,/Z.F 3

and V, = - % iy, /Z.F a

Since the valences Z of the cations and anions are always opposite in
sign and the two chemical potential differences are always opposed

in scaling, it follows that both voltages will have the same sign.

As a matter of fact, it can be shown that they are also of precisely
the same value for two component scales. This equality, which de-
rives from the so called Gibbs-Duhem relation between U1 and Uy,
merely means that the two batteries Vi and V; are egquivalent to,

and hence may be replaced by, the single one shown dotted=in on the
figure.

If voltages V] and V, simulate the chemical driving forces ac-
ting on the ions during scaling, the resistors Ry and R; simulate
the scale's resistance to cation and anion migration. Its imped-
ance to electron flow is represented by the single resistor Ry
which is shown connected all the way across the scale thickness.

The resistor Rj simulates the electronic leakage path which weakens
the coulombic fields and allows ion migration to continue indefi-
nitely rather than halting. The usual definitional formulas hold
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Figure 2. Physical arrangement of a metal (M) undergoing scaling (39)

AN _:L _ CIRCUIT
] v ICATIONS™ | ANALOG
v 0 jon OF SCALE
ul vl--v--: > ul!
X5 21ANIONS X2
: ——-—ll—‘—Wr: m
My o Lo MM
NI
| YV
ELECTRONS EXTERNAL
LEADS
—90 [ o
SCALE EMF

Industrial and Engineering Chemistry,
Product Research and Development

Figure 8. DC circuit analog to simulate scaling according to electrochemical
theory (39)
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for these resistors

R, = 1/G, =

Q|+
|

; 1=1,2,3 5
i

Here R is in ohms, the conductance G; is in reciprocal ohms. L

and A are the scale's thickness (cm) and area (cm2), respectively,

and o; is the so called specific partial conductivity for species

i in the scale.

Keep in mind that we have not really justified the analog
circuit as a valid way to describe the scaling process. As a
matter of fact a rigorous jJjustification would probably be a very
difficult task invelving some very knotty, philosophical, questions.
What one can do, however, is to proceed with the model on the tenta-
tive assumption that it may work and thus derive as many useful for-
mulas as possible to see how they square with Wagner's more rigo-
rous ones and with experimental results. This is more or less what
Hoar and Price did and indeed we can gain a great deal of insight
with relatively little effort by using their idea. We will ex-
ploit their approach here rather than trying to go through Wagner's
more rigorous development, but it is worth mentioning that Wagner
himself expressed reservations about the Hoar-Price paper. This
appears in the discussion section that followed their presentation
before the Faraday Society(gfﬂ.

Let us consider the open circuit emf E that occurs in scaling.
A fairly straightforward dc circuit analysis of Figure 3 leads to
the following formula

E=[t; +t)]V 6

5l

Here V is the so called thermodynamic voltage and from Equation 4
is found to be

RT
V= -
2z.F "

5 2

” 1
PX2 / PX

sz is that of the gas atmosphere while Péz,which prevails at the M,
M5Xp interface, is determined by the standard formation free energy

AG@ for MaXp. The formula is

P*z = exp (2AG?/bRT) 8

which comes from thermodynamics. The t's are fractional conduct-
ances and are called transference numbers. When the common L/A
factors are cancelled, they tAke the form

3
tl = Ol/g Oj = oi/oT 9

The demoninator here is simply the total electrical conductivity
op of the scale. It follows from the way they are defined that
the transference numbers summed over all the species must always
add up to unity. Accordingly the so called ionic transference
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number is related to the electronic one t3 in the following way

. = + = -
tlon tl t2 1 t3 10

Now Wagner's expression for the open circuit emf is
"
E = - +
_[ [tl t2] duxz/zzzF 11

This appears to be rather different from the Hoar~Price formula
given in Equation 6 above, but actually they are almost the same
thing. To see the very close similarity we must first realize that
we applied the dc circuit analog to the whole scale. But point to
point variations in the conductivities and hence transference num-
bers are possible. Hence, we must apply the analog to each dif-
ferential thickness and add the results because they are all joined
together in series to make up the total scale thickness. With this
in mind the emf for each differential element is first obtained,
i.e.,

dE = [tl + tz]dV 12

where the t values apply only to the element in question. To cb-
tain the overall emf we simply add the contributions from every
location in the scale. But note that Equation 4 implies

AV = - % dux,/2,F 13

and that the summing of differential increments amounts to nothing
more than integrating. Hence, the Hoar-Price equivalent circuit
expression for E should really have been written

L
E = _/; [tl + t2]dv 14

But this is virtually identical to Wagner's formula when Equation 13
for dV is considered. 1In this sitwation however, the differential
resistors which enter into t; and ty are conceived to vary in value
according to the local "voltage", which is unlikely for resistors
of any sort. However, we can imagine ways in which the values
could depend on the local ux, value in a crystal and this is what
is really to be done when applying the Hoar-Price approach.

The scaling rate at a given instant can be readily calculated
from the sum of the two ionic currents as follows. Assimilation
due to the arrival of cations at L would be I;/2)F multiplied by
b/a. This must be added to the moles of X that permeate through
the scale and this would be -I,/ZyF. Adding these together and
noting the virtual stoichiometry constraint that Zja+Zb = 0, we
arrive at

n =
X [11 + 12] /22F 15
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Here, ny is the total molar acquisition rate of X atoms from the
gas atmosphere. But from an analysis of the circuit in Figure 3,
the following can be shown

A
-— + = = T -
[Il 12] 1, E/R3 T O4E 16

where E is the open circuit emf discussed earlier. But here again
the circuit analysis should be applied to each differential ele-
ment because of point-to-point variations through the scale. When
this is done, the E and L in Equation (16) become dE and dl, respec-
tively, so that Equation (15) can now be written as

- N dE
n == -
x A 03 Ix /ZZF 17
Separating variables, integrating and solving for n then gives
. a (L
n = = +
x =1 j; o lt; + t,]av/zF 18

This is to be compared with Wagner's expression for the same quan-
tity which for this case would be

. _A[" 2_2
n_ = L[ op tylt) + t)] dux2/2ZZF 19

where op is the total conductivity of the scale. But these two
formulas are again virtually identical because g3 = Op t3 by de-
finition and because of Equation 13 for 4v.

Summarizing the situation concerning equivalent circuit model-
ling, we cay say that this is a very useful approach and it leads
to accurate results and insights if the proper precautions are
taken. I think the day will come soon when the theory of mixed
conduction will have to be considered in great detail all over
again. For example, if solid electrolyte fuel cells and hydrolysis
systems are built, their performance characteristics will to a
large extent be dictated by mixed conduction processes that take
place inside them during operation. It is my view that the equi-
valent circuit modelling approach-with proper precautions taken
will prove to be the most expedient way to extend Wagner's to
such closed circuit applications. Keep in mind that the entire
development given above applies only to open circuit conditons.

Temperature and Partial Pressure Dependences of Partial Conductiv-
ities

In the previous section we saw the key roles played by the
various partial conductivities--or equivalently the transference
numbers--in mixed conduction theory. They appear prominently in
the integrands of the formulas for open circuit emf and scaling
rate. Thus, if they exhibit any dependences on partial pressure
Pxo which is equivalent to Uxor these dependences will have very
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direct effects on the scaling rate and emf values predicted by
the theory. In this section a useful scheme for visualizing these
dependences is provided.

To begin with we note that the crucial thing here is the de-
pendences of the various partial conductivities on temperature and
Uy,. If these could be determined reliably from direct experimental
measurements, all the important predictions could be made by merely
using those dependences in the integral formulas derived previously.
In this sense the defect theory and mass action laws which are used
to rationalize the dependences would be of only secondary importance.

However, it is not expedient to rely on measurements only in
cases like this because too many would be required. Thus, the
theory of defects provides a number of rather general laws concer-
ning the dependences of interest so that far fewer measurements are
necessary for us to arrive at many meaningful predictions and use-
ful extrapolations.

Very briefly the conductivities of species in mixed conducting
compounds can be written as

22
o = civil qi/kT 20
where c¢j is concentration, v; is jump frequency, T is temperature
and everything else is constant (jump distance 1, Boltzmann's k
and charge qj). Thus, the temperature and Py, dependences of the
conductivities are due to those of cji and vi. In general vj will
always exhibit an Arrhenius dependence on temperature because
hopping is a thermally activated process. This means v; will al-
ways go as exp (-Q/RT) where Q is a constant called the acti-
vation energy. No dependence of v on partial pressure is ex-
pected theoretically and none are found experimentally.

The concentration term has a bit more flexibility for diffe-
rent behaviors: two kinds of temperature dependences (constant or
exponential) and two kinds of partial pressure dependences (con-
stant or exponential). Beginning with the temperature dependence,
ci will either be independent of temperature or it will also ex-
hibit an Arrhenius dependence, albeit with a different activation
energy than that exhibited by vj. TIf the carrier concentration is
fixed by extrinsic contaminations, deliberate or not, it will re-
main independent of Pxos. 1In some cases however, the concentration
may be small enough that incorporation of X atoms from the ambient
Pxy will cause changes. On the basis of the law of mass-action
arguments, etc., these c¢j generally vary as szn. Here, n
is a constant, usually a ratio of small integers, which ratio is
characteristic of the defect reaction whose equilibrium is in-
volved.

The result of all of this is that when individual conducti-
vities are plotted on a log scale versus log Px, and reciprocal
absolute temperature 1/T, planar sheets generally always result.
This means that only a few measurements (3 minimum) are needed to
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estimate values at other conditions. Figure 4 shows an example of
the kinds of dependences that can occur. Note that the various
conductivities plot as planar sheets though they are tipped at vari-
ous angles. Actually, the dependences portrayed in Figure 4 are
typical of those found in solid electrolyte materials. The log

On and log o0, sheets are seen to rise up from far beneath the Px,
independent ionic conductivity sheet. Thus, they dominate the to-
tal conductivity in the very high and very low Px, regimes. This
means that tjion =[cl+02]/0T must fall off to zero in these extreme
conditions. By considering any particular isotherm of such a three-
dimensional plot, we can generate any plot of [tl+t2]/222F VS Ux,
that he may need: as for example to evaluate an open circuit emf

in accordance with Equation 1l above. Alternately, he could generate
a plot of 03[tl+t2]/2222F2 VS Hx, if a prediction of scaling rate
from Equation 19 was desired. A more expedient approach would

be to simply write the dependences into computer programs which can
then carry out the desired integration by standard methods.

Capstone Comments on the Open Circuit Theory of Parabolic Oxidation

We have looked at many aspects of the traditional theory of
mixed conduction, but many stones have been left unturned. There
are implications for the morphology of scaling layers, why they
are so uniform in thickness and why one cannot retain that mor-
phology if he tries to buck the scale emf in an attempt to make
it grow thinner. There are many interesting predictions that can
be made and tested concerning the morphology of the reaction inter-
face formed when a metallic oxygen "getter" is put in contact with
(and hence reduces) the oxide of a more noble metal. Sometimes
the interface morphology is planar, sometimes not; however, the
criteria for determining this stem mainly from Wagner's theory.

There are the many open circuit emf studies that have been
carried out to search for new solid electrolyte materials. The
specimen is placed in contact with elect{odes'which establish
different but known partial pressures Py,, Py, and the emf is
measured. The ratio of the measured emf E to the thermodynamic
voltage calculated from Equation 7 gives a quick estimate of
the materials ionic transference number, as implied by Equation 6
above. This is an estimate to be sure, because the ratio actually
averages the value of tj,, over the scale. But the method very
quickly reveals which materials might best be ruled out for fur-
ther studies. Indeed, those which persist in registering a zero
measured emf are predominantly electronic conductors and probably
not much can be done (e.g., by way of doping etc.} to make them
into ionic conductors, i.e., solid electrolytes.

There is also the matter of predicting the high temperature
gas permeability of ceramic tubes. When an M, X; compound is.pro—
perly affixed to its metal M as a scale, the calculation on ny,
from Equation 19 can be translated into weight gain-or scale thick-
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REGIONS OF LOG of (sz, T) SURFACE
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Journal of the Electrochemical Society

Figure 4. Schematic of the P,s, T dependence of partial and total conductivities
(40
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ening kinetics., But, if it ig not in contact with its own metal,
it cannot thicken and then ny is simply its permeability to X»
gas. For example, a sintered, crack-free oxide tube will leak
oxygen from an oxide if it is evacuated at high temperature at a
rate governed by the assimilation rate into the outside surface of
the tube and subsequent oxide ion migration through this wall.
Thus, Wagner's theory can be used to predict how much oxygen will
permeate the tube in any given time. If the tube material is pre-
dominantly an electronic conductor, this permeability becomes a
measure of the chemical diffusivity for oxygen in the compound.
However, if it is a solid electrolyte material, e.g., doped zirconia
or thoria, the permeability is limited by electronic conduction.
Thus, some of the best estimates of positive hole conductivity in
the oxide solid electrolytes have come from "gas permeability"
studies made on tubes of these materials.

Actually, the list of interesting implications goes on and on
and certainly many have been elucidated elsewhere. Here, I only
wanted to provide a brief introduction to Wagners ideas and perhaps
some appreciation of the underlying fundamentals.,

We will now be turning to the second part of this paper in
which Wagner's ideas will be extended to non~open circuit conditions
and somewhat more general kinds of mixed conductors. Before doing
that, however, let us close off Part I here by drawing attention to
the spectacular agreement between measured and calculated sealing
rate constants that stirred up so much in the first place. Thus,
we close Part I with the summary Table I which is adapted from one
given by Kubaschowski and Hopkins (26)., The close agreement shown
in the two right-most columns seems all the more outstanding when
the absolute magnitudes are considered.

Table I. Calculated and Measured
Rate Constants for the Formation
of Metal - Nen Metal Compounds (ref. 26, p 17}
RATIONAL RATE CONSTANT
METAL NON-METAL COMPOUND T°C EQUIVALENT x cm L secl
Calculated Observed
ag s (143.) AgyS 220 2.4 % 10:50 1.6 x mjo
Cu I, (gas) Cul 195 3.8 x 10_11 3.4 x_lo_11
Ag Br, (gas) ) AgBr 200 2.7 x 1(}_9 3.8 x 10-
Cu Cyi P = 8.3 x 10 atm. Cuy0 1000 6.6 x 10_9 6.2 x 10-g
Cu 0, P = 1.6 x 1075tm,  Cuy0 1000 4.8 x 10’9 4.5 x 10.9
Cu 0, p = 2.3 x 103em. Cu,0 1000 3.4 x 10_9 3.1 x 10_9
Cu 0,5 p = 3.0x 1074em.  Cu,0 1000 2.1 x 10 2.2 x 10
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Part II Multicomponent Mixed Conductors Under Closed Circuit Condi-

tions

Motivating Factors

In part 1 above, C. Wagner's theory of mixed conduction
was reviewed in terms of an equivalent circuit approach. The im-
plications of mixed conduction theory for parabolic scaling of
metals in high temperature atmospheres were also detailed. It was
pointed out, however, that current interest in mixed conduction
theory is no longer motivated by corrosion considerations; because
far too few systems of practical interest conform to the conditions
required for parabolic oxidation.

Instead modern interest in mixed conduction theory is expected
to derive from high temperature solid electrolyte applications.
These solid electrolytes do conform to the conditions laid out in
Wagner's theory and many important applications can be foreseen
which would require devices based on such solid electrolytes. Some
of these applications are of the open circuit variety such as solid
electrolyte emf sensors for high temperature environments where
contamination of the electrolyte may be a problem. But many other
applications will be of the closed circuit variety and to a large
extent this aspect has not been negotiated very rigorously in the
traditional theory. Significant extensions of the traditional theory
will have to be made before the performance characteristics of fuel
cells and high temperature steam hydrolyzers can be successfully
analyzed via the theory of mixed conduction in solids.

Moreover, hydrogen will likely be present in many of these ap-
plications and it is known that hydrogen dissolves into oxide solid
electrolytes and becomes a mobile charge carrier. Thus, in addition
to extending the theory to close circuit or load conditions, it is
also desirable to extend it so that the effects of mobile foreign
ions such as hydrogen can be treated (27-29).

Here in Part II,I will conjecture about how to extend
Wagner's theory in these important ways. Thus, we shall examine a
situation in which an understanding of electrochemical corrosion
is being used to launch into other areas of interest which at first
blush might seem totally unrelated.

What is clearly needed is a working model for multicomponent,
mixed-conducting electrolytes, one which would be applicable to
closed as well as open circuit conditons and yet would be relatively
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easy to understand intuitively. Thus, an improved dc circuit
analog seems to be called for and one is developed below which
serves the purpose. It is an extension of the one described by
Choudhury and Patterson(l9,24) which in turn, is very similar to
that suggested long ago by Hoar and Price(25)in their "electro-
chemical interpretation” of Wagner's theory of parabolic scaling
gg) and to that of Miley(ég)who interpreted other scaling rate
laws from the equivalent circuit viewpoint. More recent discus-~
sions of these kinds of circuit analogs can also be found (31,32).

The present paper furthers the discussion of these kinds of
circuit models in two major respects. The first has to do with
the point-to-point variations which may be expected to occur. This
has been discussed to some extent by Choudhury and Patterson (19, 24).
They provide a very useful parametric method which automaticaff} ___
adjusts the local resistances but it was not presented in a form
that is easy to visualize. Hence, a reformulation of their approach
will be outlined here which ties it in more closely with the more
traditionally accepted "fixed resistor" analogs. The second major
point has to do with extending the equivalent circuit models in such
a way as to allow for additional mobile ionic species in the elec-
trolyte,

The mixed conducting medium considered here is generalized in
the sense that the number of mobile ionic species is left open; but
the treatment is specialized in that steady state conditons are
presumed. A more rigorous treatment of a still more generalized
medium has been given by Wagner(é}» but it seems to be restricted
to open circuit cells only.

In the present treatment, both charging and discharging modes
are considered in addition to open circuit operation; however,
only diffusive transport is permitted in the electrolyte--convec-
tion is not. Consequently, the results are most directly appli-
cable to solid electrolyte media; however, liquid media (acqueous,
molten salt, etc.) in a previous matrix should also conform to
such assumptions.

By and large, phenomena extraneous to the electrolyte, such
as electrode exchange kinetics and the like, have been deliberately
separated out of the present treatment by assuming that all per-
tinent chemical potentials are given at the electrode boundaries.
Concentration polarization effects at the electrode surfaces could
be accommodated here by invoking models which simulate the elec-
trode kinetic phenomena. These would relate the chemical poten-
tials out in the electrode to the ones just inside the electrolyte
(which are presumed hereto be given). Interfacial differences in
chemical potential would thus be brought into the present analysis
in much the same way that voltage drbps at contacts are brought in
as I R drops in regular circuit theory. However, since electrode
models are not within the intended scope here, the endpoint or
interfacial drops will not be given explicit consideration below.
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Transport in a mixed conducting medium is treated here,
but only in terms of ion and electron migration. This avoids
unnecessary confusions in connection with defect theory and em-
phasizes the fact that important results can be arrived at quite
independently of specific assumptions about the defects involved
(19). Any further breakdown of the ions and electrons into defect
species is neither necessary nor desirable for most purposes.
This is accepted for liquid electrolytes (33) but it may seem sur-
prising that the use of ionic and electronic 1mperfect10ns(3 ) can
be avoided when treating solid media; indeed, defects are undoubtedly
responsible for transport in solid electrolytes, By resisting
this temptation, however, (as Wagner did originally) we actunally
arrive at formulas of a more general nature which can be special-
ized later in accordance with whatever defect structure may seem
most appropriate.

Fundamental Considerations and the Local Equilibrium Approach

Consider a generalized, mixed-conducting electrolyte inter-
posed between two electrodes as shown in the cell configuration of
Figure 5. The term "mixed conductor" is used here to indicate
that electron transport is not ruled out.

The electrochemical potentials of the k different ionic species
are represented as nj, i=1,2,3,...k, while the chemical potentials
of the corresponding neutral species are denoted by ui, or perhaps
(1/2)pjip, i =1, 2,...k. For example, if species 1 were zirconium,
n1 might refer to zrt cations, whereas uj; would be the molar Gibbs
free energy of uncharged or neutral Zr metal. However, if one of
the other species, say species 2, were oxygen, then the electro-
chemical potential symbol N5 would be replaced by no—2 to denote
the molar Gibbs energy of the oxide ions 0-2 But in this case
1/2 Hpy would be used for the neutral species because neutral
oxygen ordinarily exists in the form of dimeric gas molecules.

A similar approach would be used for Ny, Cl,, Br,, Fp, etc. The
electrochemical potential for electrons--which have no neutral
counterpart--is denoted by ng.

Since the species in an electrolyte are charged, electrochem-
ical potentials nj and partial conductivities oj {which reflect
the species mobility) are both used in Figure 5. Conditions at the
left electrode surface x = 0 are indicated by a single prime while
double primes signify those at the other end, x = L.

Traditionally, the chemical potential uj characterizes only
the chemical energy interactions between a species i and its sur-
roundings. If a charged species is involved, interactions of an
electrostatic nature must also be considered. Accordingly, the so
called electrochemical potential nj is conceived in such a way as
to include both types of energy as follows

n, = u.2i + Z.Fé
i T M i 21
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Here u? represents all the chemical interactions between the ion
of type i its surroundings and Z;F ¢ represents the electrostatic
part of the electrochemical potential. Thus, Z; is the valence of
the ion, F is the Faraday, and ¢ is the local electrostatic po-
tential. Actually, the separation of chemical and electrostatic
components in this way is based more on conceptual preference

than on operational meaningfulness (35, 36) but the separation has
a great deal of historical precedence and is mentioned here for
that reason. But the approach used here does not make use of

such distinctions and in this sense at least would be in accor-
dance with the recommendations elaborated by Guggenhebm(§§)~ It
may be called the local equilibrium approach and may be summarized
as follows.

The electrochemical condition at each point in the medium--
i.e., the concentrations and mobilities of its constituent ions
and electrons--is determined by the prevailing chemical potentials
or activities of the constituent "atoms", which are neutral. Ac-
cordingly, point-~to-point variations in the medium are most meaning-
fully characterized either in terms of voltage profiles or in terms
of chemical potential (activity) profiles of the appropriate neu-
tral species or in terms of both. That is, only voltages (electric
potential differences operating on ions and electrons) and che-
mical potential differences for neutral species (not those for
the ions) are amenable to direct measurement and control(19,35,36).
Thus, even though the electrochemical potential profiles and gra-
dients for ions and electrons arise quite naturally from the basic
flux equations given later, they are to be eliminated in favor of
their more measurable counterparts. This elimination process is
effected by assuming local equilibrium for internal dissocation re-
actions and proceeds along the following lines.

If Z; is the valence of ionic species i in the medium, the i-
type ions and electrons may be related to the appropriate neutral
species, but equilibrium of the following dissociation reaction

must be presumed
Z.

ifor % i,)—»i Ty Z e 22

Formally, this prototype reaction serves for cations as well as
anions. Cations by definition always have positive Z values and
derive from metal atoms. As an example of this, the following
reaction, which would apply to the zirconium constituent in the
well known solid electrolyte calcia-stabilized zirconia (CSZ),
may be cited

+.
Zr —» 2Y 4 + 4e 23

Anions, on the other hand, always have negative Z values; hence
Equation 22 applied to the oxygen ion constituent of CSZ yields
(1/2)05 > 0~2 - 2e. However, transposing the =-2e yields the more
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familiar form

%0, + 2e- 072 24

By assuming local equilibrium of the dissociation reactions,
a zero free energy condition results which relates the local che-
mical potential of the neutral species to the charged species ac-
tually present. Thus, local equilibrium of reaction(22) implies
the following generalized free energy equality

U, =N, + zZ.N 25

Note that Equation 25 embraces as special cases the zirconium and
oxygen examples mentioned earlier. In particular we have

H = nzg4 + 4ne 26

Zr

and

%uoz + 2ne = no—2 27

Thus the single relation, Equation 25, can indeed be used to
eliminate electrochemical potential differences for both cations
and anions. One is then left with chemical potential differences
for neutral species (which are measurable) and electrochemical po-
tential differences for electrons which are directly related to
measurable voltages Vi, as follows (19,24,37,38)

" 1] _ -

Ne = Mg = ZFV, = -FV, 28
where Zg is -1 and, again, F is the Faraday. Certain precautions
are necessary, however, because the leads to the measuring device
must be good electronic conductors and must be identical in che-
mical composition (35,37,38). 1Identical composition is also re-
quired to avoid the thermocouple emfs that can arise when the cell
and measuring instruments are at different temperatures.

. By combining Equations25 and 28, the electrochemical potential
ny - ni for i-type ions may be written in the following abbreviated
form

T
- = - .-V 29
g - Ny o= ZFLY, - v
where for convenience, the abbreviated symbol Vi has been substi-
tuted to save writing out the chemical potential differences for
the corresponding neutral atoms. For monoatomic species, the sub-
stitutional relation employed is

v, =7y - w1 /7. F 30
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but again if the neutral species is ordinarily a dimer gas such as
05, Cly...etc., then V; is given by
n ¥ - RT " T
v = h(ep, - wiy ) /2F = -y Zr ln[Pi/Pizl 31

The quantity V; is of fundamental importance and will be referred
to hereafter as the thermodynamic voltage for species i--it re-
presents the chemical driving force or affinity which acts to
drive the i-type ions through the medium. Like Vi, Vi has units
of volts.

It is worth digressing here to point out some important points.
First of all it should be noted that differences or gradients in
ni are a measure of the overall or combined "“driving force" for
migration of the i type particles. However, in view of Equation 29,
we see that this overall "force™ has two parts: A chemical gra-
dient part arising from the V; term and an electric field compo-
nent arising from differences or gradients in V;. In almost all
cases of practical interest these two parts oppose each other and
the direction of net migration is determined by whichever is the
stronger force. 1In electrolysis (charging mode) the Vi, gradient
is stronger whereas in the discharge mode the chemical driving
forces prevail. And for mulficomponent electrolytes it is most
important to realize that some species may be undergoing electro-
lysis while others are simultaneously discharging in the same cell!
This possibility has profound implications for the performance
characteristics and efficiencies of practical electrochemical de-
vices of all types.

If the cell electrodes have a virtually infinite capacity,
the endpoint values of Hi, will not drift towards each other to
any significant extent even under constant load when ionic per- -
meation is taking place through the electrolyte. To simulate this
condition Vi is thought of as a fixed qguantity as if it were a
battery voltage. For example, coexistence metal, metal oxide elec-
trodes in an oxide so0lid electroltye cell, would function in this
way. However, if the electrode chambers are of very limited ca-
pacity, the endpoint chemical potentials will vary as ions pass
through the electrolyte. The "thermodynamic voltage" Vj changes
accordingly and in this sense Vi acts more like a capacitor than
a battery. 1In such cases, we might wish to show a capacitor in
the equivalent circuit to emphasize the variable nature of Vi. When
vy, overpowers Vi, i ions are forced backwards; that is, from the
low to the high chemical potential sides and Vj builds up in value
much as if it were a real capacitor being charged by a battery.
and of course when Vi overpowers Vy,ions flow from the high
chemical potential side to the low and Vj drops as the electrode
inventories approach each other.

In contrast to the ionic species, the thermodynamic voltage
for electrons always remains at zero. Their state of charge is
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not altered by merely passing through an electrolyte/electrode
interface and also unlike the ions, there is no neutral counterpart
to an electron. This is taken into account by always setting Ve

to zero in any electronic branch of an equivalent circuit.

Steady State Migration Fluxes in Multicomponent Electrolytes and
the Central Problem with Closed Circuit Theory

The flux of charged species i past any point x in an electro-
lytic medium is taken to be proportional to the magnitude of the
prevailing electrochemical potential gradient vn; . with flow di-
rected down that gradient. However, it is more useful in the pre-
sent approach to work with the electrical current due to species
i. This current I; is internal to the electrolyte and thus can
not be measured separately; but the following formula for I; can
be inferred from the diffusion flux

i i
I. = ~A ——Vn. = -A — [V -
n :\ [vv, W 32

Here, A is the cross-sectional area perpendicular to the flow di-
rection, F is the Faraday, and oj is the specific electrical con-
ductivity (in the appropriate units) for the charged species in
question. Writing the constant of proportionality in terms of o5
is somewhat arbitrary, but it is certainly not without precedent
(19,24). Nevertheless, it is worth noting that the absolute mobi-
lity, the electric mobility, the diffusivity or the transference
number-total conductivity product may replace oj as the transport
parameter of central interest, and such alternatives are sometimes
used.

After steady state sets in, Equation 32 becomes constant be-
cause Ij--the current carried by each species i--must be invariant
from point to point along the direction of flow. Then the follow-
ing operations are carried out to get the important result of Equa-
tion 33 below: Equation 32 is first solved for Vnji, then it is
integrated from O to L to get n! - ni in terms of Ij. Next Equa-
tion 29 is used to eliminate n? ~ ni and the result is solved for
the constant I;. The final result of all this is

I, =6, [vi - VL] 33

where Gj here is simply the reciprocal of Rj which in turn is the
total series resistance presented by the cell to species i. Thus
Gi i1s the macroscopic conductance for species i according to the

formula
O | R "
0 o, (x) Alx) i
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Since planar geometry is assumed here, A(x) may be replaced by a
constant; however, other geometries could be considered by merely
employing the appropriate A(x) dependence.

Of course the dependence of o; on x is also required if the
integral in Equation 34 is to be evaluated. But determining that
dependence is such a complicated matter that no solution can be
given here at least for the most general case. For this reason,
this matter of evaluating the conductance term G; defined in
Equation 34 is the single most difficult problem here and it al-
ways arises when one tries to extend the theory of mixed conduc-
tion to non-open circuit conditions. 1In particular we must not
only know how oj depends on the chemical potential of i or partial
pressure or activity but in addition he must also determine the
chemical potential profile. But even worse than that, this pro-
file will in general vary depending on the load conditions. This
introduces a troblesome non=-linearity into the theory, because we
cannot rule out the possibility that the conductances Gi are vol-
tage or current dependent. The problem of evaluating Gi can be
solved only in special situations where the conductivity properties
of the solid electrolyte are presumed to be known functions of
temperature and partial pressure Py,.

It may be helpful at this point to explain why the formidable
"central problem" discussed above doesn't show up in the tradi-
tional theory of mixed conduction as developed by Wagner. He
only treats two situations: ion blocking electrode conditons and
open circuit conditions. When the electrodes are ion blocking, Ij
vanishes in Equation 32 (for each ionic species) in which case
Equation 32 is easy to integrate.

In open circuit situations, the sum of all the I;i's vanishes
and, though the integration is not quite as simple as for the ion
blocking case, still a closed form integral relation can be de-
rived which holds for a wide variety of solid mixed conductors.

In fact the formula that results in this way is Wagner's well known
open circuit emf formula (Equation 31l in part one) and applies to
any binary (two component) mixed conducting compound.

Returning to the main thread here, we note that Equations 33
and 34 apply to each mobile species individually; however, in all
cases of practical interest simultaneous migration of more than
one species must be considered. This is especially true in the
case of multicomponent electrolytes in which many kinds of ions
may be mobile. But if several species are in motion they merely
make simultaneous contributions to the current exchanged with the
external circuit. The relative contribution of each will depend
on the ease of transport in the elctrolyte, i.e., on Gj and on the
chemical and electrical potential gradients which act on it. But
these matters are better discussed in terms of the extended equi-
valent circuit approach which will now be developed.
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Equivalent Circuit Relations

It is fruitful to reconsider all the foregoing notions in
conjunction with the simple dc circuit analog shown in Figure 6.
The k parallel branches in the circuit model automatically account
for the simulataneous contributions made by all the ion species to
the external (load) current I;. To minimize confusion, all cur-
rents (including I;) are considered positive if they are directed
to the right in the cell, and vy, as well as any thermodynamic vol-
tage is positive if its positive terminal is to the right (toward
x = L) in Figure 6. Confusion about the direction of species mi-
gration in relation to the sign of its charge can be greatly re-
duced by focusing only on the currents (rather than the diffusion
fluxes) because the signs and directions of currents and voltages
are easier to think out. Some would say the conventions make it
all automatic.

According to Kirchhoff's law, the load current in Figure 6 is
obtained by summing over all the parallel branches

k,e
I =L, +I,+...T +I = I 35
k,e
where I indicates that the summation on i goes from 1 through k
(all ion species) with a final term for the electron contribution
as well. This symbol is used below as well.

If we insert Equation 33 for each I; in Equation 35, collects
terms, and then notes that the same load voltage Vi--whatever that
turns out to be--is necessarily impressed on each of the parallel
branches, we can produce the following sequence

k,e k,e k,e
I, =12 Gi[vi— vil=1I GV, -V,I G

_ k,e

= G, [Z £V, - V] 36
where the k,e notation means the same as it did above. Also, to
simplify notation here, the total conductance Gp and the trans-
ference numbers tj have been introduced. They are defined as
follows:

k,e
T z i 37

and

t. 38

i Ui T

|
(9]
~
(9]

however the G; values in 37 and 38 derive from the troublesome
Equation 34, The transference number tj may be regarded as a kind
of normalized conductance or conductivity. These definitions to-
gether with Equation 36 yield
I. =6 [v-v
L T [ L] 39
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Figure 5. Schematic of a generalized electrochemical cell
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Figure 6. Direct current (dc) analog for a multicomponent mixed conducting
electrolytic cell
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where V is also a shorthand symbol. It stands for the summation
k
V==Xt V,. 40
i1

and is a quantity of considerable significance. Equation 40 should
also include a term t_ V. but this has been deleted here because
Ve is_glways zero.

Vrepresents the overall thermodynamic driving force for the
cell and is seen to be a weighted average of all the individual
thermodynamic voltages V;. The weight factors are the transfer-
ence numbers t; which means that each Vi has been weighted in
proportion to the conductance G; with the result normalized to
the total conductance of the electrolyte. To evaluate V, the
Vi's are first calculated from Equation 30 or 31. and then each
is multiplied by the corresponding transference number in order
to form the normalized weighted average of Eguation 40, A graphi-
cal interpretation for V which may prove helpful, especially to
those familiar with ternary phase diagrams, is presented in Fig-
ure 7.

With Equations 34 and 37-40, virtually all the essential pro-
perties of the electrolyte have been brought into the analysis.
However, the external circuit--the agent for exchanging charge
and energy with the cell--must also be brought in if meaningful,
performance analyses are to result.

In order to examine the performance characteristics of a cell
under load, we let the external circuit consist of a variable ohmic
resistor Ry, whose value may range anywhere from zero to infinity.
In this sense, the load conductance Gp, may be regarded as a con-
venient control parameter which permits various current-voltage
load conditons to be placed on the cell at will. Ohms law for
the external element yields

I =G 41

L LVL
which together with Equations 39 and 40 completes the basic system
of equations needed for the present analysis.

For most performance analyses, however, it is better if ex-
plicit formulas for V;, I;, and the power Wy, = I;Vy are available.
That is readily accomplished as follows: first one solves Equa-
tions 39 and 41 simultaneously for Vi, and I;, and then multiplies
the two to give Wp,. This results in the following three equations
which are parametric in Gg:

G p—
-V 42

VL= & G
L T
GL T . V 43

+l Q +[3

[
=]
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Figure 7. Ternary schematic of the overall thermodynamic voltage of an electro-
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2
G, G _2

. LT 3 "

L 2

[GL + Gyl
Equations 37-44 with Equations 30 and 31 serve as a system of
basic relationships that are quite useful for analyzing the per-
formance of a generalized electrochemical cell under various modes
of operation.

It is worth re-emphasizing, however, that the mathematical
simplicity of the equations in this system may be simplicity in
appearance only. Again, the Gy qggntities in G and in the va-
rious t; values which enter into V are not necessarily constant
in general: rather, they are apt to vary somewhat with loading
conditons as was pointed out in the discussion subsequent to Equa-
tion 34 above.

Capstone Comments

This is one of those tasks that one never really finishes.
Rather one pauses from time to time to sum up, hoping either to
continue again later or perhaps to abandon the effort for good.

In this case I hope to continue, at least for a while, and in
sunming up here, let me explain why I will only use one example
to do this but many others exist as well.

There have been cases wherein a fluoride ion solid electrolyte,
in particular CaF,, has been placed between two different metal
oxide electrodes and behaved as if it were an oxide solid electro-
lyte. That is, the emf was found to be equal to that measured pre-
vious with calcia- or yttria-stabilized zirconia! No very suit-
able explanation has been offered yet, but I think that these
findings have been published or soon will be. But if my conjec-
tures above are correct, the following explanation could be offered.

The CaF, electrolyte is capable of incorporating oxide ions
and transporting them simultaneously with, but perhaps to a much
lesser extent than, fluoride ions. Then CaF, could be thought of
as a two-anion electrolyte. Since the electrodes are reversible
and highly "buffered",as it were, with respect to oxygen, the
thermodynamic voltage Vo for oxygen acts like a stable battery
in the equivalent circuit. There is of course a fluoride ion
branch as well, but its thermodynamic voltage Vg behaves not like
a stable battery but rather like a capacitor. This is due to the
fact that fluorine inventories are not fixed by the oxide elec-
trodes and so the trace amounts that do reside therein can change
drastically as the fluoride "counter-ions" get pushed in the di-
rection opposite to the flow of oxide ions through the CaF3". In
short, the battery-like voltage Vo in the oxide-ion branch of the
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circuit charges up the capacitor-like thermodynamic voltage in the
fluoride branch until they become equal. At this time, the load
on Vo drops off considerably since it then has only to "back-pump"
the trace amounts of electrons that leak through the CaF, (the e
branch). If electronic conduction is small, as in the case here,
the steady state cell emf will virtually equal V, --as observed!

As I said this is only one example though many others could
have been given. I am presently trying to outline similar ex-
planations for other confusing drift effects in solid and molten
electrolyte devices. It simply is not appropriate here to list
the possibilities; however, I will say that some of the most
fascinating and important (but alas! most complicated and dif-
ficult) applications may be found in the area of fuel cells and
batteries. And many of these devices are based on multi-component
electrolytes.

I only hope that more progress can be realized, especially
in solving the central problem in all this which was mentioned
above, namely, that of evaluating the individual ionic conductances
and chemical potential profile in an operating cell. And of course
I hope I can be a partial contributer to such future progress. Or
better yet, that somebody in the audience will be led to contemplate
the issues I have discussed here and perhaps find a better way to
analyze mixed conduction in multicomponent electrolytes.
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Dissolution of Iron

MORRIS COHEN

National Research Council of Canada, Division of Chemistry, Ottawa, Canada

In this lecture I will deal with the mechanisms involved in
first, the dissolution or corrosion of iron and second, in the
inhibition of corrosion by the formation of various types of
oxide films. A few definitions will help to focus attention on
the specific nature of my subject.

Mechanism

1. A sequence of steps in a chemical reaction.
2. The fundamental physical processes involved in or res-
ponsible for a reaction.

Dissolution
The act or process of dissolving or breaking up.
Corrosion

Destruction of a metal by chemical or electrochemical re-
action with its environment.

Inhibitor

A chemical substance which, when added to the environment,

usually in small concentrations effectively decreases corrosion,
after concentrations.

Passivity

A metal is passive if it substantially resists corrosion in
an environment where thermodynamically there is a large free
energy decrease associated with its passage from the metallic
state to appropriate corrosion products.

Corrosion and its inhibition or passivity both involve re-
actions between the metal surface and the solution. In the case
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5. COHEN Dissolution of Iron 127

of corrosion the reaction products are either soluble or form
solids which are either loose or porous and do not protect the
metal. In the first part of this presentation I will deal with
conditions in which corrosion of iron continues while in the last
part I will outline some of the mechanisms for the formation of
solid protective films which can lead to both anodic passivity
and inhibition.

Surface of Metal

Metals normally exist as polycrystalline solids in which the
atoms are arranged in a manner characteristic of the metal. The
atoms in iron are arranged in a cubic array, (i.e.) the metal is
composed of groups of cubic cells in which there are iron atoms
at each corner of the cube and one in the middle. Large groups
of these form crystals which join with some misfit at grain
boundaries to make up the body of the metal. Aside from these
grain boundaries other imperfections in the solid can be subgrain
boundaries, dislocations, vacancies and either segregated or
soluble impurities. Of course, all of these imperfections show
up at the surface and affect the manner in which the iron will
react. Some of these imperfections are shown in Figure 1. In
this figure one can see ledges, impurity atoms, vacancies where
an atom is missing and a kink step which results from the emer-
gence at the surface of a dislocation. These imperfections will
all have different reactivities and at near equilibrium con-~
ditions, will react at quite different rates. Under conditions
far from equilibrium, such as in electropolishing the imper-
fections will have very little influence on dissolution rate and
smoothing takes place. Under etching conditions both the effects
of imperfections and crystal structure can be observed. This is
shown in Figure 2 for iron electrolytically dissolved in per-
chloric-acetic acid in the etching region. On different grains
one can observe either triangular or tetragonal pits, depending
on the orientation of the grain.

Aside from basic structural imperfections the dissolution
rate and mechanism can be markedly affected by both bulk and sur-
face impurities. Some surface impurities may act as preferred
sites for hydrogen atom recombination and hydrogen evolution and
hence increase the rate of dissolution. Others may act to poison
the hydrogen re-combination reaction and lead to hydrogen dis-
solution followed by embrittlement and cracking. Some bulk im-
purities act as nucleating points for hydrogen atom recombin-
ation and lead to blistering. Carbon in iron is a hardener and
makes iron more susceptible to stress-corrosion cracking. These
effects make it necessary to study both the surface and bulk
composition of the iron in order to predict its corrosion be-
havior.
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Figure 1. Imperfections on solid sur-
faces

Figure 2. Geometric pitting and grain boundary etching in anodic dissolution,
original mag. X 30,000
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Solution Composition

The second reactant in the dissolution or corrosion system
is the solution. In most cases this is basically water contain-
ing dissolved substances which ionize more or less to cations and
anions. The solution may also contain dissolved gases such as
0,, Hy, or CO,. These constituents of the aqueous system can
affect the corrosion rate in a variety of ways. O in small
amounts may act to increase the rate of corrosion and in suffi-
ciently high concentrations to inhibit it. In the presence of
chloride ions, pits tend to go acid with a consequent increased
rate of dissolution of the iron. Some metal ions such as copper,
plate out on the iron surface by an exchange reaction and increase
the corrosion rate by acting as hydrogen depolarizers. Com-
plexing agents increase the reaction by lowering the effective
concentration of the dissolved ferrous ions. Other constituents,
such as organic amines may adsorb on the surface and slow down
the rate of solution. Others, oxidizing agents, such as chromate
or molybdate, help to form protective oxide films and inhibit the
dissolution reaction. Hence a knowledge of the effects of
various possible constituents of solutions is necessary before
predicting the corrosion behavior of iron.

Application of Thermodynamics

With sufficient thermodynamic and equilibrium data it is
possible to predict whether or not a dissolution reaction will
take place. Also with a knowledge of the free energy change
for a reaction one can calculate the potential E at which the
reaction will occur from the relationships

AG = nFE,

aF

RT log Concentration

and E = E, +
where AG is the free energy change for the reaction, n is the
number of electrons involved, F is the Faraday and E, is the Stan-
dard Potential.

Using these considerations, M. Pourbaix and co-workers at
CEBELCOR constructed "equilibrium" potential-pH diagrams showing
some of the stable phases for iron in aqueous solutions.(l) By
further assuming that the formation of a stable solid oxide would
lead to stifling of corrosion (passivity), he simplified the dia-
gram for iron to that shown in Fig. 3. In this diagram areas of
pH and potential are designated by the terms Immunity, Corrosion
and Passivation. In the area labeled Immunity any ferrous ions
in solution would be plated back on the metal (i.e.) iron is
thermodynamically stable in water in this region. In the area
labelled corrosion the corrosion product is either ferrous or
ferric ion in solution. In the area labelled passivation the iron
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is supposed to be covered by a solid film of Fe,0; or Fe30, which
stops corrosion completely. Dashed line (b) is the equilibrium
potential for 0, and (d) for H,.

The Pourbaix diagram, within its assumptions gives a good
general picture of iron corrosion behavior. However it cannot be
applied to specific situations for a number of reasons. Iron can
form a large number of solid corrosion products with water in-
cluding hydrated and anhydrous oxides as well as ill-defined gels
and amorphous products. Some of these may form protective coat-
ings while others will not. The solid products formed may be
porous and lead to pitting, cracking, etc. We must always rem-
ember that in all regions other than that labelled immunity the
iron is thermodynamically unstable and in the long run nature will
have its way and the metal will corrode.

The addition of other ions to the solution, while probably
having a small effect on the overall thermodynamics of the sit-
uation can have a very large effect on the kinetics and hence
on the kinetics of dissolution or corrosion. They may, as in the
case of chlorides, lead to localized attack by breakdown of pro-
tective films. In this way although the most of the metal surface
follows the behavior predicted by the Pourbaix diagram, disso-
lution at confined areas leads to failure by pitting or cracking.

The Pourbaix diagrams also tell one very little about
mechanism of reaction, kinetics of reaction or inhibition of re-
action. These aspects will be dealt with in the rest of this
chapter.

Electrochemistry and Corrosion

Materials can dissolve by direct dissolution or by separate
steps. An example of the former is the dissolution of sugar in
water and of the latter the corrosion of iron in aqueous solutions.
Direct dissolution or iron may occur in some organic solvents
and in the presence of some constituents in aqueous solutions.

In most aqueous corrosion systems iron (and most other metals)
goes into solution via an electrochemical process in which there
are separate anodes and cathodes. In a de-aerated solution the
separate reactions are

Fe——————»Fe2+ + 2e (anode)
2H + Ze——————»Hz (cathode)

In the presence of oxygen the overall cathodic reaction is

0, + 2H,0 + 4e — 40H (cathode)

If we measure the potential of the dissolving iron,we will
not obtain an equilibrium potential (as in the Pourbaix diagram)
but a value somewhere between the anodic and cathodic potentials.
This number will depend on such factors as how the potentials
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change with current, (i.e) the slopes of the polarization curves,
the various resistances in the system, and diffusion of reactants
and reaction products. With iron the slope of the anodic polari-
zation curve is considered to be much less than that of the
cathodic curves. With these considerations in mind U.R. Evans
suggested what are now known as the Evans' diagrams to describe
the electrochemical mechanism of corrosion. Typical curves for
iron are shown in Figure 4, (2).

In Figure 4 the top curves with the downward slopes are for
cathodic reactions. In 4(a) are shown curves for anodic and
cathodic reaction which are only controlled by activation polari-
zation. A typical example is a well stirred acid solution. The
top cathodic curve is for oxygen and the lower one for hydrogen.
Obviously the possible corrosion rate in the presence of oxygen
is higher than that in the presence of hydrogen only. Because
of this oxygen is sometimes called a good cathodic depolarizer.
In 4(b) and 4(c) are shown the effects of polarization due to
diffusion control. In (b) excess cathodic polarization may be
caused by a low concentration of oxygen from the bulk of the
solution. In (c¢) high anodic polarization may be caused by slow
diffusion of ferrous ions away from the anode. With both (b) and
(¢), the polarization curves and hence the dissolution rate will
be highly dependent on concentration and stirring. With (¢) iron
ion complexing agent will also markedly affect the rate of dis-
solution by increasing the diffusion rate by increasing the con-
centration gradient.

The polarization curves shown in 4(d) are typical of systems
in which anodes and cathodes are separated by corrosion products
and/or solutions of some resistance. The corrosion rate (current
density) depends on the average resistance between the anodes and
cathodes and the potential which is measured depends on the
position of the probe electrode in relation to the resistance
separating the anode and cathode., In a corroding system of this
type there is a current flowing through the solution which can be
calculated by measuring the potential differences between two
spaced electrodes in the solution and the resistance of the
solution. Evans and his co-workers did this with iron in bicar-
bonate solutions and showed that all the corrosion could be
accounted for by the currents flowing between anodes and cathodes,
(3). This confirmed the electrochemical mechanism of corrosion.

Mechanisms of Reactions

Although the overall anodic and cathodic reactions are those
given in Equations 1-3,it is usually considered that the reactions
take place in a series of steps, one of which is the Rate Deter-
mining Step., The most widely accepted anodic scheme is that pro-
posed by Kelly (4) and is particularly applicable in acid solu-
tions. The reaction steps are as follows.
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Figure 3. Pourbaix diagram for iron in water
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Figure 4. Evans-type polarization curves: (a) anodic curve intersecting two pos-

sible cathode reactions; (b) diffusion control of cathodic reaction; (c) diffusion

control of anodic reaction; and (d) resistance polarization, measure E will depend
on where probe is in relation to anode and cathode
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Fe + Hzof::::;Fe(HZO) adsorbed

Fe (H,0)ads ™ —Fe (OH )ads + H'

Fe(OH )ads™——(FeOH)ads + e

Fe(OH)ads — > (FeOH)* + e RDS

(FeOH)* + H == e’ + H,0
This mechanism postulates that the electron transfer step takes
place in two stages with the oxidation of (FeOH)ads being the
rate determining step(RDS).

In the presence of halides there is a change in mechanism
and Lorenz (5) has suggested the following steps.

Fe + H..O ¥——, Fe(HZO)ads

2
+ X = T+
Fe(HZO)ads X == +FeXadS H,0
Fex; gt OH————FeOH + X~ + 2e RDS
Feoht + HY == pe!’ + H,0

Here the oxidation involves an adsorbed halide iron-surface metal
atom complex. In both cases oxidation is to ferrous ion in
solution. The final concentration of FeOH' and Fett is strongly
pH dependent., The two ions will only be stable in acid or oxygen-
free systems. In the presence of oxidants the Fett will be oxi-
dized to various insoluble ferric compounds such as Fe30,.
Fe 03 and the hydrated oxides, o, 8 and Y FeO(OH).

The two main cathodic reactions involved in dissolution
(and corrosion) reactions are the reduction of HY to H, and the

reduction of dissolved 0, to OH”. The following reaction schemes
are the ones which have been postulated.
H' Reduction
i +e®=— 6H)
ads -
or HZO +e —— H + OH 1(a)
ads aq
H+H — H 2
+ — 2
H + Hads + e —> H 3
aq — 2 -
H20 + Hads + e —_— H2 + OHaq. 3(a)

(1) and (3) will predominate over 1(a) and 3(a) at low ph's. The
rate determining step depends in part on the catalytic properties
of the surface. This is particularly true for the recombination
reactions (2) and 3 or 3(a). In some cases the recombination re~
action is more difficult than dissolution of atomic hydrogen into
the metal and an alternative reaction
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H— H 4

ads metal (4)

becomes a predominant reaction. If catalytic sites for hydrogen
atom recombination exist within the metal, such as inclusions,
then hydrogen gas is formed in the metal and blistering and rup-
ture can occur,

0, Reduction

2
_— — -—
0, +e — 0, ads.
2 2
+ — +
0, + H — HO, ads. 0, + 2H + 2e
- — -
HO, + e” —— HO, -
- +
HOp + H 1,05 aq >Ho0,.
J 272
Hy0004s 7 © OH + H™ H,0, + 21 + 2e
OH + e — OH™ -
OH™ + 4H' + 4e — 2H20.. —2H,0.

0, + 4 + he—— 2H,0.
H202 has been identified as a transient species. These reactions
are all quite rapid in comparison to the hydrogen evolution re-
action and hence the oxygen is a better cathodic depolarizer
than Ht ion.

Kinetics of Dissolution

The rates of both chemical and electrochemical reactions are
affected by the availability of the reactants and products, and
hence their concentrations and rates of diffusion, and by a term
known as the activation energy for the reaction. The rate of an
electrochemical reaction can also be affected by the various re-
sistances in the system.,

If we can set up a system in which the reaction is not con-
trolled by either diffusion or resistance, the rate of the re-
action will be determined by the activation over~potential. This
follows from the Arrhenius equation which states that

k = A exp (-AG*/RT)
where k is the reaction rate, A is a constant, AG* is the activa-
tion energy, R the gas constant and T the absolute temperature.

As pointed out earlier AG* can be related to potential by the re-
relation

AG* = nFAE*
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where AE* is the Activation overpotential. The application of a
potential to the electrode will therefore increase the rate of
either the forward or reverse reaction.

A schematic activation energy diagram for a reaction is
shown in Fig. 5. The dotted line represents the equilibrium
state and the solid line a polarized state due to an applied
potential. In the equilibrium state

_AG:
1, = A e x7
AG:
ic = Ac € RT
where subscripts a and c are anodic and cathodic and i =i =1

- where 1_ is the exchange current. When a potential 2
E is applged in an anodic direction then

*
- (AGa-nFE)

hen Ai = +
then 1a Aa e RT )

—(AGe+(1-0) nFE)
RT

)

and Ai A e (
c c
where 0 is the proportion of the applied potential which is
effective at the anode. As a rule o = 0.5. The effect of the
applied anodic potential is to increase ia and decrease i.. For
the total current we must add i;. However at sufficiently high
overpotentials both i. and i, become small in relation to i; and

E=a+b log i. (Tafel equation).

Some of these relationships are illustrated graphically in
Figure 6. E; is the equilibrium potential. At sufficiently
high overpotentials a straight line Tafel region is observed.

At higher applied potentials current may become independent of
potential because of diffusion control or may fall off the
straight line due to resistance polarization. In the anodic re-
action this is usually due to the formation of films on the sur-
face of the metal.

These concepts can be applied quite directly to the corro-
sion behavior of iron. The effect of diffusion control on the
corrosion rate was shown in the Evans Diagrams (b) and (c¢) of
Figure 4. 1In the cathodic case the current becomes constant over
a wide range of potentials because of control by the rate of
diffusion of the reactant oxygen gas to the cathode. The anodic
reaction can be dependent on the rate of diffusion of Fett from
the anode. The rates in both cases can be increased by stirring.
The rate of Fe'™ fon removal from the anode can also be in-
creased by the presence of complexing agents in the solution.
This effect will be illustrated later on with inhibitors.
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Figure 5. Activation energy diagrams for metal dissolution reaction. Equilib-
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Figure 6. Polarization curves for anodic reactions
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The effect of the formation of films under some anodic
conditions has been known and studied for many years. Muller (6)
observed that at high applied potentials salt films could form
at the anode which would reduce the current density. When these
films diffused away, the current rose again. This is a case of
intermittent resistance polarization. In some solutions it is
possible to stop iron from dissolving under some conditions. Two
of these sets of conditions are illustrated in Fig. 7. In Fig.
7(a) the current density is raised in steps. The potential cur-
rent relationship starts out in the normal way but at a suffi-
ciently high current density a sudden discontinuity occurs in
the log i-E curve with a sharp rise of potential. At the same
time the metal stops dissolving and a second anodic reaction
such as oxygen evolution takes over. This type of behavior was
first shown by Edeleanu (J) who also suggested the use of anodic
protection to prevent corrosion. In Fig. 7(b) the potential is
raised in steps. Again, at some potential the current drops
sharply and iron stops dissolving and remains "passive' over quite
a wide range of potential. This type of behavior is characteris-
tic of iron over a wide range of pH conditions and has been
studied extensively. It is of interest not only for anodic pro-
tection but also for understanding the action of anodic inhibi-
tors. This passive condition is not something that would be
predicted from kinetic considerations and is probably due to the
formation of a solid protective phase over the iron which slows
down the reaction.

Passivation of Iron

(a) Electropolishing. The deviation from the theoretical
anodic dissolution behavior can be used to advantage in several
ways. One of these is for the electropolishing of iron. An
anodic polarization curve for iron in a perchloric-acetic acid
solution is shown in the Fig. 8. It can be seen that there are
three regions of the curve. In the first region, A, the log i-E
curve is the expected one and the iron dissolved in a general way
with macro etching. In Region B the current changes very little
with potential and the specimen smooths. This is probably due
to the formation of film which is resistant to cation movement
from the metal. At higher potentials, Region C, this film breaks
down locally and the specimen dissolves by a combination of
smoothing and pitting. Region B can be considered as a region of
passivation in that the dissolution is less than would be ex-
pected from the overpotential. Under some conditions this anodic
dissolution can be made very small and the specimen is considered
to be anodically passivated,.

(b) Anodic Passivation. Anodic passivation can be obtained
over a wide range of pH's and in a variety of electrolytes. In
this section, however, I shall deal mainly with neutral solutions
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because, first, it is the medium in which I have done most of my
own work and second, because results in this range are most
applicable to later considerations of passivity in inorganic in-
hibitor systems.

In Fig. 9 three polarization curves for iron in buffered
sodium borate solutions are shown. In A the solution was sodium
borate-boric acid at a pH of 8.4 (8). The curve was obtained by
polarizing iron at a constant potential and measuring the current
after 20 minutes. Starting with an oxide-free specimen the
current first increases as the potential is increased, reaches a
maximum and then decreases again. There is a region of over a
volt in which iron does not dissolve, or is passive, and then the
current rises again, due mainly to oxygen evolution. In the
passive region the iron is covered by a thin film of cubic oxide
of the Y-Fe;03-Fe304 type which is probably formed by a reaction
such as

2Fe + 3H,0 -+ Fe,03 + 6H' + 6e.

This is the same type of film as is formed by the reaction of
clean iron with dry air or oxygen.

For Curve B the solution was sodium chloride-boric acid
buffered to pH 7.8. The polarization conditions were the same.
However in the presence of the chloride the maximum current be-
fore the onset of passivity was increased and the potential range
for passivity was decreased. The high currents observed in the
"passive region" were mainly due to localized attack which leads
to pitting. The major part of the surface is still covered by
the same type of iron oxide film as that found with the pure
borate buffer.

A third type of anodic polarization curve, C, is obtained
if the borate buffer solution contains Fe't ion in solution.

This may be present as an added Fett salt or due to some dis-
solution of the specimen during passivation. In this case the
passive current is again higher than in the borate buffer itself.
This is due to the anodic oxidation of the dissolved Felt at the
electrode and the consequent deposition of YFeOOH on the iron
surface. The anodic reaction is

Fe(ON)' + H,0 + FeO(OH) + 2H + e.

This deposit is formed over the oxide film as well as at pores
within the oxide film.

The dissolution of iron by corrosion processes almost always
takes place because of film breakdown and the rate of corrosion
depends not only on the thermodynamic and kinetic considerations
mentioned in the first part of this chapter but also on the fac-
tors leading to film breakdown and repair. This is the subject
of the last part of this chapter.
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Film Breakdown and Repair

When film free iron is exposed to dry air or oxygen at room
temperature,it will form a protective film of a cubic oxide of
the Fe30,-YFe,0; type which grows logarithmically to about 15-20
A° thick. This is the same type of film as is formed by anodic
passivation and by the action of certain oxidants in solution.
Under other conditions the overall composition of this cubic film
can be altered by the addition of hydrated oxides or other inso-
luble oxides, such as Cr,0;, which can change the thickness, topo-
graphy and stability of the overall film. In some cases these
impurities are present as separate inclusions within the film
leading to weakened areas at which localized breakdown may occur
or they may be on top of the cubic oxide film, such as a depo-
sited Y-FeOOH and enhance the protectiveness of the film. These
various cases are discussed in this section.

Structure of the Oxide Film

The major portion of the protective oxide film on iromn is
structurally the same whether it is grown by exposure to air,
inhibitor solutions or formed by anodic oxidation (9,10). It is
cubic in nature and grows in an epitaxial manner with the under-
lying metal. Although the oxide formed on single crystals is
highly oriented, there is some mismatch between individual cry-
stallites and the particle size is 15-30A°. The thickness of the
air-formed film at room temperature is 15-20 A°. The films
formed anodically in neutral solution can be up to 40 A° in
thickness, the thickness increasing with higher polarization
potentials. An electron diffraction pattern of the oxide on
single crystals of iron is shown in Fig. 10. This shows the very
ordered structure as well as the broadened spots due to small
particle size. The pattern is characteristic of the cubic Fe304-
YFe;0; system. This system has a constant face-centered cubic
lattice of oxygen with varying amounts of iron in both octa-
hedral and tetrahedral positions. The oxide probably varies in
composition from the metal-oxide interface to the oxide-gas or
solution interface with the YFe203 at the outside.

Under some conditions the film will contain inclusions of
other iron compounds, such as hydroxides or phosphates, and as
mentioned earlier may also have an overlay of precipitated or de-
posited compounds.

Breakdown of Films

In general, oxide films can be removed as protective layers
by chemical dissolution, undermining, or cathodic reduction.

Anhydrous oxide films are usually quite difficult to dis-
solve, The rate of solution increases with lower pH and higher
temperature. In neutral solution the rate of dissolution of the
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passive film is so slow that it is probably not a factor in the
breakdown of oxide films on iron. The hydrated oxides are more
easily dissolved, especially in slightly acid solutions and their
removable by dissolution could be a definite factor in film break-
down. If the film has pores in it which expose the metal to the
corrosive solution, the metal can dissolve both at the bottom of
the pore and between the film and the metal. This latter effect
loosens the oxide by undermining and eventually leads to its
removal. U.R. Evans took advantage of this phenomenon to strip
oxides from iron for chemical and physical examination (11). To
prevent cathodic reduction of the oxide he made the system anodic.

The major cause of removal of oxide films on iron is the
reductive dissolution of the oxides. The anodic current for the
process may be supplied by an outside source or by areas of the
metal at which iron is dissolved. In both cases the ferric oxide
is reduced to Fe++. The solubility of Fe(OH), is much higher than
either Fe,0;3, Fe30, or the FeOOH's and it dissolves. The magne-
tite component of the oxide is reduced in part to Fett and in part
to Fe metal.

The cathodic reduction of an anodically formed oxide film is
shown in Figure 11. The film was formed by anodic oxidation in
a neutral sodium borate solution. It was cathodically reduced in
the same solution, in the absence of oxygen, at 10uA/cm®. Two
major waves are observed. First the Fe,03 is reduced with almost
100% current efficiency to form dissolved Fe™ ion. The second
wave correigonds to an inefficient reduction of Fe3Oy, to form both
soluble Fe ion and metallic iron. The equations for these pro-
cesses are

1lst Arrest YFezo3 + 3H20 + 2e —— 2Fe++ + 60H 0:9)
2nd Arrest Fe,0, + 4H,0 + 8¢ — Fe + 80H (B)
Fe 0, + 4H,0 + 2e— 3Fet™ + 80H™ ©)

During the second arrest there is also considerable hydrogen evo-
lution form the alternate cathodic reaction

28 + 2 — H,.
If the reduction process is carried on for a long time,there is
also some electrodeposition of iron from Fet™ in the solution.
The major source of electrons for the cathodic reduction pro-
cess on open circuit 1s the corrosion of the iron itself. These
are supplied by the reaction

Fe——> Fe++ + 2e

The potential for this reaction is more negative than that for re-
action (A) and hence the electrons are available for the reductive
dissolution of YFe;03. On open circuilt the oxide can be removed

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



5. COHEN Dissolution of Iron 143

by a combination of reductive dissolution to open up pores and
undermining to remove the remaining Fe;0, and unreduced film.

The rates of dissolution of Fe30, and the hydrated oxides
both increase quite quickly with decrease in pH. Hence breakdown
of films is more rapid in acid solutions. It is also more rapid
in solutions containing ions which lead to acid formation in the
anodic pores. Chloride ion is the most damaging of this type of
ion although sulphates are also destructive. The iron chloride
salts which form during corrosion in the pores hydrolyse to give
precipitated iron salts and acid. Chloride may also act
somewhat like a complexing agent to increase the corrosion rate.
The effect of various ions on film breakdown was recently dis-
cussed at a symposium on passivity (12).

Inhibition of Corrosion

Inhibitors can slow down the corrosion rate by interfering
with either the anodic or cathodic reactions. The cathodic in-
hibitors can be effective by either poisoning the surface for hy-
drogen evolution and/or oxygen reduction or by increasing elec~-
tronic resistance. Some examples are zinc salts which form pre-
cipitates, adsorbing organic substances and possibly the poly-
phosphates under some conditions. The discussion in this lecture
will deal mainly with anodic inhibitors. These act by interfering
with the anodic dissolution~process by assisting in the formation
and preservation of an oxide film, similar to that produced during
anodic oxidation of iron.

Anodic Inhibitors

The anodic inhibitors are usually inorganic salts which,
above a minimum concentration decrease corrosion to a negligible
amount. A typical concentration versus weight-loss curve is shown
for sodium nitrite in Figure 12. In the absence of inhibitor or
very low concentrations the corrosion is localized and takes the
form of pitting. At sufficiently high concentration the iron is
completely protected. This phenomenon of pitting at concentrat-
ions just below that required for inhibition is important and must
be taken into account when anodic inhibitors are used. The con-
centration of inhibitor required to stop corrosion is dependent on
the composition of the solution and is usually decreased by the
presence of oxygen and increased by additions of chloride or
complexing agents. The effect of a strong complexing agent, ver-
sene, is shown in Figure 13. The time required to achieve inhi-
bition, as measured by the attainment of a passive potential is
increased as the concentration of complexing agent is increased.
The complexing agent keeps the iron in solution and prevents the
repair of pores by deposition of ferric salts.

The close connection between potential and corrosion is shown

by the two sets of graphs in Figure 14. Here one can see, that
for iron in phosphate solution in the presence of oxygen, the time
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at which the potential rises to the passive region is also the
time at which corrosion ceases. In the absence of oxygen corro-
sion continues and the potential remains in the active region.

The necessity for the presence of oxygen for inhibition is
common to a large number of inorganic substances. In general
these are non-oxidizing salts which have some buffering capacity
in the neutral region. There is also a group of anodic inhibi-
tors which are oxidizing agents and inhibit in both the presence
and absence of oxygen. The oxidizing agents inhibit at a much
lower concentration than the non-oxidizing agents in the presence
of oxygen (13). This is shown in Figure 15. Potential time cur-
ves for the same series of inhibitors are shown in this Figure.
The potentials for the non-oxidizing inhibitors in the absence of
oxygen reach a steady value for irom in a saturated solution of
Fe't at a concentration characteristic of the pH of the salt
solution. The potential of the oxidizing inhibitors is somewhat
higher and with sufficient time goes into the passive region-
characteristic of oxide-covered metal. Sodium chromate is not
shown in this Figure, but the potential of iron in de-aerated
solution goes into the passive region very rapidly. Until re-
cently chromate was the preferred inhibitor for many applications.
However chromate is undesirable from an environmental standpoint
and there is renewed research and development in the use of nit-
rite, molybdate and small concentrations of phosphate.

There is another group of inhibitors which act by adsorption
onto either the metal or the oxide. These are usually organic
materials and the most effective are either alcohols or amines.
They are mainly used in specialized applications such as inhibi-
tion of acid corrosion during pickling or in mitigation of corro-
sion in acid oil wells. The exact action of these inhibitors is
beyond the scope of this chapter but they are discussed by
Hackerman and others (14). Some buffering inhibitors, such as
sodium benzoate may also act by adsorption on the surface.

Localized Corrosion

In the discussion to this point we have noted three cases
where the corrosion occurred in a localized manner via pitting.
These were in an electropolishing solution at a current density
(and potential) higher than in the polishing region, in a borate
buffer solution containing chloride at a potential a few hundred
millivolts higher than the passivation potential, and in inhibitor
solutions at just below the concentration of inhibitor required to
prevent corrosion. In all of these examples the major portion of
the specimen is covered with the usual Fej0, - YFe,0; type of pro-
tective film and corrosion is concentrated at pores within this
film. The corrosion at the anodic pores is accelerated by the
large area covered by protective film acting as a cathode., This
breakdown of the protective film at isolated areas is an important
factor in two of the most damaging types of corrosion failure,
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namely the perforation of metal by pitting and stress corrosion
cracking.

Examples of pitting in phosphate solutions with different
chloride contents are shown in Figure 16. Two things are evident.
First, the larger the chloride concentration the larger the pits.
Second, the number of pits is dependent on the grain structure.
This latter fact would indicate that the perfection of the oxide
is partially dependent on the metal orientation. The dependence
of pit behavior on stirring of the solution is shown in Figure 17.
Here one can see that stirring causes an increase in the potential
of iron in nitrite solutions. This is probably due to the lower-
ing of cathodic polarization by increasing the rate of oxygen and
nitrite arrival at the cathode. This increase in cathodic cur-
ent appears to aid the repair of the pore. In contrast to this
behavior, stirring decreases the potential of the pitted speci-
men in phosphate solution. This indicates that stirring leads to
depolarization of the anodic areas, possibly by removing corro-
sion products at the pits. Recovery with phosphate is slow. In
general, the potentials with phosphate are lower than with nit-
rite, indicating a large proportion of active areas and hence a
mixed potential which is closer to that of the anode.

Stress corrosion cracking also involves localized breakdown
of the protective film. The corrosion is narrowly confined with-
in the metal due to stress factors which may arise from either
residual internal stress or applied external stress. In some
cases the stress failure can be accelerated by chemical factors,
such as surface adsorption or hydrogen dissolution from cathodic
hydrogen leading to embrittlement.

Localized film breakdown can result from a number of causes.
Chemical and physical inhomogeneities within the film are the
usual reasons although breakdown can also occur by stresses set
up within the film either by poor epitaxial fit of the oxide to
the metal, or as Sato (15) has suggested by equivalent condenser
pressure during anodic growth of the film. Vermilyea (16) has
shown current increases due to the cracking and repair of films
during stretching of passivated iron wires. The role of stress
is still a subject of active research.

Some of the reactions which can take place at imperfections
in films and which can lead to either dissolution or film repair
are shown in the final figure, Figure 18, Here a specimen covered
with an oxide film with pores or imperfections is shown. A number
of different reactions can take place both at the pores and on
the oxide surface. 1In general the reactions at the pores re-
present either anodic or dissolution processes, while those on the
oxide surface are cathodic in nature. Reaction 1 coupled with
reactions (6) or (7) represents the standard dissolution process.
This can be accelerated by a number of factors such as lowered
pH, presence of chloride and complexing agents. Reaction (1)
coupled with reaction (8) gives both dissolution and removal of
the protective film, which will then lead to accelerated dis-
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a b

Corrosion

Figure 16. Pitting in phosphate~chloride solutions, 1000 ppm Na,HPO,; (a) 100
ppm Cl, (b) 10 ppm Cl (17)

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



COHEN Dissolution of Iron 151

0.12
0.08
2
3
> 004}
4
g
g o
w
5
g -0.04r-
w
8
E -0.08n
8 A
-0.12)-
o B
-0.16 B
I ] ) | ]
[¢] 10 20 30 40 50
TIME, hr

Corrosion

Figure 17. Effect of stirring on potential of iron in chloride and inhibitor solu-
tion: (A) started bubbling; (B) stopped bubbling; @ 1000 ppm NaNO, + 100
ppm NaCl; @ 1000 ppm Na,HPO, - 25 ppm NaCl) (17)

HO 0, No; HY OH™
c Fe** c
FeOx /] A [/ Fely %
Fe X
AT A Fe — Fe*t + 2e (1

2Fe +3H,0 —=Fep03 + 6H' + 6e (2)
Fe'*+2H,0 — FeOOH + 3H" + e (3)
4Fe +302_"2F0203 (4)

4Fe + NO; +3H'—= 2Fe,05 + NH3 +N, (5)

AT C 2HY +2¢ —H, (6)
02 +2H0 + 4¢ —— 40H™ (7)
NO, + Hy0 +e —— NHy (etc) {8)
Fep Oy +2e + 3H,0 — 2Fe** + 60H (9)

Figure 18. Reaction on film with pore
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solution. The pores can be repaired either electrochemically,

by anodic oxidation as in (2) and by anodic deposition as in

(3). It is also possible for the film to be repaired chemically
by the action of inhibitors as depicted in reactions (4) and (5).
This type of approach lends itself to a systematic treatment of
the problems of dissolution and its inhibition.
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Ferrous Passivation

V. BRUSIC
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IBM T. J. Watson Research Center, Yorktown Heights, NY 10598

The progress of civilization has been marked by an
increasing use of tools and machines. Contemporary man is
bound to lean increasingly on sophisticated computerized
mechanisms to do his work for him with tighter requirements to
function without decay over years in terrestrial atmosphere.
Materials, mainly metals, used in this fabrication must be
stable.

A piece of metal indeed remains stable for an almost
indefinite period of time provided it is stored in vacuum. In
normal terrestrial environments metals become unstable in
various ways: they develop cracks and break upon strain,
suffer fatigue when subjected to periodic stress, undergo a
process of embrittlement, as well as react with the
surroundings. With the exception of the expensive noble
metals, metallic surfaces are transformed into oxides and
salts which can peel off or just dissolve away. Yet
technology predominantly depends on these thermodynamically
unstable, corrosive, non-noble metals, the most widely used
being aluminum, copper, nickel and, of course, iron. They owe
much of their usefulness to the existence of the passive
state. The passivation phenomenon was first observed and
described by the action of nitric acid on iron centuries
ago. (1-3) From then to the present the complexity of the
problem and the practical importance of its application has
earned the attention of many scientists.

The present discussion draws particularly on studies that
have been published recently and are concerned with iron
electrodes under conditions producing passivity which are the
ones that best clarify the passivation process.

Passivation Phenomena

A) Description, Terminology and Some Practical Aspects of
Anodic Protection. Passivation can be defined as a constant
0-8412-0471-3/79/47-089-153$08.00,/0
© 1979 American Chemical Society
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slowing down of any action, process, or reaction. More
specifically the term is applied to the sometimes observed
transformation of a corroding and unstable surface to a
passive and stable surface by superimposing a double-layer
field which should accelerate the metal-dissolution reaction
rather than hinder it, i.e.,by a shift of the electrode

potential in the positive direction. This phenomenon of
enforced passivation(4) seems unnatural or at least
unexpected. Its study is facilitated by the use of a

potentiostat.

If iron is made a part of the electrochemical cell, a
test electrode, and placed in a potentiostatic circuit, Figure
1, the experimental current-potential plots show an
interesting pattern, Figure 2: with an increase of potential,
starting from the corrosion potential, the dissolution current
increases, just as expected. Metal ions go into the solution

M- M2t 4 26T (D

undergoing hydration. At still higher potentials, however,
the curve deviates from simple logarithmic dependence (Tafel
law, metal dissolution). Apparently metal dissolution is
hindered by another process, that is, the formation of a
protective film, (4) through a reaction of the type

M+H20->M—o+2H++2e” (2)
At the passivation potential V_ a limiting passivation current
i is reached and the acceleBation of metal dissolution is
equal to the retardation of the process. Above V the
current-potential curve changes direction, metal dissofution
is increasingly hindered by a process which evidently
terminates at V_, a potential of "complete passivity."
Thereafter the Bgssolution rate,i , sometimes orders of
magnitude smaller than the passivati&n current, is independent

of potential. The increase in current at some higher
potential is determined by the overpotential of oxygen
discharge, or the presence of some oxidation - reduction

system. The region is termed "transpassive."

The term "Flade potential," V , has a variety of
connotations. Many investigators, foElowing Flade's original
definition, assign this name to the potential at which an
already passivated metal begins to lose passivity.(5-7) Some
prefer to assign this term to the passivation potential V_(8)
or to V_ .(9) According to Tomashov and Charnova(4) Vv isPthe
thermodyhamic potential at which the formation of g metal
oxide becomes possible and it is lower than V_, Figure 2. As
much as possible the discussion in this papeg will refer to
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Figure 1. A potentiostatic circuit: an imposed potential difference (V*) drives
the current (1) from an auxiliary electrode to the test electrode until the potential
difference (V) becomes equal to V*
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Figure 2. A typical i~V curve on iron or steel
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the terminology given in this figure.

The definitions of the passive state are based on the
observation: a metal is passive when the amount of metal
consumed by a chemical or electrochemical reaction at a given
time is significantly less under conditions corresponding to a
higher affinity of the reaction than under the conditions
corresponding to a lower affinity (Wagner (10)), or, a metal
is in a state of improved corrosion resistance (under
conditions where, from a thermodynamical point of view, the
metal is reactive) accounted for by inhibition of the anodic
process (Tomashov (5)). Such a definition enables us, without
hypothesizing about the mnature of the oxidized state, to
distinguish between ''the passivity"” on one hand and 'the
inhibition" (and diminuation of the corrosion rate by paints
or galvanoplastic deposits) on the other. In the latter the
adsorption of the active species from the solution influences
the reaction kinetics at the metal-solution interface without
appreciably influencing the potential difference. Also this
definition differentiates clearly passivity or anodic
protection from the cathodic protection of a metal at 1low
potentials where metal is said to be "immune." As seen from
Figure 3 the metal dissolution current in the passive region,
i , to be supplied for anodic protection is usually much

sfaller than the cathodic protective current. Also the
potential region is such that there can be no hydrogen
evolution (and metal embrittlement). Figure 3 is a more

detailed version of Figure 2, indicating the location of the
corrosion potential and showing that i (or
always the difference between i and i °FP

Similar curves can be given to 11188trate some practical
aspects of iron passivation:

+ diron can be passivated by concentrated but not dilute
nitric acid (Figure 4), i.e., iron can spontaneously
passivate.

* if corroding in an electrolyte under complete
diffusion control an increase of the electrolyte velocity may
passivate the iron. The smaller the pasivation current, the
easier the passivation (Figure 5).

+ coupling with Pt may involve passivity on Ti (Figure
6) but not on iron (Figure 7) as long as its active-passive
transition range lies above the reversible hydrogen
potential.

Both theoretically and practically, however, the most
interesting aspect of the passivation phenomenon is seeking
the mechanism underlying the enforced passivation, the search
for the "cause" of passivation and fuller understanding of the
surface changes resulting in active-passive transition.

i is
measured)
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Figure 3. Effect of applied anodic and cathodic currents on the behavior of an
active—passive system
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Figure 4. Effect of oxidizer concentration on the electrochemical behavior of an
active—passive metal

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



158 CORROSION CHEMISTRY
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Figure 5. Effect of velocity on the electrochemical behavior of an active—passive
metal under diffusion control
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Figure 6. Spontaneous passivation of titanium by galvanically coupling to plati-
num
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B. Passivation Theories, Iron et al. The first theory of
passivity was suggested over a century ago when Faraday (3)
stated "my strong impression is that the surface is oxidized
....." However, the investigation of the nature of the
"passivating material" introduced the traditional polemics
between those supporting the adsorption theory and those
supporting the oxide-film theory of passivity.

The controversy 1is at least partly due to semantic
ambiguities in the description of passivating films. The
terms most often used are the following: adsorbed
(chemisorbed) oxygen and oxygen-containing species, (12)
monomolecular oxide,(13) monolayer (or less) of oxide, (14-20)
ordered, monomolecular, two-dimensional film of a definite
chemical phase,(21) three-dimensional film, (22,23) oxide not
related to any known oxide, (24) nonstoichiometric oxide, (25)
and duplex oxide.(26-29) It is not always clear what is meant
by "surface oxides™ or "surface adsorption," especially when
coverage with oxygen is less than a monolayer. In the opinion
of this author the term "adsorbed layer" should be reserved
for the situation shown in Figure 8a, characterized by the
formation of preferentially unidirectional bonding between
adsorbate (oxygen) and substrate (metal) without metal ions
leaving their lattice site.

In contrast, it is suggested that in the monomolecular
(or less) oxide layer, metal atoms have left their regular
position in the lattice (at kink sites and any other sites) to
enter together with oxygen atoms into a new, alternating
arrangement of oxygen and metal, which, even if
two-dimensional, resembles the arrangement in the formation of
the nuclei of the respective oxides (i.e., lateral bonds are
formed, Figure 8b. (30)

In the three-dimensional oxide there is a repeated
distance and symmetry relationship in a vertical dimension
also, with either a more or less continuous relationship with
the substrate (as in epitaxial film) or with a complete
misorientation, as in nonepitaxial, deposited film.

There are also scientific difficulties in approaching the
problem of the entities formed in passivation. This 1is
particularly so in the region of low electrode coverage, where
there is no possibility of clearly distinguishing between the
adsorbed or (monomolecular or less) oxide layer without an
experimental method that is sufficiently sensitive and
applicable in situ. Experimental approach to the problem was
for a long time connected with the measurement of
electrochemical parameters, which usually measured an average
current density and thus gave little information ‘about the
local current distribution, the nature and thickness of the
passive film, and the film distribution over the surface. An
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Figure 7. Increased corrosion rate of iron galvanically coupled with platinum in
air-free acid solution
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Figure 8. Characterization of passivating films; (a) adsorbed layer, (b) monomo-
lecular (or less) oxide, and (c) three-dimensional oxide
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application of mnon-electrochemical methods on the other hand
may either disturb the system under test (el. diffraction,
microscopy, Mossbauer) or be complicated in interpretation
(ellipsometry). Some other difficulties involved in this type
of experiment include a poor characterization of the surface,
its pretreatment, crystallographic orientation and topography
... and the fact that in the region of interest more than one
reaction occurs simultaneously and the kinetics parameters of
individual reactions are difficult to follow. All these
factors contributed somewhat to interpreting the passivation
of metals in terms of a wvariety of theoretical models.

1. The Adsorption Theory. The adsorption theory has
been developed by Uhlig, Frumkin, Kabanov and KXolotyrkin.
According to Kolotyrkin, (31) passivity is described as a
specific case of the widespread phenomenon of the change in
the kinetics of an electrodic reaction due to the activated
adsorption of the oxygen of water; the dissolution rate is
generally represented by

o 3
i klc exp ( RT Y v, (3)

where o 1is the transfer coefficient equal to Bz; when the
valency of the dissolving ion, z, is unity, a is equal to the
symmetry factor B, or to the fraction of the potential
available to lower the energy barrier for dissolution. The
quantity c' is the number of atoms per square centimeter, and
if with the superimposition of adsorption, c¢' changes with
potential in such a way that

a,F
c' =c¢', exp (- 2 )V (4)
0 RT

the total current becomes
(al - az)F

T 1v. (5)

. '
i klc o ©XP [

Providing that in the first stage of the passivation process
(at V_< V<V ) ¢,y >> 0 and in the second stage (at V>V_ )
a, = s thispgquatlon can explain the experimentally obserbBd
drop o% the current with potential and its independence of
potential in the passive region. The basic anodic processes,
even in the passive potential region, are direct dissolution
of the metal as one and the competitive adsorption of anions
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as another.

In Uhlig's earlier view, one of the factors determining
passivation (and chemisorption) is the ratio of the work
function to the enthalpy of sublimation AH_. 1If this ratio is
less than unity, conditions are favorable to passivation
because the electron would escape more readily than the atom,
favoring the chemisorption of substances 1like oxygen. A
passive film 1is composed, then, from chemisorbed atomic and
molecular oxygen (supplemented perhaps by OH and H,0). The
formation of chemical bonds satisfies the surface affinities
of the metal without metal atoms leaving their lattice site.

It is argued (12) that on typical transition metals (Ni,
W, Cr, Ti, Ta) the formation of such a layer (i.e., M-0-0,)
proceeds with more favorable free energy of formation than the
oxide formation, as they have unfilled d electron energy
levels leading to the formation of strong chemical bonds
between oxygen and the metal. These are the metals that
typically exhibit passivity. For nontransition metals with
filled d levels, such as copper or zinc, the heats of oxygen
adsorption are expected to be 1lower, and the formation of
oxides is less favorable. Such metals do not exhibit
thin-film passivity.

Correlation of the observed onset of Wagner's passivity
on alloys like Ni-Cu, Ni-Zn-Cu, and Cu-Ni-Al to the occupancy
of the d levels of the alloys is given in support of the
theory. According to the theory, the same type of passive
film (i.e., M-0-0,) is formed in solutions, interposing a
stable barrier between metal and electrolyte, displacing
adsorbed H,0 and increasing the activation energy for the
hydration and dissolution of the metal lattice. Such films
are assumed to decrease the exchange-current density i, and
thus to increase the polarization of the metal in the noble
direction, where more oxygen can be adsorbed, which in turn
forms nucleation of metal oxides. Thus in the passive state a
thicker oxide film may be detected.

Briefly, the theory explains the onset of passivity by
the formation of a thin adsorbed layer that either shifts the
electrode potential in the double layer or influences the
kinetics of the anodic process; that is, the important
happenings occur in the small interface region between the
metal and the solution. Kolotyrkin's theory, however, does
not define a physical reason for the change of o's with
potential. On the other hand, a chemisorbed film of M-0-0
composition in the electrolyte is not very 1likely for the
following reason: Most metals (Cr, (32) Ti, (32) Fe, (28,33)
Ni,(34)) can be passivated in a solution saturated with
deoxygenated argon - that is, with water oxygen - as long as
some water is present in the solution; (34) in such solutioms,
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the formation of molecular oxygen at low cathodic potentials
is impossible, and without its presence the total number of
millicoulombs determineg in the film (0.01 C/cm” according to
Uhlig, or 1 to 2 mC/cm” according to Nagayama and Cohen(28)
and Brusic(33) at V_ ) and recalculated into film thickness
would exceed reasonable 1limits for the adsorbed monolayer of
oxygen ions. In the usual correlation between the number o
millicoulombs and film thickness it,is assumed that 0.5 mC/cm
corresponds to the monolayer of O°  ions if each metal ion
adsorbs one oxygen ion. If the adsorbed layer has a structure
that contains both metal and oxygen ions (as suggested more
recently by Uhlig(l2) and by Garner and MacRae(35) for oxygen
adsorption and equally for the formation of the initial film
formed with the adsorption of water,(36) the resulting
passivating film is several 1layers thick - that is, a tEin
oxide 1is more 1ikely than an adsorbed multilayer of O
Finally, factors that favor adsorption may also favor the
formation of oxides.

2. The Oxide-Film Theory. The oxide-film theory
describes the state of improved corrosion resistance through
the formation of a protective film on the metal substrate;
this consists of the reaction products of the metal with its
environment. Such a film is a new phase, even if it 1is as
thin as a single monolayer.(2l) Electron diffraction (21) and
ellipsometric(33) studies give the experimental evidence for
the theory. In this case the physicochemical properties of
the metal relative to a corrosive medium depend to a large
degree on the properties of the protective film. The
properties of the film, however, are not uniquely determined.

Adherents to this theory have different opinions on the
potential at which the film forms, its thickness, the
mechanism of formation, and, most important, the 'cause" of
passivity. 1In the earlier theories it was postulated that the
passivation follows the formation of a 'primary layer" of
small conductivity, with porous character, which is sometimes
due to precipitation of metal salt on and near the
electrode.(32) In the pores the current increases, and by
polarization at an "Umschlagspotential™ (V_ = V_, Figure 1) an
actual passive layer is formed. Thus the éssenPial concept of
the passivation process is connected with the change of the
properties (chemical or physical) of the primary film at a
certain potential. The passive film is free from pores and
presents a barrier between the metal and the environment. It
is electronically conductive and slowly corrodes in
solution. (6,8,24,37)

These general ideas were further developed in detail by
Sato and Okamoto, (38,39) and Bockris, Reddy, and Rao. (40) Sato
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and Okamoto have studied the i-V curve for nickel in acid
solution and have calculated the passivation potential as a
potential for NiQ/Ni, 0 transition. This was in fair
agreement with the expefimentally observed value. The higher
valence oxide was thought to have a self-repairing ability;
that 1is, a higlier valence oxide theory of passivity was
suggested. In contrast to this higher valence oxide film, a
surface oxide film NiO has the same valency as the ions of
active dissolution; thus it has no self-repairing ability and
cannot passivate the metal. Because anodic dissolutions at
active potentials proceed at a high rate, Sato and Okamoto
have suggested that the primary film forms by a
dissolution-precipitation mechanism, although no direct
experimental evidence was offered. Bockris, Reddy, and
Rao(40) have studied the passivation of nickel in acid
solution by a combination of electrochemical methods and in
situ ellipsometry. In their view the primary oxide is
relatively thick (60 X), is formed by the precipitation, is
poorly conducting, and is transformed into well-conducting,
nonstoichiometric NiO. This transformation is thought to be
the essential step in the passivation process.

This theory, however, is not generally accepted. To
start with there is experimental evidence indicating a loss of
conductivity and the appearance of the more ordered structure
in the passivating nickel oxide. (41) Also, as pointed out by
Hoar, (14) some of the best passivating films, as those on
aluminum or tantalum, are poor electron conductors, whereas
many poorly passivating films, such as CuO or PbO,, are
excellent electron conductors. Also, it may very well %e that
the experimental results, in particular the ellipsometric
data of Bockris, et al., are in error due to the possible
influence of the continuous electrode roughening in the active
potential region (see, for example, Refs. 33 and 42). Such an
error may be the reason that the reported refraction index for
the first passivating film is unusually high (about 4.0), that
the changes of ellipsometric and coulometric data in the
passive potential region are not consistent, and that the main
indicator of the prepassive~film transition into
electronically conducting film is not trustworthy. The latter
was derived from the wvariation of the ellipsometrically
determined change of the extinction coefficient with
potential.

De Gromoboy and Shreir(43) argued in their experimental
study of nickel in sulfuric acid that higher oxides may form
directly from the metal and at the metal surface; the observed
"passivation potentials" (determined from anodic charging
curves) were found to correspond closely with the potentials

calculated for Ni + NioO, Ni - Ni304, Ni —» N1203, and
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Ni -+ NiO,, the phenomenon being sharply dependent on the
presence or absence of small concentrations of thiourea.
Similarly Arnold and Vetter(l5) suggest the direct formation
of NiO at the electrode. From the anodic charging curves
these authors have concluded that the film reaches a
monomolecular dimension at the potential of complete

passivity.
This and many other similar hypotheses can be said to
form the monolayer-oxide theories. Here the onset of

passivity is due to the formation of a single phase, an oxide,
which is very thin in this potential region (at V_,8 < 1) and
grows to a monolayer at V__.(13-18,44,45) Its foPmation is a
potential-dependent reactiBR involving the direct oxidation of
the metal by the discharge of water, which, once
thermodynamically possible, is suggested to be kinetically
easier in its crucial primary stage than is metal
dissolution. However, metal or oxide dissolution can still be
simultaneocus electrode processes. The decrease in the anodic
current is described as a result of a decrease in film-free
area or blocking of the most active, kink, sites(44) caused by
film formation and its influence on the kinetics of the anodic
reaction.

In this respect and regarding the discussion on the
initial passivations, as pointed out by an increasing number
of writers, the oxide-film and adsorption theories do not
contradict but rather supplement one another. In looking at
the primary act of passivation as the formation of a tightly
held monolayer containing oxide or hydroxide anions and metal
cations, Hoar (14) concurs with ‘'adsorptionist” Uhlig and
Frankenthal as well as "filmists' Schwabe and Arnold, Vetter
and Evans. In the formation of such a film, adsorption may,
however, play an important role. (46) Adsorption is the first
stage of the process; in an oxygen atmosphere molecular oxygen
is adsorbed, dissociated, and chemisorbed, whereas in an
aqueous solution water molecules or OH will be adsorbed and
chemisorbed (see Figure 8a). The second stage is the
intrusion of metal ions from the lattice into the adsorbed
layer (see Figure 8b), which in the third stage may grow in
the third dimension. With time and potential (at V> V_ )
oxide growth is a function of the film's ionic and electroBic
conductivity. The thickness of the film will then be further
responsible for the retardation of the anodic processes, both
growth of the oxide and anodic dissolution, since the ions
have to pass through the protective film. Thus one may speak
of a combined oxide-film- adsorption theory of passivity. (5)
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Characterization of Active and Passive State

A) Thermodynamics of the Active-Passive Transition
If faced with the task of deciding whether a particular metal
would be suitable as a fabrication material in a given
environment, one likes to know a) what kinds of spontaneously
occurring reactions are expected and b) what is the magnitude
of the rate of metal dissolution. The latter 1is the real
criterion in making the decision and is usually evaluated
through experimentation. The former provides a yes or no
answer regarding the stability of the metal and falls within
the scope of equilibrium thermodynamics.

The factors that determine whether an anode in aqueous
solution is active, passive, or brightening are (a) the
metal-solution potential difference and pH and (b) the
anion/water ratio.

1. The Metal-Solution Potential Difference. The
metal-solution potential difference, combined with the
influence of pH, determines whether the formation of
aquocations or oxide formation is the thermodynamically
prevailing possibility. Such thermodynamic data, even if
unsupplemented by information of a kinetic nature, are
usefully expressed in the graphical form devised by
Pourbaix.(11l) The Pourbaix diagram for iron is shown in Figure
9. Here, for example, one can make use of the relation
between free-energy change and equilibrium potential to obtain
free ‘energy changes for possible corrosion, i.e., iron
dissolution caused by the hydrogen evolution reaction: as the
sum of the two free energy changes yields the total free
energy change for the corrosion process

G = -nFV (6)

a diagram indicates that iron in deaerated aqueous solutions
will have a tendency to dissolve as long as the pH 1is less
than about 8.5. 1In order that oxide formation may proceed,
the anode potential must be at least as high as that for oxide
or hydroxide formation from the metal and water in the
particular solution.

If the oxide forms as a 'monolayer," there is a question
as to whether or not one can apply with some assurance these
thermodynamic data, obtained on the bulk oxides. Some
experimental evidence does indicate that for many metal-oxide
systems the free energy of formation of the first monolayer is
indeed close to that observed for the bulk phase,(47) and
hence no appreciable difference in the reversible potential
should be expected. On the other hand, Vermilyea(48) has
shown that, if the first monolayer forms by two-dimensional
nucleation, the potential of the two-dimensional-film
formation may be lower than that expected from the
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POTENTIAL

Figure 9. Pourbaix diagram for the system Fe—H,O at 25°C, taking into consid-
eration passivation by Fe(OH), and Fe,O, only and assuming a total ionic con-
centration of 10° M/L
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thermodynamics, the actual potential being dependent on the
relative values for the interfacial energies between
metal-film, film-solution, and metal-solution.

2. The Anion/Water Ratio. The second factor is
Hoar's(l4) extension of the Pourbaix diagram, shown
schematically in  Figure 10. It illustrates the joint

influence of the measurable anode potential and the
anion/water ratio, when the anions, such as halides, interact
with oxide causing its breakdown. At a low c_-/c ratio the
electrode may behave according to the appropriafé Pourbaix
diagram, showing regions of active, passive (sometimes having
more than one oxide with passivating properties), and

transpassive behavior. At higher c¢_-/c ratios the
electrode brightens (process 7), this becoming more likely at
higher potentials (process 6). Since thermodynamic data on

ion adsorption on metals and oxides are very scarce, the
diagram should be taken only as a qualitative display of
experimental results.

Thermodynamic data can, of course, give only information
on what is possible, without telling us which oxide or
hydroxide is in fact most readily formed from a number of
possible candidates that may be thermodynamically stable under
a particular set of conditions, and without telling us whether
any particular oxide is protective.

B) Experimental Approaches of Interest.

1) Electrochemical. Both galvanostatic and
potentiostatic measurements have been very useful in
characterizing passivation processes, in spite of the earlier
mentioned weaknesses in their application, especially since
they have been supplemented by other techniques, such as
potentiodynamic analysis, coulometry and ac-impedance(49-52)
investigation on either stationary or rotating electrodes.
They can indicate if a metal undergoes an active-passive
transition under the given conditions, provide the rates and
mechanisms of relevant reactions, give corrosion rates,
determine the presence  of reaction intermediates
(impedance(49)), evaluate electrode capacity, speculate on
oxide composition, (28,29,44,45,53) and detect its first

appearance(21) and thickness. (28,44)

2) Optical. At least two methods should be
mentioned: ellipsometry and photopotential measurement. Both
can be applied in situ while the metal is a part of the
electrochemical cell and under an electrochemical
investigation. Ellipsometry is based on the sensitivity with
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BRIGHTENING

POTENTIAL

PASSIVE

ACTIVE

Cx=/Chy0

Carrosion Science

Figure 10. Scheme showing anode behavior at various potentials in solutions of
various anion/water concentration ratios cx-/cuyo. The processes are as follows:
(1) anodic passivation; (1') activation—the Flade relation; (2) activation by adding
“corrosive” anions; (3) transpassivation by raising the anode potential; (3') repas-
sivation by lowering the anode potential; (4) breakdown via pitting, leading to
anodic brightening by raising the anode potential; (4') repassivation by lowering
the anode potential; (5) breakdown via pitting, leading to anodic brightening by
adding “corrosive” anions; (5’) repassivation by removing “corrosive” anions; (6)
anodic brightening by raising the anode potential in concentrated solution; (6)
anodic etching of brightening metal by lowering potential in concentrated solu-
tion; (7) anodic brightening from etching by increasing the anion concentration;
(7) anodic etching from brightening by decreasing the anion concentration (14).
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which polarized light follows the variation of surface states
of a metal. Figure 11 gives a schematic representation of the
instrument. Changes introduced by the passivation process are
measured as changes in the readings of the polarizer and
analyzer, and compared with the values for a bare substrate;
these in turn are wused to calculate the thickness and the
refractive index (composition ?) of the newly formed film.
Relative changes of 1less than 1 are detectable. The
evaluation of the absolute values, however, may not be
straightforward if the film is absorbing and its refractive
index unknowm.

The photopotential data are measured by a pulse
technique, the duration of the light pulse being
0.2 -1x 10 seg and the ratio of light to dark time

1 - 2.5 x 10 7. The oscillographic recording of the
photopotentials allows the determination of p or n-type
semiconducting properties of the surface layers. The

correlation between the oxide film characteristics and the
photopotential sign for given experimental conditions is
formulated by Rosenfeld et al.(41,54) as

2
kT [0~ ]
AV .. = —— 4n - C ¢p)
(hv) 2e [Mn+]

where k is Boltzmann's constant, T temperature, and in square
brackets are the concentrations, exceeding the stoichiometry,
of the respective ions. Positive photopotential indicates
hole conductivity. Furthermore, the specimen may be tested
with light of different wavelengths: thus it is possible to
speculate on the kind of surface product through the
approximate value of its photoelectric gap.(55)

3) Other Non-Electrochemical Methods. B. Cahan(536) is
examining the passivation of iron and ferrous alloys by a
combination of electromodulation, ellipsometry, ESCA, LEED and
Auger spectroscopy coupled with electrochemical methods. The
novelty of the _gechnique is a cell with a thin layer of
electrolyte (10 ~ cm) which will be frozen during sample
transportation from the electrochemical set-up into the Auger,
for example, and then sublimed under a very high wvacuo. 1In
this way, the errors due to air exposure will be, hopefully,
avoided. Results are not yet available.

C) Kinetics and Mechanism of Relevant Reactions -
Quantitative Evaluation of the i-V Curve, Iron
passivation has been widely studied, especially in neutral
solutions both experimentally and theoretically.
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(28,42,45,50,57~-59) Seeking to understand qualitatively and
quantitatively the processes responsible for a typical i-V
curve, two viewpoints will be brought into focus: 1) the work
of Brusic(33) and Bockris et al., (60) which gives the first
direct evaluation of the growth mechanism of the film on iron
in the active potential region and 2) the work of Ebersbach,
Schwabe and Ritter(18,19) containing the first theory that
succeeded in calculating an i-V curve (for nickel) in good
agreement with the experimental results.

1) The Model of Brusic, Bockris et al. This model
assumes, as does that of others,(18,45) that in the active
region both film formation and dissolution reactions proceed
as simultaneous processes. The advantage held here is that
many of the unknown parameters concerning the mechanism of the
film—forming reaction have been experimentally determined for
iron in borate buffer. Kinetic parameters were evaluated by a
combination of electrochemical and ellipsometric measurement
in a purified, deaerated solution, with and without stirring.
The ellipsometer was used as a quasi-automatic instrument,
recording changes with time as short as 0.0l sec. The
essential results are

« Film growth commences less than 0.01 sec after
switching on the current or potential. The growth rate is not
affected by stirring. After the first several seconds at any
one time the growth rate is independent of the potential.
Ellipsometric changes obtained in oxidation and subsequent
reduction are reversible (Figure 12).

* Change of ellipsometric parameters with potential show
two inflection points, one associated with V and the other
with a higher, passive potential, Figure 13.

- The number of millicoulombs obtained in film reduction
is always lower than the number spent in oxidation (iron
dissolution, hydrogen oxidation). For evaluation of the film
thickness the reduction charge was used, correcting for
hydrogen evolution (Figure 14).

+ The evaluated thickness at constant, active, potential
is linearly proportional to time up to about one-third of a
monolayer (up to v 0.1 sec); thereafter it is proportional to
log t (Figure 15).

+The most 1likely oxide composition and thickness
evaluated from both ellipsometric and coulometric results are
given in Figure 16 as Fe(OH), below V__ and Fe, O, above it.

The suggested mechanism, whichppyields good agreement
(qualitative and quantitative) with the observed results, is
as follows:

1. Discrete centers grow, initially two-dimensionally,
up to 307 coverage.
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T

Figure 11. Schematic of ellipsometer: (1) source of light; (2) collimator; (3) pola-
rizer; (4) compensator; specimen (S) on table (T); (5) filter; (6) analyzer; (7) light
detector

-dA°
DO HNO
T T

BEFORE | OXIDATION AT _
OXIDATION 860mV REDUCTION AT -740mV, NHE

O AREA:125cm?2
78t
52}
26f

Q(mC)

TN U LIV U U 0 O S A O O O Y T O Y
TIMER, EACH MARK REPRESENTS 5SECS

Figure 12. Laboratory record of potentiostatic oxidation at 4860 mV (she) and
reduction with simultaneous recording of ellipsometric intensity (i.e., A) and
charge. Stirred solution.
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Figure 13. Variation of A and ¥ with potential in steady state and transient (x,

0.8; 0, 0.32; A, 0.08 mA cm2) oxidation; and i-V relation in steady state oxidation.

(®,0 )Galvanostatic oxidation transients; (J.00) potentiostatic (steady state) oxi-
dation.
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Figure 14. Charge (Q) as a function of oxidation potential obtained during the
oxidation (O), reduction (X ), and reduction corrected for hydrogen (/\)
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Figure 15. (a) Increase of film thickness with time; (b) during the initial state;
and (c) with log (¢t ) at —490 mV (she)
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2. At higher coverages the growth involves a rapid
place-exchange step with a rate-determining Temkin discharge
of OH into sites where the metal is already attached to an OH
group. This initial OH group is displaced into the first
layer of metal atoms beneath the surface, forming a
two-dimensional oxide lattice. Thus the processes that
determine the i~V curve are

Fe + OH < TFeOH + e (8)
dissolution film formation
/ + - \+
FeOH +~ FeOH + e (9) FeOH Y HOFe (10)

/
FeoH' 2 Fe2+ + oH (11) HOFe + HO Fe(OH)2 + e

(12)

where Eq. (9) gives idis and Eq. (12) i £ At any time i, =
idi s + i £ The diSs6lution mechanism is basically that of
BocREis eg al.,(61) recently confirmed by Epelboin. (52)

Since, according to the determined mechanism of film
growth i__ # f(V,L) at t = const and i__. > 0 at t large, the

. f . . . .
experimenital i-V curve is largely dete¥mined by i iss® The
latter 1is calculated as a function of increasing Fe (on)
coverage from O to about 0.8 at potentials in the prepea%
region and in the regions of final covering of the electrode

by the formation of Fe,0, at potentials between V_ and V
The final rates are as %oilows: P PP
at V < Vp:

idiss = klcOH— exp (VF/RT) (13)
1. = kZBFeOH exp (FV/RT) exp (—f(OT)/RT)OH- (14)

where 0 is the electrode coverage with

T eOH,ads + eFe(OH)2 and

f(e)T N B(const + FV)
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at Vp < V<V :s8,*1

PP T
idiss = le(l - BT) exp (3FV/2RT) (15)
and
iff = sz(l - eT) exp (3FV/2RT) (16)
with
3FVt/RT
1 - eT)t = A exp [-sz e t] (17)

The theory was found to be in fair agreement with the
observed kinetics parameters such as the Tafel slope of free
dissolution of 150 mV, diff/dV = O, and the observed i-Vcurve.

Place exchange, in the formation of the first or second
layer of the film, may be relatively rapid, helped by existing
defects at the surface or by the influence of metal image
forces on the activation energy for the step. At higher film
thicknesses (thus at higher potentials) place exchange may
become a rate-determining step, or, in general, the mechanism
suggested for the prepassive potential region ceases to be
valid.

If compared with other models of iron passivation the
present model, showing clearly that an ellipsometrically
detectable phase is formed negative to the peak potential with
an effective thickness of one, perhaps two, monolayers at V
iﬁ_not _in agreement with models favoring the adsorption B
0", OH , etc. It is in agreement with a more general picture
of monomolecular oxide formation, in parallel to iron
dissolution(44) directly at the electrode surface, (14)
possibly favored by the d-character of the substrate (raction
8) . (12)

It also agrees with theories proposing the appearance of
a higher valent oxide at V >V_.(58) As for the film
composition in general, the transifion Fe.,0, ~ Fe, 0. seems to
have more supporters than the suggesgeé Fe(6H§ - Fe20
process. It remains to be determined by more direcg
experimental approaches(56) which of the two is more likely.

2) The Model of FEbersbach, Schwabe and Ritter (18,19).
It was assumed that the metal-dissolution reaction (rate i.)
and the film~forming reaction (iz) at an initially bate
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electrode can proceed simultaneously with a possibility of the
film's being dissolved by the action of the electrolyte,
especially if some adsorbable anions are present. Thus

i-= (:L1 + 12) (1 - 8) (18)
where 6, the electrode coverage, varies with time according to

dé
—_— = Cfi - 0) - -
it 012 Q ) Ko BS , 19

V,aA_,aH+

where B, the rate of oxide film degradation, is a function of

Cot according to

Mo + 28" = ¥+ H,0 (20)

and K, the rate of oxide-film degradation, is a function of
c according to

A_
MO + 24 + H,0 < MA, + 20H (21)
Then
K+ B -1
i= (i, +1i,)Q - Q +=>5—) {1 - exp[-(Ci, + K+ B)t]})
1 2 ci, 2
22
where )
0 *F 0
i, =1, exp (=7 v - VY, i = fo (23)
a,F
_ .0 2 .0 _
i, =1, exp [-——RT w - V2)] » 1,7 = ch+ s (24)
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with V. and V, being the equilibrium potentials for active
dissolution an% film formation.

The dissolution rate i, may be determined by the reaction
sequence given by Eqs. 8, 9, and 11 (Bockris' dissolution
mechanism). The mechanism of film formation, resulting in i2,
is assumed to be as follows:

M + H,0 T Mmon + Y + e, (25)
MOH + H,0 > M(OH), + a4 e” s (26)
M(OH), < MO+ HO @7

with the second electron transfer being rate determining. The
mechanism involves the direct formation of the passivating
film at the electrode surface, experimentally supported by
work on a rotating nickel disk electrode,(62) which indicates
that the rate of the passivation process is independent of
stirring and of the solubility of the nickel salt.

For the steady state, t + =,

0 .0
‘- 1,7 exp[(a;F/RT)(V = V)] + 1i,” exp[(a,F/RT)(V - V,)] 28)
1+ ({0120 exp[ (a,F/RT) (V - V,)1}/(K + B))

and if no oxide-film degradation occurs,

i, +1
R (29)

exp (iZCt)

According to Eq. (19), the constant C is the covered area
per coulomb and was estimated on the basis of the
area required for oxygen atoms as 10 em? /A-sec.
The rate constants K and B at constant pH and
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anion concentration were given as first-order rate constants
wigh estimated values gf -1

10" > (X + B) >10 sec ~. These limits were chosen
arbitrarily, assuming that £film degradation is slower than
film formation. Current-potential curves were calculated for
a large variation of parameters and did indeed show a
resemblance to the experimental results (carried out for
nickel in acid).

Examples arg shown_;n Figyres 17 and 18 for vy = B 22/8 Z1
=2 (or 1), i, = 10 " A/em” (chosen agyitrarilzlogrom %he
region of_Yalues reported to be between 10 and 10 A/cm )
i2 = _}8 (again arbitrarily assumed to vary between 10
and 10 A/cm”, that is, in the same region of values as the
dissolution current i,. ). These figures show the variation
. diss”” . =’ . X .
in peak current or peaﬁ potential with both time (Figure 17)
and the velocity of the oxide-film degradation reactions
(Figure 18). Thus, according to this model, the total current
will be zero when 6 = 1 at V. . Furthermore, according to Eq.
(29), in the stationary sta (when t > ) a finite current
can flow only when i, > 0. It is argued that, in reality, a
measurable current wi%l always flow after passivation even if
i, > 0 because the surface film is not perfect mnor is the
sirface perfectly covered, and that the passive surface film
is not absolutely impermeable. Thus, as polarization
increases (at V > V__), ions increasingly penetrate into the
film, increasing itsPBhickness.

Also, the theory gives an acceptable model of a variety
of passivating behaviors observed on different metals:

1) metals with V, - V. << 0: the passivation reaction
occurs fast and metal”in agqueous solution always forms an
oxide, as in the case of Al, Ti, Zr, Ta, and W.

2) V2 - V, ® 0: in that case the metal is initially
ac&iveé thé more negative (V, - Vl) and tBe sHaller the ratio
i /12 , the faster the passIvation a) i, /i > 1: this is
tﬁe case for Fe, Co and Ni in solution without halides.
Paasivation is possible only at higher anodic potentials. b)
i1 /i << 1 passivation occura eaaily, the case of Cr.

3) V, -V, >> 0: a) 1i,7/i,  >> 1, the case of Ag; the
passivationi potential 1is not™ easily reachable even at high
anodic current densities. Passivation may set in after a salt
forma&ion0 e.g. Ag.S0, 1in whose pores Ag20 can be formed.
b) il /i,” << 1 - metals of the Pt group wi%h slow dissolution
and easiér passivation.

Thus this theory satisfactorily describes the 1-V curve
in the active potential region, with a qualitative description
of possibilities in the passive potential region and a
semi-quantitative explanation of the passivation behavior of a
variety of metals.
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Figure 17. Effect of time on the current density—potential curves by potentio-
static measurements (calculated for K 4+ B — 107 sec* (18))
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Figure 18. Current density—potential curves calculated for t = » showing de-
pendence on the sum of the constants K and B (18)
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Final Remarks

Modern passivation theory views the primary passivation
act as a formation of a tightly held layer of monomolecular
dimensions, containing oxide or hydroxide anions and metal
cations; the process involves the formation of a new phase, an
oxide, in steps that include the adsorption as an important
intermediate stage. Thus the long-time controversial aspects
of the adsorption and oxide theories are, in one sense,
combined.

The observed current-potential behavior is a function of
the simultaneous processes of film formation, its dissolution,
and metal dissolution. The latter seems to be mostly
responsible for the magnitude of the current at all
potentials. In the active potential region dissolution is
hindered by a decrease in the free electrode area, and in the
passive region dissolution depends entirely on the properties
of the passivating film.
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Corrosion of Valve Metals

J. E. DRALEY
Argonne National Laboratory, Argonne, IL 60439

I had a little problem deciding what kind of talk
to give you. I concluded that it should not be a gen-
eral survey of everything I can find that is related to
corrosion of valve metals or film-forming metals; that
it should not contain just one or two topics within
that subject--about which I could talk enough to give
you some depth--but a compromise between these two.
Secondly, I had to decide whether to talk theoretically
or mathematically, on the one hand, or phenomenologic-
ally on the other, and I have chosen the latter ap-
proach. My intent is to give you some perspective
about the way these materials corrode. I have selected
some examples that I think are sufficiently general and
illustrate the principles well enough to do this. Many
of the slides are taken from our own work of some years
ago. It must be acknowledged that the unique corrosion
characteristics of a number of the valve metals are not
identified, and behavior in a number of common environ-
ments is not addressed.

First of all, I have found the title valve metals
to be confusing for a number of people; for example,
someone asked if they are the metals of which valves
are made. Let me give you a few guidelines. First,
the valve metals form relatively perfect oxide films.
That means they are relatively perfect with respect to
protection against corrosion, which we shall amplify
a little. Secondly, they are relatively perfect inso-
far as there is not much local breakdown or leakage
when they are anodized. Partly related to that there
are high fields in these oxides during the period of
growth--fields greater than about 10° volts/cm.

In the first figure, we see illustrated a relation-
ship often drawn between the energy of the bond between
oxygen and the metal and the field required to produce
an anodic film. 1In this instance, the field is that
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which corresponds to a given small current in anodizing,
or production of the oxide film. The factors respon-
sible for sound and protective films are not well known.
It is still a bit of a mystery why some systems form
better films than others. A number of individual prin-
ciples have been brought up. Pilling and Bedworth
years ago wrote that if the volume of the oxide pro-
duced on a metal surface is less than the volume of
metal from which it is produced, there is little chance
that the oxide film will be protective. As stated,

that is a good guiding principle, but of all the sys-
tems for which there is expansion in the formation of
oxide, the rule doesn't predict reliably which oxides
will be protective and which will not.

Strong bonding between the oxide and the metal
substrate seems to be essential to the formation of
highly protective films. That's one principle I think
you can hold on to. The others don't work very well.
There are a lot of peculiarities; for example, in
some cases the oxygen dissolves significantly in the
surface layers of the metal. This doubtless reduces
the effective size of the surface metal atoms and
allows adjustment of the positions of the surface atoms
of the substrate so they will nearly match the posi-
tions of the contiguous cations in the oxides.

Figure 2 shows that which metals form good films
depends not only on the bond energy but also on the
solution in which the films are formed. These curves
are for anodizing aluminum in a series of solutions.
The top 5 curves are for a family of solutions in
which the films remain resistant to greater thicknesses
than for the two less ideal solutions. In other solu-
tions, one can't get anodized films at all. The re-
sistivity on the ordinate is for the film itself. I
think it is important to note that many metals form
hydrated oxides, in which hydroxide ions are constit-
uents. As a general rule, highly protective films are
anhydrous; it is often speculated that the high field
present during the formation of the film (vide supra)
contributes to the formation of anhydrous rather than
the hydrated oxide. It is easy to see that a high
field operates when one anodizes by the application of
a potential; it is less obvious, but evidently equally
true during unassisted thin-film oxidation. Local
fields from multiply-charged cations might contribute
to the formation of compact, anhydrous oxides; the best
films usually contain cations with a charge of 3 or
more. One more thing about films: they often are not
very stable in water or in aqueous solutions. This
tends to cause confusion about the protectiveness of
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oxide films. The film itself may be a very good one,
but it may deteriorate, sometimes slowly, sometimes
rapidly; sometimes rather generally and sometimes
locally. 1Its protectiveness thus may be temporary
or imperfect as a function of time. One of the co-
nundrums about such protective films has always been
how to rationalize the demonstrated requirement to
adsorb species on some metal surfaces or on some metal
oxide surfaces to provide protection. It appears to
me that the function of the adsorbate is to protect
the oxide film against the hydrating or solvating ef-
fect of the water. The film itself is good enough,
then, to provide protection.

In Figure 3 we see the relationship between metal-
oxide bond energy and the Tafel slope--the relationship
between potential and log current during oxide film
formation. It says, in effect that when the bond en-
ergy is higher, it takes more voltage increase for a
given increase in current, which is to say that when
the bond energy is higher it is more difficult to pass
extra current through a more protective film.

Corrosion and oxidation of valve metals generally
consist both of the growth and degradation of oxide
films. I'd like to begin discussion of the growth of
oxide films with Figure 4, taken from Hauffe(3). 1In
this case iron is oxidized directly to ferric oxide
in a nitric-nitrous acid solution. The author has
suggested the existence of concentration gradients
for cation lattice defects, oxygen vacancies, and
electrons. During the growth of the film, it is pro-
posed that electrons, cations, and anions migrate. A
large space charge variation 1is proposed within the
oxide film--a case which was ignored for years by
people who studied oxidation. The resultant combination
of fields from surface charges and from the space charge
leads to no electrical field at the interface between
Zones I and II at which location new oxide is proposed
to form. Other more complicated models have been devel-
oped; I have chosen to show this because of its gener-
ally applicable principles.

In Figure 5 we see that sometimes seemingly perfect
thin films are far from perfect. This is for an alum-
inum alloy that, from some techniques, would appear to
carry a perfect film. We see some of a series of
platelets growing out in this transmission electron
micrograph taken across an edge. Figure 6 shows a case
in which oxide nuclei grow on a metal surface. This
one is for iron in low pressure oxygen; similar results
have been observed for other metals. If we look at
this surface during oxidation, we see only a very thin

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



190

BOND ENERGY, eV

H

N

w

CORROSION CHEMISTRY

Zr

a Al

Ta

Nb
Bi
| T T ST SR NN S (N T B
2 3 q 5 6 7 8 9

LE 4 10 vem™

dlog i

Journal of the Electrochemical Society

Figure 3. Relationship between metal-oxygen bond energy and Tafel slope for

film growth (1)

In Corrosion Chemistry; Brubaker, G., et a ;

ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



7.

praLEY  Corrosion of Valve Metals

I I
~ A .
Fe | ne Fay03 HNO/HNO,
+ AR
+ -
+ +]-
+ -
+ -
+
1 + Space Charge :
R+ -
(-]

\Large Surface Charge

Plenum Press

Figure 4. Schematic of the concentration of the free electrons and ion—defect
positions in the homogeneously structured passive layer Fe,O, with space-charge
inversion (3)

Academic Press

Figure 5. Oxide platelets viewed by electron silhouette on aluminum after cor-
rosion for 30 hours in steam at 540°C (4)

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.

191



192 CORROSION CHEMISTRY

Maruzen Co., Ltd.

Figure 6. Oxide nuclei on (111) iron foil after oxidation at 540°C and 1.1 X 107°
Torr for 55 minutes (5)
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film until nuclei show up at the same time at many
places over the surface. These crystals then grow at
measurable rates. Their orientation can be determined
and related to the orientation of the metal substrate.

I'd now like to show you some unpublished color
photographs of a series of iron samples which were
oxidized for three days in water at elevated tempera-
tures. We've changed the potential for oxidation by
using different concentrations of oxygen in water.
With 290 ppm oxygen concentration at 260°C, a highly
perfect ferric oxide film formed showing a little tint
of interference color--that is often valuable for giving
some clues. The color indicates that the thickness is
uniform over a big enough area to develop the interfer-
ence color; in a few minutes, we'll see that thicknesses
sometimes vary from grain to grain. At 35 ppm oxygen
areas of breakdown are observed. The next slide shows
some photographs of samples at 1500C, but otherwise at
the same conditions. You'll see that for the same oxy-
gen concentrations in the water the protection is not
as good. A greater oxidizing potential (oxygen concen-
tration) is required for a highly protective film as
the temperature is lowered; the trend continues to
at least as low as 1000C (third slide) at which temper-
ature 540 ppm O, provided an excellent film(6). To the
best of my knowledge, nobody has used this system to
maintain the potentially excellent aqueous corrosion
resistance of iron. The next slide shows a range of
interference colors for contiguous grains on a speci-
men of iron, under conditions identical to those shown
earlier. If there is a deficiency of oxygen--insuffi-
cient oxygen to provide good protection--sizeable pits
are formed in pure water. A lesson from this is that
pitting doesn't occur only in strong electrolytes or
selected electrolyte solutions.

If the composition of the alloy is changed the
composition of the oxide changes, and it is possible
to make the oxide considerably more protective on a
metal like iron. The next slide shows the effect of
a little bit of chromium. Croloy-5 contains 5% chro-
mium and some molybdenum; you can see that at 260°C with
35 ppm O, corrosion resistance is substantially better
than that of iron. As shown in Figure 7 the corrosion
behavior of such alloys also seems favorably influenced
by high oxygen concentration in water. In Figure 8 it
is seen that there is considerable chromium enrichment
in the oxide films on oxidized iron-chromium alloys;
evidently the greater protectiveness of the films for
the chromium-bearing alloys is related to this compo-
sition. Figure 9 shows that the ratio of oxygen to
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metal also varies within the film. That corresponding
to M,0; is shown. As one gets closer to the metal,
shown by surface analysis after sputtering some mater-
ial off the surface, the oxide is seen to have less
oxygen in it. It is another pecularity of some of
these systems that in the thin film range, the stoichi-
ometry of the oxide is not as expected.

As most of you know, if nickel is added to chro-
mium alloys a series of stainless steels is produced
with quite good corrosion resistance. These alloys
have a widespread use; these days those with composi-
tions close to 18 Cr-8 Ni are increasingly being used
in many practical applications. I guess I should
warn you that if youlistened to Roger Staehle you heard
that there are a number of instances when they also
crack unexpectedly after a period of exposure. So
they are by no means perfectly resistant to corrosion;
nevertheless, they offer a very substantial improvement
in the performance of low to moderate cost materials.
Figure 10 is made up to show that if aluminum is added
to 304 stainless steel--that is roughly the simple 18
and 8 stainless steel--the corrosion protection pro-
vided by the oxide to superheated steam is very mark-
edly increased. This element also increases resistance
to oxidation by gases--air, oxygen, and carbon dioxide.
Aluminum is an effective alloying constituent for im-
proving the corrosion-oxidation resistance of iron as
well. 'The protective film is enriched in aluminum
as compared to the metal composition. In both systems,
the alloys containing aluminum tend to be brittle.

I have been talking to you about the formation of
oxide films; for completeness it is appropriate to
mention that films also grow or form by recrystalli-
zation of a substrate layer or by hydration of a mater-
ial that was originally formed in an anhydrous form.

As a general rule, those cases produce films that are
not highly protective. There is a practical exception
to that: if one anodizes aluminum in some environments,
notably sulfuric acid, the coating is relatively porous,
with the oxide only partially hydrated. By boiling in
water, hydration is increased, the volume of the oxide
is increased and the pores are sealed, and an effective
protective layer is formed.

I'd like to switch now and talk to you about deg-
radation of films. In order to talk about corrosion
one has to consider both the growth of films and their
degradation. As one studies them, one finds that the
combination of the two is the key to getting a measure
of understanding of the behavior of the system. Some
of the results are a little unexpected at first glance.
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Figure 10. Corrosion of aluminum-modified Type 304 SS for 28 days in steam
contg. 30 ppm O, at 650°C (8)
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Figure 11. Parabolic corrosion of experimental aluminum alloy A288 (Al 4+ 1%
Ni,0.5% Fe, 0.1% Ti) in stagnant water at 260°C (9)
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It is well for us to be alert for such things. Let me
make an obvious platitude for you about a film that
degrades at a constant rate. It is obvious that the
metal will corrode at a constant rate if degradation
is uniform all over the surface, although it might
take some time to reach that stage while it builds up
a film. That is not a rare phenomenon. It is more
common, I think for degradation not to be that uniform
over the surface. We're going to talk about some of
those cases.

First, let us consider a rather simple case: the
film dissolves in water. When iron or steel corrodes
in high temperature water without oxygen, the rate of
corrosion is determined by the rate at which the film
dissolves and is lost from the surface. This rate
remains constant if there is some procedure that cleans
up the water and keeps it from becoming saturated. One
such procedure is passage through a loop containing a
lower temperature septum in which some of the material
precipitates. Another is passage through an ion ex-
change resin or some other device that will purify
the water. Such loop systems often contain suspended
solid corrosion product in the water. This material
in nuclear reactor systems is called crud and it has
been the source of a lot of irritation and money.

These come about because the crud is radioactive and
deposits in all parts of the system, complicating
maintenance.

If one chooses the temperature and the alloy (e.g.
A288 containing 1% Ni) aluminum forms in water a film
such that the rate of formation is inversely propor-
tional to the thickness. That gives what's called the
parabolic growth law; data for such behavior are shown
in Figure 11 (together with a dashed curve for another
experiment). In the kind of systemin which fresh water
is continuously added and the excess allowed simply to
leak out, at least a partially saturated solution is
lost all of the time. The two specimens of Figure 12
have been fitted by curves that have the same growth
rate constant as in Figure 11 and different dissolu-
tion rates. They were in the same autoclave at slight-
ly different locations; probably the water contained a
little more dissolved aluminum at one specimen than at
the other. The expression for the paralinear behavior
in its simple form is:

aL _ P
dt = L-(g+ft) °
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Figure 12. Paralinear corrosion of aluminum alloy A288 in refreshed water at
260°C (9)
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where L is the amount of metal loss (determined through
the use of a special metal thickness gauge), ky the
parabolic growth constant, f the rate of dissolution
for the specimen, and g the amount of dissolution that
occurs early in the exposure. At long times the curve
for L versus time resembles a straight line with

slope £.

Paralinear corrosion (related to dissolution of
corrosion product) does not occur for all aluminum
alloys in water at all high temperatures. In Figure 13
are plotted data for an alloy (Al, 1% Ni, 0.1% Ti)
corroded in water at 350°C (10). The corrosion rate
was low and constant, as shown better in other figures
in the same publication. For some specimens in the
figure 1/3 or 2/3 of the corrosion product was removed
mechanically after the first exposure period. There
was no discernible effect on subsequent corrosion, in-
dicating that control of corrosion probably resided
close to themetal-oxide interface. Similar experi-
ments for the alloys and temperatures where paralinear
behavior occurs showed that removing some of the pro-
duct caused an increase in subsequent corrosion rate.

The use of Figure 14 begins discussion about
low temperature corrosion of aluminum in water. Again
we'll see that the total film is not controlling. This
is the kind of curve obtained in a couple of tests that
ran for a long time in continuously refreshed systems.
Note that the rate is decreasing continually with time
for at least a few years--we'll analyze that curve
shape starting with Figure 15. At the beginning of the
tests (from 0.1 to nearly 10 hours) and subsequent to
about 100 hours, the weight gain and the metal corroded
(determined through the use of a sensitive metal thick-
ness gauge) varied as the logarithm of time. The ini-
tial film is boehmite, the same partly hydrated oxide
that forms at high temperatures. When this film breaks
down, beginning in half a day at these conditions, we
find that the total amount of corrosion and the total
oxide present quickly increase severalfold. The new
product is the completely hydrated oxide bayerite. If
one runs the test a long time (Figure 16) one finds
that the logarithmic rate law holds. The dashed lines
indicate that the initial period is sensitive to the
test procedure that is used. The height of the pla-
teau varies inversely with how well refreshed the solu-
tion is. The requirement for measurement sensitivity
in this test was substantial. As a matter of fact,
the (eddy current) gauge limitation came not by its
sensitivity (about ten Angstrom units in diameter for
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a round specimen) but because of the metallurgical
changes that occurred in the samples.

Now I'd like to analyze what happens to the oxide
during the second logarithmic corrosion period. Fig-
ure 17 shows the amount of aluminum dissolved from a
specimen (1100 aluminum) and carried away in the dis-
charge water. This was determined by very carefully
collecting the effluent solution, boiling off the
water, collecting the aluminum, and analyzing the
microgram quantities. Dissolution (amount = &) oc-
curred at a constant rate during the second logarith-
mic period. Combining these data with weight gain (G)
and metal lost from the single specimen (L), the amount
of boehmite (a) and the amount of bayerite (b) shown
in Figure 18 were calculated (13). The curve for
boehmite layer growth close to the metal closely fol-
lows the curve for the amount of corrosion (both even
showing an atypical increase in slope near the end),
while the amount of bayerite slowly decreases (presum-
ably by dissolution). The evidence is that in this
system boehmite makes a protective (rate-controlling)
layer while the bayerite dissolves and obscures the
truth.

I would like to tell you about another kind of
unusual kinetic behavior, that of zirconium. An alloy
called Zircaloy 2 contains minor amounts of iron,
chromium and nickel and a little tin. The alloy was
invented by accidentally contaminating a zirconium-
tin alloy with stainless steel. Since that time
people have been making it on purpose. The weight-
gain slopes on the log-log plot in Figure 19 are
approximately 1/3 and the rate expression that is
nearly followed is called cubic oxidation. It occurs
initially in water; it is followed by film breakdown
and an increase in oxidation rate with new kinetics
(showing straight lines and slopes very close to 1
on this plot). A log-log straight line with a slope
of one is unusual, since it requires the particular
straight line on cartesian coordinates that passes
through the origin. At the time of "breakaway' there
is a recrystallization of the zirconium oxide to a
less coherent film. That is an additional form of
degradation.

Lest you believe things are too simple during
"cubic" oxidation I've chosen to show this slide
(Figure 20) based on data by Bob Shannon at Hanford,
Washington, which shows that individual specimens
corrode in series of waves. Paul Pemsler once chris-
tened those the Picturesque Hills of Shannon during a
meeting. What this illustrates is that we're not
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dealing with continuous films continuously growing
without breakdown. It happens that the breakdown

on these specimens occurred over much of the surface

at the same time so the phenomenon is visible. If it
occurred locally and not at the same time at different
places, you would not see the "hills", but odd kinetics
such as roughly cubic. The phenomenon is by no means
unique to zirconium. Figure 21 shows similar behavior
by aluminum, also in high temperature water.

The oxidation of zirconium in oxygen at elevated
temperatures follows near-cubic kinetics for awhile,
then parabolic kinetics. A number of efforts have been
made to explain the near-cubic behavior, with localized
or line diffusion as that perhaps generally preferred.
I'11 describe for you my own thinking, put together
and presented informally in 1967. It has not been pub-
lished. At 700°C there is an initial layer of zirco-
nium oxide that is relatively perfect, that forms
interference colors on small areas; the rate of growth
of film and the rate of diffusion of oxygen into the
metal depend on the orientation of the metal crystal.
Polycrystalline specimens prepared metallurgically
in different ways, always pure and equally carefully
treated, oxidize at quite different rates initially,
but the rates become equal at long (parabolic) times.
To fit these facts I developed the following model.
The film that grows on the metal surface is proposed
to be unique and different from the one that is stable
on the outside and at long times. X-ray diffraction
patterns taken in our laboratory during initial oxi-
dation (special apparatus) suggest that this oxide
is tetragonal rather than the commonly found mono-
clinic oxide. At any small area on the surface, for
example for a single crystal surface, the initial film
grows and oxygen diffuses into the metal at rates that
are unique for that area until the film thickness
reaches the value s (proposed to be the same for all
areas). The initial film then transforms nearly in-
stantaneously into final film, and the initial film
then grows again in a second cycle, again to the
limiting thickness s. The parabolic rate constant
for the final film is ¢ (value the same for all areas)
and the rate of growth of initial film at a particular
area is

dxi

b,
dc ~ b - Zt
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where n is the number of the growth cycle at time t and
k; is the local diffusion constant for oxygen in metal.

An estimate of the type of oxidation curve to be
expected from this model was developed from an initial
case where two types of surfaces (A and B) were iden-
tified, and rate constants assigned that were not in
conflict with any known data. Weight gains expected
for the first thousand minutes are shown in Figure 22
for areas A and B and for a specimen consisting of 80%
type A and 20% type B. The ends of the first growth
cycle for each area can be identified. A number of
weight-gain points for this hypothetical specimen are
plotted in Figure 23 along with a reproduced weight
gain recorder tracing (the solid line). A perfect
cubic line is also shown for comparison (dashed line).

The fit is so good that it seems highly likely
that the use of more types of areas to smooth out the
average in the model would lead to excellent fitting
of real-sample data. It isn't possible to say much
more at this time; I do believe that the weight-gain
curve for the single crystal wafer (more than 807% of
area of one orientation) shown in Figure 24 displays
breaks and slopes of the right order for the segments
on a log-log plot. My personal conviction is that some
kind of statistical models are going to be required to
fit correctly much of the corrosion and oxidation data
of the valve metals.

You've heard electrochemistry of corrosion as a
lecture; I shouldn't spend much time on it but I'd
like to describe some electrochemical effects for film
formers. First the general principles. If you put a
good electronic conductor (a metal) in an aqueous solu-
tion, you will typically find that an electrical poten-
tial is developed between the piece of conductor and
the solution. When ions of the metal enter the solution
and leave extra electrons behind a negative potential is
developed. All oxidation reactions occurring on the
surface are expected to produce this result. Similarly,
reduction reactions that use electrons from the metal
are expected to produce a more positive potential in
the metal. The solution potential of the metal influ-
ences the rate of an electrochemical half-cell reaction
in accordance with Le Chatelier's Principle, so it is
possible to predict through the use of the Nernst Equa-
tion the potential that will exist when the only signi-
ficantly rapid reactions are the oxidation and reduction
parts of a reversible reaction. When more than one
potentially reversible process occurs, the rate of oxi-
dation will be expected to exceed the rate of reduction
for at least one and the converse for at least one. At
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a steady-state potential, the sum of the rates of all
of the anodic reactions will equal the sum of the rates
of all the cathodic reactions.

For film formers, a typical anodic reaction is

M + H,0 - MOH + H' + e~ ,

so an oxide is formed and the solution becomes acid.
The most common cathodic reactions are

Hzo + e— > 1/2 H2 + OH- and
1/2 0, + 2H,0 + 2e” » 20H™ ,

so cathodic reactions produce alkali. Directly related
to the pH are the stabilities of the various species
for the corroding metal. Thus for iron, the so-called
Pourbaix Diagram for iron in Figure 25 shows potential-
pH zones in which Fe,0; or Fe(OH). are stable and thus
in which protective films of these substances might
form at a total ionic concentration of 10-° M.

When a film is present, the hydrogen produced from
the second reaction above is not necessarily all liber-
ated directly into the water or solution. Some of it
may be liberated beneath the film as shown in Figure 26.
The result may be local rupturing of the oxide film--

a form of degradation--the formation of metal hydride,
or the entry of hydrogen into the metal, depending on
which are feasible or most favorable. I believe there
are a number of cases where film rupture occurs, al-
though they are often not easy to identify. We have
declared the belief that it is important in the corro-
sion of aluminum alloys below the boiling point of
water (19). To provide evidence of this, we ran a se-
ries of experiments to determine the logarithmic corro-
sion rate constant for 1100 aluminum at 70°C with po-
tentials controlled by a special interrupting poten-
tiostat (20). The results, in Figure 27, show that
anodic polarization (diamond-shaped points) caused
lower corrosion rates than the unpolarized runs (cir-
cular points). A reduction in cathodic damage to the
film is suggested. The potential above which hydrogen
should not be liberated cannot be identified because
the local pH during anodic polarization could be con-
siderably below the 6+ of the distilled water at 70°.
We shall see something enlightening on this later. For
pH 6 the potential for the reversible hydrogen libera-
tion reaction is calculated to be about -0.4 volt.

Most notably at higher temperatures, aluminum also
suffers from the entry of corrosion product into the
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metal. In Figure 28 are shown specimens of commer-
cially pure aluminum after two weeks exposure to water
at 2759C. The blistering progresses with more severe
exposure conditions, as shown in Figure 29 (66 hours,
3000C). Some of the blisters are hollow before the
water gains access and before they become oxide-metal
mixtures. Figure 30 shows what happens at a higher
temperature; this exposure was four hours at 315©C.

If varying amounts of material are etched from the
surface of a series of samples corroded for a brief
period, and each remaining sample is analyzed for hy-
drogen content, the hydrogen in the etched-off layers
can be calculated. The results in Figure 31 show that
the hydrogen content of the surface layers increased
quite a bit, and demonstrate that the gas that formed
the blisters was hydrogen. If the hydrogen is produced
largely at a position remote from the metal surface,

as in Figure 32, the severe damage is prevented. 1In
this case, the aluminum is simply bolted to a piece

of stainless steel. Exposure conditions were as in
Figure 30. If to the water are added ions that are
reducible to metal (largely at active cathode spots)
metal dendrites are formed. The nickel dendrites in
Figure 33 were formed in this way; no severe corrosion
of 1100 aluminum was observed during corrosion exposure
to stable nickel salt solutions at elevated tempera-
tures. Figure 34 suggests that if deposits of some-
thing like the nickel-aluminum compound NiAlj; were

used they would act as very effective cathodes for
hydrogen liberation. For this reason, we made aluminum-
nickel alloys in which NiAl,; precipated. As indicated
in Figure 35, some 1% nickel alloys showed excellent
corrosion resistance in high temperature water. I won't
discuss details of composition and metallurgical prep-
aration; they were found to be important.

Uranium corrodes in oxygen-free water at a constant
rate to form UO, in the form of a relatively unprotec-
tive layer; Figure 36 shows such corrosion rates on an
Arrhenius plot. When the rate gets very large at ele-
vated temperatures, uranium hydride can be found mixed
in with the oxide powder. If oxygen is present in the
water, for a long period protective oxide films are
formed; these eventually break down locally and spread.
Figure 37 shows that the whole surface eventually be-
comes bad. We believe that some hydride was regularly
formed beneath the oxide both in deaerated and aerated
water, and that the hydride subsequently was converted
to the more stable oxide. This is believed to be a
case of film degradation by the formation of hydride
beneath it. For selected uranium alloys, oxide films
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Journal of the Electrochemical Society

Figure 28. Typical appearance of 1100 aluminum after about two weeks in dis-
tilled water at 275°C (18)

Corrosion

Figure 29. Surface of “normal” 1100 aluminum sample after 66 hours in distilled
water at 300°C, 20 (21)
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Corrosion

Figure 30. 1100 aluminum after four hours in distilled water at 315°C (22)
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Figure 31. Hydrogen analyses of 1100 aluminum after two days corrosion in
water at 290°C (23)
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Corrosion

Figure 32. 1100 aluminum, coupled to 347 stainless steel, after four hours in
distilled water at 315°C (22)

Corrosion

Figure 33. Dendritic nickel deposited on 1100 aluminum from NiSO, solution
(50 ppm Ni**) 250X (21)
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Figure 37. Corrosion of uranium in aerated distilled water (26)
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are protective even in the absence of oxygen, and for
very long periods. Figure 38 shows some corrosion
rates which are respectably low. The maximum temper-
ature shown is 400°C. These films also break down
eventually, and this appears to involve the formation
of some uranium hydride locally. The breakdown cer-
tainly involves the buildup of hydrogen in the metal.
For the particular alloy and temperature in Figure 39
specimens lasted much longer before damage occurred
when they were pretreated in a vacuum before corroding.

When zirconium is oxidized in water, a consider-
able fraction of the corrosion product hydrogen enters
the metal. There is evidence that the oxide recrys-
tallization and the transition in kinetiecs that were
shown in Figure 19 are related to a buildup of hydro-
gen in the surface of the metal. It has been suggested
that at that time some zirconium hydride forms beneath
the film. The addition of alloying elements which
form active cathodes for hydrogen liberation have re-
duced hydrogen uptake, have delayed transition, and
have resulted in the formation of more coherent oxide
after transition. There has been no clear resolution
as to mechanisms (29).

It is possible to consider gaseous oxidation pro-
ducing a stable oxide film as an electrochemical pro-
cess in which oxidation occurs at the metal-oxide inter-
face where metal ions leave the metal (see Figure 4)
and reduction occurs at the outer surface of the oxide
where electrons combine with oxygen. On the basis of
this line of reasoning it is possible to predict
(a) the formation of a potential difference between
metal and oxide exterior for those systems in which
the resistance or 'retardance' to the passage of ions
through the growing oxide is not much greater than the
retardance to the passage of electrons, and (b) a
change in oxidation rate from the application of an
electrical potential between metal and oxide exterior.
An illustration is the behavior of zirconium for which
a potential in excess of one volt can be measured
(Figure 40) and whose oxidation rate at points of
electrical contact can be markedly influenced (Fig-
ure 41). The contact consisted of points at which the
specimen rested upon conducting powder. Since the
area of contact diminished under sharpening points
of anodically stimulated growth and increased where
growth was retarded cathodically, the rate of weight
gain for the entire specimen in the figure was consider-
ably more reduced by applied cathodic current than it
was accelerated by applied anodic current.
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Before we finish, I'd like to spend a few minutes
on pitting. As you know, there are local sites at
which corrosive attack occurs for some systems pref-
erentially. 1If this local attack continues, quite
deep pits can form. This is one of the insidious
kinds of corrosion attack for a material. Some of
the film-forming metals tend to be quite susceptible
to pitting attack under appropriate conditions. One
of the characteristic requirements for it is the forma-
tion of low pH within a protected pit--protected in
some way from the general environment. We think that
commonly there are local cathodes at which hydrogen
liberation is very great, at which film rupture occurs.
This is made easier by the fact that the cathodes are
often a second, cathodic phase so there is often an
imperfection in the oxide at the point anyhow. At
first there is a high anodic reaction rate next to the
cathode because of the proximity. When the anodic
reaction has undercut the cathodic particle destroying
electrical contact, the two half-cell reactions will
no longer be very close together and there will be pH
changes so that the anode area will become acid. The
result of this is that a protective film doesn't form
as a primary product of the reaction; instead, metal
ions are formed in solution. As these ions diffuse
out to the surface of the oxide film, the environment
becomes more nearly neutral and oxides precipitate.
This leads to the characteristic barnacled appearance
of a pit, with precipitated oxide over it. In this
way the solution within the pit is isolated from the
bulk solution, and the acidity can be great. If the
barnacle becomes a sufficiently effective barrier to
the flow of the ionic current which must pass through
the solution from remote cathodes, the pit stops
growing. Figure 42 shows the cleaned surface of a
ground piece of 1100 aluminum after about 4 hours in
oxygen-saturated distilled water. There are occasional
small pits (black in the photograph). After nearly
two years exposure (Figure 43), there are no large
pits; the appearance is as if essentially all of the
surface had in turn served as the location for micro
pit formation. The low conductivity of the water
might have contributed to early stifling of pit growth
At higher magnification the pits (Figure 44) are not
unlike larger ones seen in other systems. Presumably
another lecturer in this series will give or has given
you some details of practical pitting problems and the
most promising approaches to control them.

A number of investigators have made efforts to
measure the pH in pits; values as low as 1.5 have
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U.S. Atomic Energy Commission
and European Atomic Energy Society

Figure 42. Cleaned 1100 aluminum sur-
face after 4% hours in oxygen-saturated
distilled water at 70°C, 25X (11)

U.S. Atomic Energy Commission
and European Atomic Energy Society

Figure 43. Cleaned 1100 aluminum sur-

face after 704 days corrosion in oxygen-

saturated distilled wrjtef at 70°C, 25X
(11
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1100 Aluminum -- 4 Days
Oxygenated Water - 70°C

Figure 44. Electron micrograph of corroded surface of “commercially pure” alu-
minum (12)
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been reported. Even exposed to the bulk water, we
found, through the use of a special electrode a few
tenths of a millimeter in tip diameter (Figure 45),
that the pH near specimens of 1100 aluminum corroding
in distilled water reached values below 3 (Figure 46).

Some years ago, Howard Francis, then of the Ar-
mour Research Foundation, made some time-lapse motion
pictures of a potential map of the solution next to
steel and aluminum alloys pitting in salt water. The
presence of some active cathode points and growing pits
was readily displayed. I suggested that he run the
film backwards to see whether the active pits had been
active cathodes just before their initiation. He
later told me he had done so, and they had been with
few or no exceptions.

At high temperatures film breakdown and pitting
for aluminum alloys takes an unusual form especially
when there is a high rate of flow of water past the
metal surface. If there are a lot of specimens in the
system, the corrosion rate is lower than if the area
is small. The results of some exploratory experiments
are shown in Figure 47. A large area (factor of 20)
of aluminum alloy inhibited corrosion while a large
area of stainless steel did not. The effect is cer-
tainly related to corrosion product in the system
somehow. In Figure 48 one can see that the corrosion
product lost from the specimen was substantially in
excess of that which dissolved in the system. We
thought that, at local pits and breaks the corrosion
product, as it reached the oxide surface and was ap-
proximately neutralized, was swept away as particles of
oxide. We thought that the addition of colloidal
particles to the solution would tend to "plug" open-
ings, reduce the loss of oxide, and lower the corro-
sion rate. Figure 49 shows that when a hydrated col-
loid was injected in to the system, a very low corro-
sion rate was obtained. In the same system the
effects of polarizing current on corrosion rate (Fig-
ure 50) are similar to what I showed you at low tem-
perature in Figure 27: anodic protection and cathodic
stimulation.

The message I'd like to leave with you tonight
is that some films are very good and very protective,
some films have breaks in them, and they are moderate-
ly good, some become bad by some of the strangest
mechanisms: an understanding or corrosion phenomena
sometimes requires quite a bit of ingenuity.
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Ag COATING

CLAMP, FOR
LEAD WIRE

POLY METHYL
METHACRYLATE
COATING

Corrosion

Figure 45. Glass, silver/silver iodide pH microelectrode (31)
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Figure 46. Effect of position on pH of 50°C oxygen-saturated water 0.1 mm from
corroding 1100 aluminum (31)
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Figure 47. Effect on aqueous corrosion of 8001 aluminum at 260°C, 7 m/sec
velocity of added surface of aluminium or stainless steel (32)
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Normal (small) Area, Large Area,
21-day Exposure 28-day Exposure

Average Metal Loss 131 mglcmZ 4.60 mglcmZ
Estimated Al203 - H20 Produced
(from metal loss) 29.1 mglem? 10.2 mg/em?
Actual Average Product Remaining 11.6 mglcm2 1.9 mglcmz
Corrosion Product Lost 17.5 mglcm?2 2.3 mglcm?
Corrosion Product Present at End of Test
Compared with Total Produced 40% 8%
Aluminum Area 70 cm? 1470 cm?2
Maximum Dissolved Corrosion Product, from
Solubility Data (2 x 1074 g of Al,05 per liter
at 1.5-liters/hr refreshment} 2.4 mglem? 0.14 mglcm2
Ratio Dissolved to Actual Loss 0.14 0.06
Corrosion Rate in Last 7-day Period 40 mdd 5.8 mdd

Argonne National Laboratory

Figure 48. Comparison of two dynamic corrosion tests. Water at 260°C, 7 m/sec
velocity (32).
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Figure 49. Influence of 35-ppm colloid on the aqueous corrosion of 8001 alumi-
num at 260°C, 7 m/sec velocity (32)
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Figure 50. Effects of applied current on corrosion of 8001 aluminum at 260°C in
flowing water, 5.6 m/sec (32)
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The Role of Water in Atmospheric Corrosion

P. B. P. PHIPPS and D. W. RICE
IBM Corporation, San Jose, CA 95193

This paper is divided into three parts. The first
part reviews several types of measurements which we
have made on atmospheric corrosion. These are intended
to provide a self-consistent set of data from which
generalization can be made. Differences between atmos-
pheric corrosion and dry oxidation become apparent. The
dominant role played by relative humidity in aggravating
atmospheric corrosion is remarkably widespread. This
fact focuses our attention on the second part -- water
adsorption. Experiments on water adsorption as it
relates to atmospheric corrosion are described and, to-
gether with published data suggest important generali-
zations regarding the adsorbed aqueous medium. In the
third part the data on atmospheric corrosion presented
in part one is viewed from the perspective of the
adsorbed aqueous phase of part two. Many observations
received a direct explanation. The value and limita-
tions of measurement technigques such as weight gain,
ellipsometry, surface analysis, and bulk electrochem-
istry can be seen in perspective.
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1.0 Observations on Atmospheric Corrosion

1.1 The Test Atmosphere. Measurements of the
response of metals to the corrosive atmospheres which
they must withstand in applications are of great prac-
tical value. 1In testing these responses we have two
courses, field exposure and exposure to a synthetic
test condition. Field exposure has several limitations.
It is slow, the sample of the environment is very small
and poorly defined. Laboratory testing solves these
problems. It can be accelerated, and well defined. On
the other hand it is not obvious that any single gas
mixture can represent the response of many metals to
varied field conditions. Certainly, the acceleration
factors cannot be predicted without much prior knowl-
edge of sensitivities to gas concentrations, and tem-
peratures and the probability of finding these condi-
tions. We have selected a test atmosphere by analyzing
the statistics of those pollutants (1), which might
cause corrosion. The test conditions, given in Table I,
are characteristic of heavily polluted urban atmos-
pheres. Attention has been given to measuring the
corrosion by sensitive techniques rather than increas-
ing the severity of the test to unreasonable extremes.
We believe that the definition of this test is a pre-
requisite to rationalization of atmospheric corrosion
responses.

1.2 Corrosion Response. The responses of metals
to this test have been measured by several methods. A
brief survey which follows forms a self-consistent
basis of some generalizations on atmospheric corrosion.
Unless stated otherwise, the examples will be of the
corrosion of an alloy NiggFe2p.

In some cases weight gain can be used to monitor
attack. Figure 1 shows, for example, the rate of
weight gain of a foil of NiggFej;y as a function of the
sulfur dioxide level in our gas mixture with all other
gases constant. This test was conducted at several
relative humidities. It is striking that reducing the
water vapor pressure by a factor of two reduces the
rate of attack as much as reducing the sulfur dioxide
pressure a factor of twenty. It is found that most of
the effect of temperature on corrosion is described by
the temperature dependence of water vapor pressure con-
tained in the RH. This graph implies linear kinetics
which are demonstrated in Figure 2. Here, the corro-
sion product thickness was measured by ellipsometry and
weight change, and the composition was shown to be
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Water in Atmospheric Corrosion

Table I Accelerated reference

atmosphere test

T°C
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80% RH
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15 ppb
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Figure 1. Weight gain of Nig,Fe,, foil as a function of pSO, and RH
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Figure 2. Kinetics of weight gain and corrosion-product thickness for Nig,Fe;,
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(NiFe) SOy +6H,0 by xray diffraction. The two types of
measurement ¢an be compared by using published density
and refractive index. We believe that the discrepancy
between the two may be an error in the ellipsometry
due to the serious roughening of the surface. 1In our
experience atmospheric corrosion almost always leads
to sufficient roughening to affect ellipsometric data.
This roughening must be taken into account in any
model of the corrosion process.
Direct measurement of roughening has proved to be
a sensitive monitor of the corrosion of thin films.
This is because the initial condition of vapor deposited
or electroplated films can be very smooth. A semiquan-
titative measure of roughness is provided by the inten-
sity of the light reflected by a sample examined under
a microscope with dark field illumination. Data taken
by this technique is shown in Figure 3. The pronounced
dependence of attack on RH is very clear in this example.
Roughening is much more severe at high RH than at low.
Chromium and aluminum are resistant to atmospheric
corrosion individually but when porous chromium in inti-
mate contact with aluminum is exposed to high humidities
substantial corrosion occurs at the interface of the two
materials. This is illustrated by the roughening data
of Figure 4. Auger electron spectroscopy shows O, S,
Cl -- all varying in quantity with RH (Figure 5). ESCA
has shown SOj, SO%, and perhaps S,0%. Infra red adsorp-
tion has enabled us to identify hydrated sulfate,
nitrate, nitrite (Figure 6). Besides these reduced
anions, highly oxidized species such as Co3+ have been
detected.

1.3 Summary of Atmospheric Corrosion Data. From
the raw data we can draw several salient points.
(i) Different measurements reveal different
aspects of a complex phenomenon.

(ii) several phases are often (3) present in
real atmospheric corrosion products. A wide
range of oxidation levels is present on samples
at one time,

(iii) Structures containing dissimilar metals
show galvanic interactions qualitatively like
those seen in aqueous environments.

(iv) The rough morphology and the mixed prod-
ucts suggest that models of the rate-limiting
steps will be more complex than those of, e.g.,
tarnishing. As is true of low temperature
oxidation (2), kinetic studies of the rate of
growth contain too few parameters to resolve these
complexities. Mechanistic experiments must be de-
signed.
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Figure 3. Roughening attributable to atmospheric corrosion measured by light
scattering. Corrosion of plated NiFe films in reference test.
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(v) RH is a dominant variable in many examples.
Although the RH at which corrosion is negligible
depends on the other gases present and the sensi-
tivity of detection, different authors see the
same trend. This is brought out by comparing some
published "critical relative humidities" at which
corrosion is minimal, see Table II. Several
workers (4,5,6) have reported electrochemical
currents between dissimilar metals, connected by
adsorbed water. It is inferred that this current
between particular metals at a single potential
represents "the time of wetness", and this will be
a measure of the amount of (galvanic) corrosion
between heterogenities on a single metal or be-
tween any dissimilar metals exposed to the same
atmosphere. This constitutes an extreme statement
of the generality of RH as the controlling vari-
able in many cases of atmospheric corrosion.

We might summarize that the RH is generally
a dominant factor. For most metals, oxides are
always present on the surface except at the bot-
tom of growing pits, but no corrosion is detected
below 15% RH and most metals do corrode above 75%
RH regardless of the particular gas concentrations
or species in the accelerated atmospheric test.
This focuses attention on the question of what is
changing so dramatically when the RH changes a factor
of five times. Clearly, the quantity of adsorbed water
is increasing but, at 15% RH (3 mm at 25°C), a signifi-
cant quantity of adsorbed water is present and at 75%
RH, by definition, the equilibrium gqguantity cannot be
so great that the water has bulk properties. (Bulk
water would evaporate if the RH is less than 100%!)
Water adsorption data on corroding metals surfaces is
not available. Water adsorption comprises the subject
of the second section of this paper.

2.0 Water Adsorption

Two types of water adsorption experiments are
relevant to our analysis. As an example of one type
thin films of high purity aluminum, deposited at 10~
torr, show changes in work function (7) and LEED pat-
tern (8) and gain mass (9) due to exposure to 107° torr

sec of_HZO. This data can be attributed to M-OH dipoles
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Table II Critical relative humidities

SO2 ppm
Metal by Volume Crit. RH § Ref.
Fe 3000 75 1
100 65 3
200 85 5
100 >90 5
0.5 80 6
0.1 80 7
Cu 3000 60 1
100 63 2,3
0.5 80 6
0.1 90 7
0.1 90 8
Ni 1000 70 2
Al 3000 82 1
1000 52 4
300 52 4
0 85 4
0.1 90 7
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oriented on the surface. Similar results have been
reported for cleaved Al (10), for Au (11, w (12), Pt
(13), Fe (14). In a second type of experiment, powdered
metal oxides with high catalytic activity and surface
area are exposed to water and an adsorption isotherm is
plotted. 1Infrared adsorption (15 16), NMR relaxation
(17,18,19) or dielectric dispersion (20,21,22) may be
measurea_bn the substantial number of molecules ad-
sorbed on the substantial area. Unfortunately, it is
difficult to apply either of these fields of investiga-
tion to the elucidation of atmospheric corrosion.

The definition of the powder surfaces tends to be
in terms of the process for making it (23). This
limits interpretation of their properties and also
limits generalization of properties to surfaces which
have been generated by atmospheric corrosion., Con-
versely, the LEED, Auger electron spectroscopy, photo
emission properties, etc., are measured on fresh sur-
faces in UHV, because interpretation is difficult for
more complex configurations and because experience has
shown that these properties are profoundly modified and
confused by exposure to real atmospheres.

The experiment described below is an attempt to
bridge this gap. Surfaces relevant to atmospheric
corrosion were prepared from clean metal surfaces by
reaction with water vapor under clean conditions. The
properties measured -- water adsorption characteristics
-- were selected because they were believed to have a
major and direct application to atmospheric corrosion.

2.1 Water Adsorption Experiments. The objectives
were to measure water adsorption isotherms on surfaces
which were well defined in terms of their preparation
and also relevant to atmospheric corrosion.

The quantity of water adsorbed on the appropriate
metal surface was measured by means of a piezoelectric
quartz microbalance (24). With suitably cut crystals
and good temperature control, it was possible to mea-
sure adsorption corresponding to coverage by a fraction
of a monolayer.

The sequence of operations leading to adsorption
data described here can be followed by reference to
Figure 7.

(i) A thermostated quartz crystal was cocated
with NiFe by electron beam evaporation in an oil-
free system at a pressure of less than 10-8 torr,
so that the rate of incidence of metal atoms was
at least a thousand times that of other species.
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(ii) The clean metal surface was now exposed to
water vapor. This was obtained from water which
had been repeatedly distilled in the UHV chamber.
The pressure of water was determined by the tem-
perature of this water. Total gas pressure in the
vacuum system was monitored by an ion gauge, which
was not operated continuously, and by a thermal
conductivity gauge. After a brief transient the
frequency of oscillations decreased to a steady
value indicating that the mass of the quartz
crystal surface had increased due to reaction with
the water,_ An effect was observed for pressure as
low as 10 torr.

(iii) The metal film was now exposed to a
greater water vapor pressure and the adsorption
was monitored until equilibrium was achieved. This
procedure was repeated for progressively higher
water vapor pressure up to ~ 10 torr. -7

(iv) The water vapor was pumped off to 10
torr, but the mass of the film did not revert to
its original value, part of the adsorbed water
could not be desorbed at this temperature and
pressure.

(v) The water pressure was returned to 11 torr,
and the film was left to equilibrate for 72 hours.
(vi) The water adsorption curve was now mea-

sured on the reacted surface. The irreversible
adsorption which occurred during measurement was
negligible compared with that which had taken
place during this 72 hours of conditioning at the
highest pressure. Reversible adsorption data was
recorded. (It is interesting to note that a high
pressure of hydrogen developed in the wvacuum
chamber -- as indicated by a gas with a very high
thermal conductivity which could not be sorption
pumped or cryopumped but could be removed by
titanium sublimation. This was probably formed
by reaction of the water vapor with the freshly
deposited metal on the walls of the chamber.)

(vii) The film was now exposed to water vapor at
11 torr for a further 100 hours. The frequency
decreased monotonically.

(viii) Dry air was introduced. The crystal
showed that no mass change occurred. The adsorp-
tion curve was remeasured.

The equilibrium mass changes are plotted in
Figure 8 on the basis of the BET model (25). From
this model we derive the activation enthalpy for
water adsorption and the area of the film. These
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Figure 8. Adsorption isotherms plotted on the basis of the BET model
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parameters are shown in Table III as the ratio of
the true area to the apparent area. The guantity
of water adsorbed is plotted in units of layers of
water on the basis of this analysis (Figure 9).

(ix) Finally, several metals were deposited on
quartz crystals and the water adsorption was mea-
sured in laboratory air at controlled relative
humidities,

These measurements were intended to represent

a more practical degree of cleanliness than the
surface prepared in UHV. Some data are shown in
Figure 10 and 11, and results for a number of
metals are shown in Table III which compares these
measurements with published data.

2.2 Discussion. The clean film of metal _reacts
rapidly with water vapor at pressure above 10 torr to
produce H, and in the order of a monolayer of metal
hydroxide/oxide. (Evidence on the nature of this re-
action product is reviewed below.) The reaction is
effectively irreversible. The fregquency transient
observed when the metal was first exposed is probably
due to a thermal gradient in the quartz associated with
this rapld highly exothermic reaction. Subsequent
water is adsorbed (reversibly) on top of this reaction
product (~ 1 monolayer at 25% RH, ~ 2 at 50% RH). This
adsorbed water reacts with the substrate metal much
more slowly than the initial reaction. (One monolayer
reacting in sixty hours at 10 torr H;0.) Dramatic
reductions in reaction rate after the formation of the
first monolayer have been reported from observations in
solution (26). It has been shown that water is neces-
sary for this passivation of nickel (27) As the com-
pound film grows thicker, the activation energy for
water adsorption does not change but the area increases.
This is consistent with the linear growth rate. Re-
action rate is limited by the monolayer. This is
constantly, but slowly, regenerated. The quantity of
adsorbed water increases with time at constant RH
because the area of porous hydroxide increases with
time. The newly generated surface is a relatively
clean (reproducible) adsorbent (perhaps this accounts
for the similar adsorption on films exposed to labora-
tory air and those prepared in an ultraclean environ-
ment) .

We turn now to discuss first the evidence on the
nature of the adsorbing surface, then the properties
of the adsorbed aqueous phase. This leads us to a
model for atmospheric corrosion.
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Table III Water adsorption parameters

Heats of Adsorption of Water at High Coverage

Isosteric Heat Roughness

Adsorbent kcals/mole BET Ref.
Au 11.84 2.5 1,2
12 6 3
11.5 10 4
Fe 11.72 3 2
13.2 2 3
Co 11.7 2.9 2
Ni 11.76 2
Pt 10.1-12.4 6
11.3 13.3 8
Sn 12.75 5
Ni Fe 12.44 3.5 1
11.74 5.4 2
Fe Cr 11.73 4 2
Fe Ni Cr 13 2.2 5
Al O OH 12+0.5 7
Fezo3 12.8 9
Ni O 11.6 10
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2.3 The Solid Adsorbent. In characterizing the
layer on which adsorptlon of water takes place rever-
sibly, we make the following observations:

(i) The initial reaction of a clean metal
surface with water vapor is effectively irrever-
sible and involves dissociation. This is supported
by the evolution of hydrogen, the rapid exothermic
reaction, and published data for several metals
(7, 8 9,10, 11)

metal from further attack. By the word "protect,"
we are contrasting the rate of formation of the
initial irreversibly bound layer within ~ 10~4 torr
seconds with the subsequent growth of an irrever-
sibly bound monolayer in ~ 60 hours at 11 torr =
2.5 x 106 torr seconds. Auger electron spectro-
scopy (14 and 16) has shown that a layer which can
be represented as Fe O OH protects iron from
further attack. Direct evidence of hydrogen being
present in the passive film formed in solution was
provided by mass spectrometry (30). Electron
diffraction (28, 29) has shown that the protective
surface layers whlch form on iron which has been
air oxidized or passivated in solution are surpris-
ingly similar. The structures are based on the
cubic close packed oxygen lattice of y Fe O OH, or
Fe30y.

The details of the processes by which parti-
cular monolayers limit the kinetics of metal
oxidation and "oxide" dissolution have been the
subject of much investigation. (See references
on pa551Vlty, (26 and 28).) We do not attempt to
review or develop these studies here, but to
establish a connection between atmospheric corro-
sion and the relatively well studied disciplines
of aqueous corrosion and dry oxidation.

(iii) The critical interaction which binds
water when it is ostensibly adsorbed on a
corroding metal is the interaction with an oxide
or oxyhydroxide. The observation of similar
adsorption characteristics on many metals (after
the initial irreversible reaction) and on many
oxides supports this (Table III). The generali-
zation is reinforced by the observation that if
exposure is prolonged the area of the adsorbent
increases, but the other characteristics do not
change. Apparently, the growing layer is rela-
tively porous, and the protection is probably due
to the layer adjacent to the metal. This follows
from the increasing area and the constant rate of
growth.
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This discussion of the solid phase on which the
water is adsorbed has brought us to a conclusion which
is important for our subsequent examination of the
aqueous adsorbed phase. The water which is not (irre-
versibly) decomposed is adsorbed on an oxyhydroxide
whose exact nature has only a minor effect on the
adsorption phenomena. There is substantial literature
on the properties of adsorbents on this type of surface.
A review of this literature allows us to propose the
following generalizations concerning the agueous phase
in atmospheric corrosion.

2.4 The Aqueous Adsorbate. The agueous phase
acts as (1) solvent, (i1) dielectric and (iii) trans-
port vehicle and will be discussed under these three
topics.

(i) The solvation of gas, metal ions, protons
and hydroxide is of major importance in atmos-
pheric corrosion but relevent data is scarce and
theories which might support extrapolation from
other measurements are difficult to apply to
solutions in adsorbed water.

Consideration of the parameters of the gases
given below

Gases HZO NO2 802 HCl O2
B P °K 373 294 263 188 90
Heat of evap. H, 10.5 5.1 6 3.8 3,2
kcal/mole

Pressure in air 1072 1077 1077 1072 107!
atmospheres

shows that, generally, water will be adsorbed mul-
tilayers and other gases, if there were no water,
to fractions of monolayers. (In the BET model the
heat of adsorption of layers after the first is
equal to Hy.) Expressions have been developed to
describe the adsorption of mixed gases on the
basis of the BET or Langmuir models (31). If the
gases interact little, the observations can be
fitted to the theory, e.g., N2, and O3 on TiO3
(32); but with greater interaction, e.g., CgHg and
COz on Cry03 (33) agreement is poor. The layer
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dipoles, the ambidentate character of SO§2 and NOj,
and the strong interaction with bulk H,0 lead us
to doubt the use of these adsorption models. Al-
though detailed treatments of interactions and of
aqueous solubility have been given, they require
more knowledge of the solvent properties than is
available for adsorbed water on oxide.

It is proposed that a qualitative account can
be rationalized on the basis of the strength of
the interactions between solvent, solute, and
adsorbent. As an example of weak interactions,
the coverage of nitrogen on argon on titanium
dioxide is reduced by ~ 0.2 layers if one layer of
water is adsorbed and a further 0.1 layer if four
layers of water are adsorbed (34). The isotherm
after four layers of water proves to be very simi-
lar to that of nitrogen on ice (35). This addi-
tive behavior resembles Raoult's law with positive
deviations. The water-water and water-oxide
interactions, being stronger than the argon-oxide or
argon-argon or argon-water, the argon pressure is
raised over that of an ideal solution, i.e., the
gquantity of argon adsorbed is reduced at a given
pressure. The more polarizable xenon and krypton
have been reported to form clathrates with ad-
sorbed ice (36). An example of a strongly inter-
active system may be taken from the literature of
catalysis. Water adsorbed on silica (or alumina)
behaves as a Bronsted acid (37) and can be
titrated with ammonia. The concentrations of
adsorbed ammonia and ammonium can be measured
spectroscopically (38).

(ii) Dielectric properties of adsorbed water -
The solvation of gases, metal ions, protons and
hydroxide ions is crucial in electrochemical corro-
sion. The details of the hydration sheath in these
adsorbed layers cannot be given, but a microscopic
parameter is provided by measurements of the
dielectric constant of adsorbed layers. The di-
electric constant dispersion of adsorbed water has
been measured on several oxide powders (20,21,23).
It appears that the first layer is relatively
unpolarizable and the dielectric constant in the
order of three but, with an average of only two
layers, the dielectric constant was in the order
of thirty for a frequency of 100 Hz. The charac-
teristic frequency is ~ 1 kHz., Evidence indicates
clusters of water being heterogeneously distributed.
As the thickness increases beyond three layers, the
characteristic frequency approaches that of ice,
suggesting a development of hydrogen bonding be-
tween water molecules.
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Measurements of the DC conductivity have been
interpreted to suggest that the dielectric con-
stant increases with thickness and the dissocia-
tion energy falls from 0.6 eV towards that seen in
the bulk 0.35 eV (39,40).

(iii) Mobility - The first layer of water is
relatively immobile. The direct measurement of
viscosity in thin layers has been the subject of
some controversy, but rheological abnormalities
(if any) do not extend beyond a few molecular dia-
meters (41,42). NMR measurements have shown that
monolayers of water are oriented on silicate and
silica gel (17,18). Reduced diffusion in these
layers is shown_Ey pulsed spin echo NMR (19) and
by neutron scattering (43).

Infrared adsorption frequencies and line
broadening (15,16) have been interpreted to show
that water is bound O downwards to the HO M. The
lifetime, and population, of aggregates and hydra-
tion sheaths is strongly affected by the rotational
freedom of the water molecules. In bulk water this
is restricted by hydrogen bond breaking. 1In ad-
sorbed layers the interaction with the adsorbate
dominates reorientation for all molecules within
six to ten molecular diameters.

2.5 Summary of Water Adsorption. The discussion
of the adsorbed aqueocus phase has been drawn from many
fields and recapitulation may be helpful. Most metals
adsorb a monolayer of water rapidly and "irreversibly."

This initial layer reacts slowly in many cases.
Subsequent water adsorption is similar for many metals
and oxides. At 20% RH there will be ~ one monolayer,
and at 75% ~ five layers. Corrosive gases will not
form multimolecular layers, but compete with water for
the first "irreversible" layer. The "solution" of gas
will be very dilute. There is ample evidence for
strong interactions between adsorbed water and other
adsorbed gases, but a guantitative model is not avail-
able. The solution and ionization within thin adsorbed
layers will depart strongly from that in bulk water.
This may be seen from the variation of dielectric con-
stant with thickness of adsorbed water. A monolayer
has a dielectric constant in the order of three, but at
50% RH we have two or three layers with a mean dielec-
tric constant in the order of twenty five -- a medium
like methanol. Ionic mobility will be possible in this
layer, but mobilities may be an order of magnitude less
than those in bulk solution.
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We now return to discuss the observations of at-
mospheric corrosion described in the first part of this
paper in terms of the models of the adsorbed phase de-
veloped in the previous sections.

3.0 The Role of Water in Atmospheric Corrosion

3.1 General Observations. We saw that water vapor
plays a dominant role in many atmospheric corrosion
processes (Figures 1,3,5), and that there is an implicit
observation that the temperature dependence of corrosion
may be approximately represented by the vapor pressure
of water (i.e., RH is the rational variable). These
observations are consistent with the adsorption model
with high rates of galvanic corrosion occuring in thick
layers of water and only slower oxidation occuring in
the regime of RH at which monolayer coverage occurs.

The similar dependence on RH for several metals and for
several reactants is also consistent with adsorption on
similar oxyhydroxide layers even though the area tends
to increase. The simultaneous presence of several oxi-
dation products in porous layers (Figures 5 and 6) is
consistent with the inhomogeneous galvanic reactions.

The process is different from the gradation of stoichi-
ometry necessarily present in adherent protective layers.
Deliquescence of the products is expected to affect cor-
rosion rates and their dependence on RH considerably
(4,5,10,44), the water thickness being greatly increased.

3.2 Intermediate RH. At intermediate RH, ~ U40%,
weight changes are minor but roughening is seen (Figure
3) and sensitive surface chemistry shows that thin layers
of corrosion products can be detected (Figure 4 and 5). This
roughening may be associated with the fact that adsorp-
tion shows clustering even on homogeneous surfaces, and
practical surfaces are certainly inhomogeneous with
respect to adsorption. The preferred sites for attack
may be related to the specific adsorption sites de-
scribed for SO, (45,46) and HpS (47); they may be sites
where the water adsorption is favored:; or they may be
sites at which the oxide is weak. Once corrosion is
initiated, deliquescent corrosion products may aggravate
local attack (see below).

3.3 Low RH. At those sites, and for those condi-
tions, in which the average thickness is in the order
of one molecule, the dielectric constant is low and
hydration of ions HY, OH™, 03, MY, SO%’, etc., is
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energetically unfavorable. (Atmospheric corrosion
monitors based on recording galvanic currents record
a time of dryness, i.e., no corrosion for these times
of localized attack.) Metals may be consumed also by
mechanisms which resemble tarnishing (Figure 5) (48). It
is proposed that reaction rates are not limited by
diffusion across the monolayer since it is so thin,
since it does not prevent rapid reaction when the
adsorbed layer is thicker, and since similar viscinal
layers do not prevent rapid reactions at electrode
surfaces in bulk electrolytes.

3.4 High RH. At relative humidities for which
the water 1s more than three molecules thick (~ 65%
for many cases), water approaches the behavior of bulk
solutions. This is certainly true for films ~ 100
microns thick due to the presence of dirt, or deliques-
cent corrosion products (4,5,15,44,49). Corrosion in this

and similar apparatus may be employed to study it (44).
This is the threshold of critical RH, beyond which
substantial weight changes are reported and time of
wetness monitors indicate substantial corrosion. Below
this threshold, weight loss is minor although optical
surfaces may be degraded.

3.5 Conclusion. Although much is not known, and
gquantitative data 1s scarce, we conclude that a model
of the adsorbed aqueous phase provides a perspective
on observations made in many different aspects of
atmospheric corrosion. The parameter which we have
used as a rational gauge of this data in the thickness
of the water adsorbed on the oxyhydroxide surface.
This must be recognized as a crude beginning, but it
is hoped that the model exposes questions which need
to be addressed before details of atmospheric corrosion
can be understood. Such work will supplement the
relatively large number of studies on the protection
afforded by particular solid phases.
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Corrosion Inhibition and Inhibitors

RUDOLF H. HAUSLER
Gordon Lab, Inc., 925 Patton Rd., P.O. Box 605, Great Bend, KS 67580

An Educational Lecture or Paper on Corrosion In-
hibition could easily develop into an ambitious under-
taking if it were intended to review the vast litera-
ture concerned with the chemistry of Corrosion Inhib-
itors and the multitude of mechanisms proposed as ex-
planations of their action. The past approaches aimed
at understanding Corrosion Inhibition have been many,
ranging from phenomenological screening of chemical
compounds in a given environment to detailed electro-
chemical adsorption studies. Let me state that the
ultimate purpose of inhibitor studies ought to be the
development of predictive criteria for inhibitor effec-
tiveness rather than the mere explanation of experi-
mental results or speculation about possible mechan-
isms. While such predictive criteria have been devel-
oped in a few cases it appears that most mechanistic
studies have merely contributed to speculative guide
lines helpful in the unraveling process of inhibitor
action, but have been far from successful in providing
a complete understanding of practical inhibition phenom-
ena let alone predictive criteria for more effective
molecules.

The reason for this state of affairs may be seen
in past emphasis on surface phenomenological studies
which attempted to model the metal surface as an array
of surface atoms with some valences saturated by sub-
surface metal atoms and other valences saturated by
ions or molecules making up the environment. This
model led +to the description of the interface in terms
of the Helmholz and Guy-Chapman double layer theories,
and inhibitors were visualized as interfering with the
double layer structure through adsorption on the sur-
face atoms of the metal, thereby altering the electro-
chemical reaction rates which are governed by the ener-
getics of the double layer. While this model has been

0-8412-0471-3/79/47-089-262$13.85/0
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quite successful in explaining changes of electrochem-
ical reaction rates as a consequence of changes occur-
ring in the composition of the electrolyte it has not
been successful in describing typical practical inhibi-
tion phenomena.

A rather large body of evidence has been accumu-
lated over the past 10 to 15 years indicating that the
chemistry of the interphase between the metal per se
and the homogeneous bulk of the electrolyte may deter=
mine the kinetics of the corrosion process. This inter-
phase must be visualized as being distinctly different
in composition from either the metal or the electrolyte
and extending from microscopic to perhaps even macro-
scopic dimensions. As a consequence the overall kinet-
ics of the corrosion process are determined by a com-
Plex interplay between the reaction rates at the two
interfaces made up by the boundaries of the inter-
phase and transport phenomena in the interphase itself.

If the corrosion process is modeled in this manner,
then the corrosion inhibition phenomena must be seen
as:

a) the interaction of a chemical substance

with the outer surface of the interphase;

b) an interaction with the interphase itself

theredby changing its chemical nature;

c) or the formation of a new interphase.

The following discussion will therefore make but
a weak attempt to review past approaches to inhibition
theory. Rather, emphasis will be placed on the inter-
phase concept. It is hoped that the reader will thus
be offered a short introduction to corrosion inhibition
as well as being stimulated to further investigative
efforts in the field of corrosion inhibition.

The Corrosion Mechanism

Corrosion inhibition is generally described as the
interference of a substance foreign to the corrosive
medium with the corrosion reaction or reactions, and it
is visualized that such interference takes place
through the adsorption of the inhibitor on the metal
surface. While this concept has been successful in
many idealized situations, such as the corrosion of
iron in hydrochloric acid (1) its application has been
far too general and too prolifiec in order to advance
the understanding of corrosion inhibition in any sign-
ificant way.

It may therefore be helpful to discuss briefly a
kinetic model of the corrosion process itself and then
derive from it the various ways in which inhibition can
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take place. This appears all the more necessary as cor-
rosion after more than 50 years of intensive research

is still considered in many textbooks to be a purely
chemical process, while only special limiting cases

such as galvanic corrosion and perhaps pitting are rec-
ognized as electrochemical in nature.

Let us emphasize from the beginning that all cor-
rosion (the oxidative conversion of a metal to its met-
al ions) is electrochemical in nature. This implies
the existence of simultaneous anodic and cathodic cur-
rents of equal magnitude across the interface of the
metal. It is by no means necessary (although some-
times useful), to postulate permanent localized anodes
and cathodes as a microscopic concept with fixed space
coordinates in order to develop a kinetic model appli-
cable to the rates of the corrosion processes. The cor-
rosion reactions, that is,the anodic oxidation of the
metal and the cathodic depolarization by an oxidant,
may indeed take place with statistical distribution in
time and space on the surface of the metal. The proof
of this thesis was given by Wagner and Traud (2) in
1938 by means of the discussion of the limiting case
of zinc amalgam dissolution. Liquid zinc amalgam must
be considered a completely homogeneous phase where it
is impossible to define, in a rigorous thermodynamic
sense, local galvanic elements on the surface. The
dissolution of zinc amalgam in dilute hydrochloric acid
could therefore proceed by a chemical mechanism as
shown in equations 1 and 2:

2+

Zn + 2H+ —-»{Zn HZ} (L

{Zn HZ} 2, Zn+2 + Hy (2)

This model visualizes that zinc atoms on the sur-
face of the amalgam form a transition complex with two
protons which subsequently dissociates into zinc ions
and hydrogen. If this mechanism were to prevail, the
rate of hydrogen evolution (or oxidation of zinc) would
have to depend on the concentration of the transition
complex if the second reaction were rate determining,
or on the product of the concentrations of zinc and the
protons if the first reaction were rate determining.
Wagner and Traud, however, have shown that the rate of
the hydrogen evolution on a mercury surface is iride-
pendent of small concentrations of zinc and can there-
fore be determined electrochemically on a pure mercury
electrode. Conversely, the oxidation of zinc from zinc
amalgam is essentially independent of the pH and can bte
measured at high pH without interfering hydrogen evo-
lution. One can therefore determine these two rates
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over a wide potential range and in the case of the hy-
drogen evolution for different pH's. Since in the
"corrosion" of zinc amalgam the oxidation of the zinc
and the evolution of hydrogen have to proceed at the
same rate in order to preserve the laws of electroneu-
trality in the system, one can now use the above deter-
mined rate characteristics for the two reactions in or-
der to predict the rest potential of corroding zinc amal-
gam, and to determine its corrosion rate. The result
can then be verified independently by determining the
rate of hydrogen evolution from zinc amalgam volumetric-
ally and by also analyzing for zinc in the resulting
solution. These experiments have indeed been success-
ful and are considered sufficient proof for the postu-
late of the electrochemical mechanism for the dissolu-
tion of zinc amalgam in dilute hydrochloric acid, as
shown by equations 3 and 4, where the anodic and cath-
odic reactions proceed essentially independent from
each other. For a more detailed discussion of the dis-
solution of zinc amalgam the reader is referred to the
original literature or a discussion by H. Kaesche (3).

Zn—= Znt2 + 2e (3)

2H'—=H, - 2e (w)
This verification of the electrochemical nature of the
corrosion process also leads to the realization of four
distinct and separate basic processes involved in
corrosion, which are linked together merely by the
necessity of preserving electroneutrality in the over-
all reaction. These are

a) the anodic or oxidative process;

b) the cathodic or reductive process;

¢) the electronic charge transfer process in both
directions across the interface;

d) the ilonic charge transfer process which is re-
quired to maintain electroneutrality on the
electrolyte side due to the disappearance of
ionic charges in the cathodic process and the
formation of ionic charges in the anodic pro-

cess.
One of these four reactions is usually the slowest, and
rate determining for the overall process. Corrosion

inhibition takes advantage of this complexity of re-
actions by attempting to interfere with any of them
individually or jointly. Thus a corrosion inhibitor
may further slow the rate of the slowest reaction or
may bring about a rate limitation of one or the other
of the remaining three processes. While it is general-
ly known that corrosion inhibitors may affect the an-
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odic or the cathodic reaction, it is less well known
that inhibitive means may affect either the electro-
lytic conduction or even the electronic conduction pro-
cess.

Systematic Classification Of Corrosion Inhibitors

The several thousand substances which have in the
past been observed to have corrosion inhibitive pro-
perties have often been classified in various ways.

The starting point for such classification is the point
of interference with the above sketched corrosion mech-
anism either in a phenomenological or in a mechanistic
way. A simple system for classification, which will

be discussed in more detail later, is based on whether
the inhibitor interferes with the anodic or cathodic
reaction. Thus inhibitors are classified as anodic or
cathodic inhibitors. However, this distinction was
shown to be too simplistic and a more complex classifi-
cation was worked out by H. Fischer (4) on the basis of
where, instead of how, in the complex interphase of a
metal-electrolyte system the inhibitor interferes with
the corrosion reactions. The metal-electrolyte inter-
Phase can be visualized as consisting of (a) the inter-
face per se, and (b) an electrolyte layer interposed
between the interface and the bulk of the electrolyte.
On this basis Fisher distinguished as shown in Table 1,
between "Interface Inhibition" and "Electrolyte Layer
Inhibition."

Interface Inhibition comes about by substances
which position themselves immediately at the surface
of the metal and decrease the rates of physical, chem-
ical or electrochemical processes in the corrosion
mechanism. Such processes may be:

a) the charge transfer per se;

b) the interruption of the crystal lattice;

c¢) the partial steps involved in the anodic or

cathodic reactions, that is chemical reactions
either preceding or following the charge trans-
fer reactions.

Discussing interface inhibition one finds that
the pure squeezing out effect (salting out effect),
which may concentrate inhibiting neutral molecules at
the metal electrolyte interface, will be rather rarvre.
However, it is possible that the activity of ions or
molecules taking place in the corrosion reaction is de-
creased simply by the accumulation of neutral molecules
in the vicinity of the metal surface. Such substances
could be alcohol, water soluble inert solids in gen-
eral, or inert ions.

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



9. HAUSLER Corrosion Inhibition 267

Table I
L)
Causes of Interface-Inhibition and Electrolyte-Layer-
Inhibition

1. Interface-Inhibition.

1.1 caused by the squeezing out effect.

1.2 caused by adsorption. ‘

1.3 caused by electrosorption.

1.4 caused by coverage with a polymolecular or

polymerous layer.
2. Electrolyte-Layer~Inhibition.

2.1 mechanical E. caused by

2.11 colloids or suspensions.

2.12 viscous solutions.

2.13 pores in polymolecular or polymerous lay-
ers.

2.2 chemical E. caused by substances reacting with
components of homogeneous partial reactions of
the electrode reaction.

2.3 electrochemical E. caused by changes of the
potential in the diffuse double layer dependent
on a coverage of the interface with ilons

Mostly however, these and other molecules as well
as ions or ion pairs coming from the electrolyte may
be adsorbed on the metallic (or semiconductive) part
of the interface. Disregarding the special case of the
potential of zero charge at the metallic surface, the
conductor will usually carry a positive or negative
charge which may favor its coverage with charged or
polar substances occuring near the interface. It is
very difficult, however, to distinguish between pure
adsorption of neutral molecules on the surface of the
corroding metal by means of Van der Waals or a chem-
ical forces, and electrosorption which takes place by
potential dependent electrostatic forces. Often the
two mechanims operate in conjunction. It has been
shown for instance, that organic amines become much
more effective corrosion inhibitors in acid medium if
a halide is present. Halide ions, particularly iodide,
are strongly adsorbed on metal surfaces thus forming a
negatively charged layer on the metal surface onto
which protonated organic amines adsorb subsequently,
with a resulting inhibition of corrosion reactions.

Finally, one can talk about an interface effect
which is caused by coverage of the metal surface with
a polymerous layer. Some authors think that certain
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inhibitors such as the acetylenic ones form a polymer
layer on the surface of the metal. In other words, the
monomeric inhibitor molecules undergo either chemical
or electrochemical reaction on the metal surface such
that a polymeric two dimensional system is formed which
tightly adheres to the metal surface and interferes
with the rates of the corrosion reactions.

All of the above inhibition phenomena are visual-
ized as taking place immediately on the metal surface
of the corroding specimen. Apparently, there are ways
that one can affect corrosion reactions by interfering
with processes which are not on the surface, but those
in the vicinity of the surface, namely in the electro-
lyte layer closest to the surface. Electrolyte layer
inhibition may hinder the following partial steps of
electrode reactions:

1) Transport of components of the electrode reac-

tions to or from the interface;

2) Partial steps of the homogeneous chemical re-

actions within the electrolyte layer. This

can be accomplished by: '

a)purely mechanical obstacles assembled in the
electrolyte layer (mechanical electrolyte
layer inhibition):

b)by chemical reactions of components of the
electrode reactions with substances assem-
bled in the electrolyte layer (chemical
electrolyte layer inhibition);

¢)by electrochemical effects such as a change
of the zetapoctential in the diffuse part of
the double layer which controls the migra-
tion of components of electrode reactions.
This is called the electrochemical electro-
lyte layer inhibition.

For more detailed discussion of the various phe-
nomenoclogical inhbition mechanism the reader is referred
to the original literature. (W)

It is obvious now that corrosion inhibition is not
a simple phenomena, and a decision may have to be made
whether it may be more useful to discuss corrosion in-
hibition along mechanistic lines or by means of a tab-
ulation of chemical compounds which have been found ef-
fective under specific circumstances. However, the di-
gestion of exhaustive tables of chemical compounds and
their appllcatlon as corrosion inhibitors as presented
in C. Nathan's book (L) leaves the reader as dissatis-
fied and puzzled as do elaborate classification sys-
tems of corrosion inhibitors which invariably lack ex-
perimental substantiation and have at this stage little
predictive value.

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



9. HAUSLER Corrosion Inhibition 269

As a consequence it is judged to be more useful
for the novice in the field of corrosion inhibition to
familiarize himself with some of the fundamental in-
vestigative means and subsequently be confronted with
some special cases of corrosion inhibition which may or
may not lend themselves to generalization.

Experimental Observation of Corrosion Inhibition

The study of corrosion processes in recent years
has been almost entirely based on the so called Evans
diagram. Considering how often this diagram has been
misused or misrepresented suggests that a brief dis-
cussion may again be in order at the risk of being
repetive or trivial.

The Evans diagram (1) is a graphical presentation
in semilogarithmic coordinates of the anodic and cathod-
ic reaction rates expressed as partial currents de-
pendent on potential. The basis for the Evans diagram
is the corrosion model discussed above:

Me —+MeDt + ne (5)
Ox + ne—=Redn- (6)

These partial reactions proceed with equal reac-
tion rates when the metal is freely corroding. In or-
der to express the reaction rates in terms of a cur-
rent, the conversion per time is multiplied by the
Faraday constant according to the following equation:

J:Q'-F.n (7

Where J equals current, n number of electrons trans-
ferred per molecule, F equals Faraday constant and Q° is
the rate of the reaction expressed in terms of moles
per unit time. If the above equation is divided by the
surface area the current density can be expressed as
follows:

J . F.n

A:]_:Q,A

(8)

The partial anodic (i,) and cathodic (i.) current
densities are then expressed as exponentlal unctions
of the over-potential (na Ne) which is the difference
between the operating potentlal (e) and the equlllbrlum
potential (E, E,) of the particular partial reaction.
These relatlonshlps are shown graphically and explicit-
ly inFig.1l. Thus by defining the anodic and cathodic
current potential relationships for a corroding system
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and by plotting them as shown in a potential vs log i
diagram, one quickly finds the point where the two
lines intercept, which is the potential at which anodic
and cathodic reaction rates are equal. The current at
this point becomes corrosion current or corrosion rate
while the corresponding potential is the corrosion po-
tential.

It must be realized that in a corroding system the
partial currents cannot be directly observed. If a
corroding piece of metal is made an electrode in an
electrochemical cell the corrosion reactions already pro-
ceed with a given rate. The metal will therefore as-
sume the corrosion potential (ecorr) and the system is
in a steady state condition as opposed to an equili-
brium state. No current will flow in the external cir-
cuit at this point. If now by means of an external
circuit the potential of the corroding metal is moved
in the anodic or cathodic direction, the anodic or cath-
odic current will flow in the external circuit (+iext).
This observed external current is the equivalent of the
algebraic sum of the anodic and cathodic partial cur-
rents and can therefore be predicted from the indivi-
dual characteristics as shown in Fig.1. If the oper-
ating potential is sufficiently negative of the corro-
sion potential, the current-potential behavior of the
external current will resemble the partial cathodic
characteristic because under these conditions the an-
odic current has become extremely small. The potential
regions where either of the partial reactions is neg-
ligibly small with respect to the other are called the
Tafel regions. The current potential behavior in the
Tafel regions of an actively corrosing piece of metal
are often used to draw conclusions with respect to the
mechanism of the partial corrosion reactions. It is
therefore in principal possible to establish the Evans
diagram from fundamental knowledge of the individual
reactions or experimentally by studying the polarlza—
tion behavior of a corroding piece of metal in a given
environment. For more detailed derivation of electro-
chemical rate equations see (§).

It is important to remember that some assumptions
have been made in the derivation of Fig.l. First, the
equations given there are applicable only if the elec-
tron transfer is the rate determining step in the par-
tial corrosion reactions. This is important with re-
spect to the calculation of the Tafel slope (RT/anF) or
the interpretation of an experimental one. It is fur-
ther assumed that during the polarization of the test
electrode (corroding piece of metal) the composition of
the solution in the vicinity of the electrode remains
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constant. This is often not the case since the con-
sumption of an oxidant (oxygen or protons) during cath-
odic polarization rapidly leads to diffusion limitation
(diffusion over-potential) while secondary reactions
during polarization in the anodic direction often lead
to precipitation of metal hydroxides and consequently
passivation phenomena.

In spite of such experimental difficulties the
Evans diagram has been extremely useful in determin-
ing certain characteristics of inhibitors. In acid so=-
lutions for example, the electrode reactions follow a
behavior which is quite predictable on the basis of the
electron transfer being the rate determining step.

Thus Hackerman (2) and Nobe (8) have studied such sys-
tems extensively and found that the effectiveness of
certain amine inhibitors can be explained by their ad-
sorption behavior. The adsorption isotherms in turn
proved to be predictable on the basis of molecular
structure and configuration.

In neutral or alkaline solution, or solutions of
low conductivity, however, one finds very small Tafael
regions, or the Tafael regions are essentially nonexis-
tent. The reasons for such behavior are many:

a) Stern (8) for example has shown that the cath-
odic polarization curves for iron corroding in oxygen
free sodium chloride solution show hydrogen ion dif-
fusion limitation at a current of 10-% a/cm? at a pH of
2. Thus in such systems above a pH 1.5 essentially no
Tafel region is observed due to a diffusion over-po-
tential.

b) Resistances or over-potentials other than those
determining the rate of the electron transfer reaction
are often included in the current potential measure-
ment. The most frequent situation is the inclusion
of an ohmic resistance which occurs between the work-
ing electrode and the reference electrode. Such ohmic
electrolyte resistances can easily be determined by
positioning the reference electrode at varying distances
from the working electrode, or by various mathemati-
cal procedures including automatic iR-drop compensating
electronic devices. Mansfeld has recently discussed
the effect of such resistance on current potential
curves (10). A more serious resistance often influenc-
ing the potential determination in polarization studies
is caused by the formation of a corrosion product layer
on the surface of the corroding test electrode. This
situation is considerably more complex because, first,
this additional resistance is most likely not ohmic in
nature due to the semiconducting properties of the cor-
rosion product layer and second, anodic and cathodic
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reactions do not necessarily take place at the same lo-
cation. Thus the anodic reaction can be visualized as
taking place at the metal-scale interface while the
cathodic reaction may take place at the scale-electro-
lyte interface. The resultant polarization diagram is
shown in Fig. 2. Note that not only the external
current is subject to an iR drop (the case most often
discussed) but the partial currents are also subject to
a distortion caused by the additional resistance. It
must further be remembered that the resitance may be
different in magnitude for the cathodic and anodic par-
tial currents. This situation was discussed by Hausler
(11) in some detail.

Effect Of Inhibitors On Polarization Behavior

One of the most interesting and perhaps most dif-
ficult to understand phenomena in corrosion inhibition
is in fact that inhibitors do not affect anodic and
cathodic reactions to the same degree. Thus one finds,
as shown in TFig.3 that in some instances the cath-
odic reaction rate is reduced while the anodic reaction
rate remains the same or vice versa. As can readily be
understood from the diagram in Fig.3, this distinc-
tion can be made on the basis of a shift in the corro-
sion potential and if more detailed information is re-
quired from a complete study of the polarization
curves. A brief remark maybe in order here with re-
spect to the terminology used in such cases, as it is
often confusing: Cathodic inhibition results in a shift
of the corrosion potential in the anodic or negative
direction while anodic inhibition results in a poten-
tial shift in the cathodic or more positive direction.
It has been shown in the literature many times that
some systems are classically behaved as will be dis-
cussed in more detailed below, while others may show
both effects, that is, a combination of anodic and
cathodic inhibition in varying degrees. Therefore,
while the corrosion potential may give a preliminary
indication of the inhibitor mechanism, polarization
curves should be recorded for more complete assessment
of its mode of action. This is all the more important
since a reduction of the anodic reaction rate, for in-
stance, coupled with an acceleration of the cathodic
reaction rate may result in a large cathodic potential
shift with no change in the overall corrosion rate.
Conversely, if both anodic an cathodic reaction rates
are reduced to the same extent as shown in Fig.4, no
shift in the corrosion potential is observed while the
inhibition effect is the largest possible. Table 2 il-
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Table II

WEIGHT LOSS MEASUREMENTS OF CARBON STEEL IN 10% SULFUR-
IC ACID AS A FUNCTION OF TYPE AND CONCENTRATION OF IN-
HIBITOR AT 25 C.

Inhibitor Concentration Weight loss Corrosion

of Inhibitor mg/25cm?. Potential

(mol/1) day mV vs. Hp
Blank 0 956 - 235
Aniline 0.0063 au3 - 233
Diethylaniline 0.0063 513 - 209
p-Phenylene diamine 0.0063 886 - 225
R-Naphthyl-amine sat.sol. 374 - 210
Phenyl-a-naphthyl amine sat.sol. 938 - 234
Pyridine 0.0063 863 - 232
Quinoline 0.0063 370 - 201
Quinoline 0.063 122 - 181
,a-Naphthoquinoline 0.0063 78 - 177
a-Naphthoquinoline 0.063 59 - 172
g-Naphthoquinoline 0.0063 73 - 178
g-Naphthoquinocline 0.063 58 - 172
2,4 ,-Dimethylquinoline 0.0063 321 - 192
2,4,-Dimethylquinoline 0.063 178 - 1786
2 ,6-Dimethylquinoline 0.0063 175 - 192
2 ,6-Dimethylquincline 0.063 B4 - 170
Ethylquinolinium bromide0.0063 63 - 184
Acridine sat.sol. Lo - 227
Acridine orange sat.sol. 24 - 201
Acridine red sat.sol. 61 - 184
Acriflavine sat.sol. 112 - 196

Water soluble Petroleum

sulfonate sat.sol. 170 - 212
Sulfonated oil sat.sol 23 - 227
Commercial Inhibitor A sat.sol. 23 - 2217
B sat.sol. Ly - 216
C sat.sol. 85 - 218
D sat.sol. 51 - 223
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lustrates these points in a survey of potential shifts
and corrosion rates for various inhibitors on carbon
steel in sulfuric acid. Such relatively simple elec-
trochemical techniques therefore can be considered use-
ful tools for the rapid assessment of inhibitor act-
ivity and for the purpose of obtaining preliminary in-
formation on a possible inhibition mechanism. How-
ever, polarization measurements, either in the form of
"Linear polarization measurements" or Tafel-slope de-
terminations are fraught with peril (c.f. Hausler 11).
Even if a system is relativly well behaved, the infor-
mational value obtained from polarization curves is
relatively small and should be combined with more ex-
tensive determination of the electrode kinetic param-
eters, adsorption studies and mass transfer studies
in order to elucidate the mechanism of a particular
corrosion inhibitor or class of compounds exhibiting
inhibitive effects. In short only a complete descrip-
tion of the interphase chemistry will eventually lead
to the predictive criteria for inhibitor behavior.

Very few such investigations have been carried out
in the past. It appears that investigators were
mostly satisfied with demonstrating the inhibitory
effect of chemical substances and subsequently forcing
those substances into one or the other simple mechan-
istic concepts. The few investigations which have
pinpointed vastly more complex behavior, have mostly
been overlooked. In the interest of stimulating more
research in the field of inhibitor chemistry, this re-
view shall stress the more exotic investigations. In
particular it will be suggested that chemical reactions
of inhibitors occuring in the interphase between cor-
rosion products and the inhibitor are a more general
and widespread phenomenon than has generally been be-
lieved in the past.

Inhibition By Thiourea And Quinoline Derivatives

A large number of investigations in acid media
have led to the conclusion that the inhibition effect
caused by relatively small and simple molecules is due
to their adsorption on the metal surface. Compounds of
this nature usually contain sulfur and nitrogen, or are
of the groups of higher alkyl-alcohols and fatty acids.
Typical compounds to be discussed here in more detail
are quinoline and thiourea derivatives. Fig. 5 shows
a comparison of the effectiveness of several such
compounds determined by means of weight loss measure-
ments on carbon steel in 5% sulfuric acid at u#0° C.
as a function of the inhibitor concentration. A cur-
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sory examination of Fig.5 might lead to the conclusion
that the relationships of corrosion rate vs. inhibitor
concentration are basically quite similar for the two
classes of compounds and differ only quantitatively
with respect to the efficiency. It will be shown how-
ever, that there are indeed profound differences be-
tween the two classes of inhibitors. Hoar and Holiday
(12) found relatively simple conditions as a result of
their investigation of the corrosion inhibition of iron
in 5% sulfuric acid by 2,6-dimethylquinoline. These
authors determined first the external current-potential
curves in the unihibited solution and then the anodic
partial current-potential curves at different inhibi-
tor concentrations and the quantity of dissolved iron
in the electrolyte at certain electrode potentials.

The difference between the anodic external current and
the independently determined anodic partial current
(dissolved Fe) is the cathodic partial current density.
The results as obtained by Hoar and Holiday are shown
in Fig.6. The dashed curve represents the external
polarization behavior in the absence of inhibitor and
the black lines are the Tafel slopes for the anodic
partial current density (the metal dissolution) for
different inhibitor concentrations. The cathodic par-
tial current density (hydrogen eveolution) is found for
all values of the inhibitor concentrations in the shad-
ed area. Therefore, it is obvious that the inhibitor
in this case acts exclusively by reducing the anodic
reaction rate but not the cathodic one.

Kaesche and Hackerman (13) have investigated the
inhibition of several aliphatic and aromatic amines on
pure iron corroding in 1N hydrochloric acid. These
authors observed in thirteen out of fourteen cases that
the inhibition was both anodic and cathodic, albeit
predominantly anodic. The exception was methylamine
which acted only cathodically. In the case of the cor-
rosion inhibition on pure iron by B-naphthoquinoline in
sodium sulfate/sulfuric acid solution (13), one observes
a simple parallel shift of the anodic and cathodic
Tafel lines towards smaller values of current density.
Here the effect is almost symetrical, indicating that
this inhibitor acts to the same extent upon anodic and
cathodic reaction rates. Therefore, the effect of
B-naphthoquinoline can be explained on the basis that
its adsorption blocks a fraction 8 of the metal surface
for all electrode reactions. If equation 9 describes
the external polarization behavior in terms of a func-
tion of the partial current potential relationship for
the anodic and cathodic reactions in the usual terms:
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Figure 6. Current-potential diagram for 0.1% C—steel in 5% aqueous H,SO, at
40°C for various concentrations of 2,6-dimethylquinoline (3)
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(iext)O:(ign)O'eXpie/(Ban)og'(igath)o-
eXpa_E/(Bcath)oz (9

where: i©
€

exchange current density
electrode potential
Ban = anodic Tafel slope
cath cathodic Tafel slope
then equation 10 describes the polarization behavior of
inhibited electrodes in the same terms:

(iext)T=(i%)1 expie/(Ban) f~i8atn)1-

eXp_#Y(Bcath)Ig (10)

If the inhibitor does not affect the Tafel slopes (see
B-naphthoquinoline),

(Bando = (Ban)1s (Bogtndo = (Beath)I (1)

the inhibited anodic current density is a simple frac-
tion of the uninhibited anodic current density as shown
in equation 12.

(1901 = (i), (1-8) (12)

and for the cathodic partial current
(iocath)I = (igath)o (1-9) (13)

It follows that the inhibited external current is a
similar fraction of the uninhibited external current
as indicated in equation 14

(igg)T = (Qoxt)o (1-6) (11)

It also follows that the degree of inhibition in this
case is directly proportional to the fraction of the
surface covered with adsorbed inhibitor:

I%orr - Iinh

b- corr - (15)

o
Ieorr

In general, however, these equations are not applicable
since symmetrical anodic and cathodic inhibition is a
rare case. In the case of dimethylquinoline which, as
shown in Fig.6, does not affect the cathodic hydrogen
evolution, Hoare and Holiday (l12) have proposed a
different approach. One can assume that two kinds of
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atomic_ sites occur on the steel surface. There might
be a site §7 occurring at a frequency Nj where the

anodic metal dissolution occurs, and all other sites,
So occurrlng with a frequency Nj. One further assumes
that N7 is much smaller than N, and that the cathodic
hydrogen evolution occurs on all sites S1 and Sop. Ad-
sorption now occurs to a different degree on the sites
Sl with a coverage 67 and a coverage 8, on the sites
So. If we then further neglect the cathodic hydrogen
evolution on the sites S, because of their negligible
contribution, equation 16 results:

(igxp)T = (39 (1-87) expi€/(Ba)ol- (18at)o"

(1-82) exp{-€/(Boath)ol (16)

Since dimethylquinoline is only a marginal corrosion
inhibitor it is probably only marginally or weekly ad-
sorbed. One can further speculate that the adsorption
occurs only on the sites S,;, that is the lattice dis-
solution sites which will %avor the adsorption of
foreign molecules from an energetic point of view.
Therefore, 69 will be approximatly zero. Equation 16
then reduces to equation 17:

(Ggped1 = (1370, (1-81) exple/(By)of - (1210

exp{-¢e/ (Boatn)of (17

By proper adjustment of the parameter 91 the curves in
Fig.6 can then be calculated.

Similar calculations have been carried out for the
inhibition of iron corrosion in hydrochloric acid by
Victoria blue which, according to Elze and Fischer (1)
does not affect the Tafel slopes, but reduces both the
anodic and cathodic partial reactions to a different
degree. In this particular case 6] and 8, have to be
adjusted by way of a trial and error calculation.

This simple model of the inhibitor action which
is based essentially on the potential independence of
the inhibitor adsorption is, however, often not ap-
plicable. Kaesche (15) indicates that the corrosion
inhibition of pure iron in sulfuric or perchloric acid
by phenyl-thiourea strongly affects the slopes of the
polarization curves, leaving the corrosion potentials
almost unchanged Fig.7. In fact, the polarization
curves for the inhibited situation do not exhibit real
Tafel behavior. This behavior finds a partial explan-
ation in the fact that the mechanism of the hydrogen
evolution appears to be changed in the presence of
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phenylthiourea. Specifically, it appears the electro-
chemical desorption of hydrogen is greatly hindered.
This mechanism may possibly find confirmation in the
independently observed fact that in the presence of .
phenylthiourea considerably more hydrogen diffuses into
the metal. However, the inhibition mechanism of phenyl-
thiourea is probably considerably more complicated than
that, as can be seen from the very complex relation-
ship of the corrosion potential with the inhibitor con-
centration. This is shown in Fig.8, in comparison

with a similar relationship for g-naphthoquinoline.
Hoar (Q6) found that in the corrosion inhibition of
iron in hydrochloric acid by g-naphthoquineline, the
corrosion potential increases monotonically with in-
creasing inhibitor concentration, while in the case of
o-tolylthiourea one observes first a decrease of the
corrosion potential followed by an increase at higher
inhibitor concentrations. A similar predominant in-
hibition of the cathodic partial reaction at small in-
hibitor concentrations is exhibited also by phenyl-
thiourea according to Kaesche. TFurthermore, in the
series of the thiourea derivatives one often finds cor-
rosion acceleration at small concentrations, as for in-
stance_in the case of phenylthiourea at concentrations
of 10-' moles per liter. This appears to be due to a
small cathodic decomposition of thiourea and its de-
rivatives in the course of which hydrogen sulfide is
formed. As is well known, hydrogen sulfide tends to
accelerate corrosion, in particular the anodic partial
reaction of dissolution of iron, which has been demon-
strated independently by other authors (17).

It is generally assumed that ions which can accel-
erate either or both partial reactions in a corrosion
process are capable of being adsorbed on the iron sur-
face. Thus it is known that hydrogen sulfide ions
which accelerate both partial reactions of acid cor-
rosion (although predominantly the anodic one), and
formic acid molecules which catalyze the cathodic par-
tial reaction but inhibit the anodic one, as well as
commercial inhibitors which reduce both partial re-
actions, are in fact adsorbed on the iron surface. As
a consequence the mere fact that adsorption takes place
cannot be used to predict an expected change in cor-
rosion rate as it is also known that halide ions cat-
alize the anodic dissolution of indium, while hydroxyl
adsorption catalyzes the anodic dissolution of iron.
Furthermore, it is also known that certain ions can
act either as a catalyst or an inhibitor when adsorb-
ed on the metal surface depending on the type of metal
considered. Kolotyrkin (18) observed that the adsorp-
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tion of iodine ions consistently increases the hydrogen
over-voltage on silver but decreases it on mercury. On
lead one observes that small amounts of adsorbed iodine
increase the hydrogen over-potential, larger amounts,
however, decrease it. In the case of the hydrogen ev-
olution it is probably the heat of adsorption of the
atomic hydrogen on a particular metal which controls
the acceleration or inhibition of this reaction upon
adsorption of a foreign ion. With respect to the
kinetics of the anodic dissolution of metal, howevenr,
the important parameter is most likely the strength of
the complex formation between surface metal atoms and
the adsorbed particle. If the complex formation is
weak, therefore hardly affecting the bonding forces
holding the surface atoms in the metal lattice, one
would expect inhibition through simple blocking of the
dissolution sites. Conversely, if strong ligand forces
act between the surface metal ions and the adsorbed
particle, one would expect catalysis of the metal dis-
solution. Along these lines one also has to consider
the possibility that one kind of adsorbed particle can
be displaced by a different kind. One would therefore
suggest that increasing the concentration of thiourea
derivatives eventually leads to corrosion inhibition
because of competitive adsorption with the hydrogen
sulfide ion which causes acceleration of corrosion.

Acceleration of corrosion has been demonstrated
with strong complexing agents such as EDTA salts. How-
ever, as EDTA is substituted with longer alkyl chains,
the catalytic effect is gradually lost and inhibition
is obtained. This strongly suggests that the adsorp-
tion of the inhibitor particle on the metal surface,

a purely interfacial phenomenon, is not the predominant
feature to be studied, but that in fact the chemistry
in the interphase, in particular, the formation of
corrosion products and corrosion product layers has to
be given more consideration.

A case in point is a study made by Ross (13) on the
dissolution of iron in 0.5 molar sulfuric acid in the
presence of thiourea at 40° C. The results of this
study, which was conducted as a function of the flow
rate, are shown in Fig.3. It appears that the uninhib-
ited dissolution of iron follows expected mass trans-
fer behavior both in the laminar and turbulent regions.
However, at two inhibitor concentrations marked devia-
tions from the expected mass transfer behavior are ob-
served. Ross attempted to explain these results on
the basis that different inhibitor concentrations af-
fect the anodic and cathodic polarization in different
ways, taking also into consideration that at small
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thiourea concentrations hydrogen sulfide is formed on
the surface of the metal catalizing the anodic re-
action, thereby achieving a corrosion rate which is
higher than the blank corrosion rate. However, Ross's
explanation leaves many ends untied. One has to ex-
plain first of all the mass transfer behavior for the
uninhibited dissolution of iron in sulfuric acid. At
a proton concentration of one normal and at corrosion
rates as measured, proton diffusion cannot be rate con-
trolling. Second, the iron diffusion away from the met-
al surface is not expected to be rate limiting, since
iron can in fact diffuse away from the surface as fast
as it is formed, a fact that has been experimentally
verified by this author (see below). One must then
assume that the observed mass transfer behavior is
caused by a secondary reaction most likely the dis-
solution of a corrosion product. It is known that cer-
tain iron sulfates are quite insoluble in water, such
as the monohydrate of the ferrous sulfate, and ferric
sulfate. In Ross's experiment oxygen was present
since the author does not mention any precautions for
keeping oxygen out of the experimental sysgem.

At low thiourea concentrations (2°10 "molar) it
is observed that the corrosion rate varies approximate-
ly with the 1/5 power of the flow rate. This author
has observed that, in hydrogen sulfide saturated solu-
tions at 70° C in the presence of small amounts of
ammonium chloride, the cathodic partial reaction for
iron corrosion varies with the 1/6th power of the flow
rate. This maybe a coincidence; however, since the
formation of hydrogen sulfide and iron sulfide on
corroding iron surfaces in acid thiourea containing
media has been observed independently by other authors,
it is quite likely that the abnormal mass transfer be-
havior observed by Ross for the small thiourea concen-
tration is in fact caused by an iron sulfide layer on
the surface of the metal. At higher thiourea concen-
trations there may well be competition between the
thiourea molecule and the hydrogen sulfide in the com-
plexing reaction with iron. It should be noted, that
the next higher thiourea concentration is three orders
of magnitude larger but achieves only a marginal in-
hibition effect. One would therefore assume that
thiourea is in competition with sulfate or water for
ligand positions around the iron. Since thiourea is a
neutral molecule,it is quite understandable that it
will reduce the dissolution rate of iron sulfate merely
by blocking access of water molecules to the iron sul-
fate surface. A complete explanation of Ross's scanty
data is complicated by the presence of oxygen which

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



288 CORROSION CHEMISTRY

will interfere with the corrosion and complexing reac-
tions on the surface of the metal. Nevertheless, this
particular investigation is of great value in that it
points out the importance of studying inhibitor effec-
tiveness under dynamic flow conditions, and in under-
lining further the importance of the chemistry occur-
ring in a phase immediately adjacent to the metal sur-
face but distinctly different from the bulk of the
corrosive medium.

Acetylenic Inhibitors

Acetylenic compounds have long been known as ef-
fective corrosion inhibitors in hydrochloric acid.
Tedeschi and coworkers (20,21) have presented over the
past 10 years extensive investigations of these com-
pounds. Their results are summarized in Tables 3, 4
and 5. Some of the basic features of these compari-
sons are the position of the hydroxyl group and the po-
sition of the triple bond. Thus it appears that the hy-
droxyl group has to be ing-position to the acetylenic
function and optimum efficiency is obtained if the
acetylenic function is terminal. These two effects can
be explained on the basis of the tautomerism shown in
equation 18.

H+ - H - H
An) ]
R-f—C=CH R—IC-C=CH R-G-C=CH (18)
H OH 0 H

This formalism implies that the polarization of
the triple bond can be stabilized first by a nonclass-
ical carbonium ion and further by an a-keto-double bond
confirguration which is known to complex strongly with
transition metal ions. It is noted that the hydroxyl
group has to be located not only in a-position but on
a secondary carbon atom for strong corrosion inhibition
to result. This is to be expected, since protons are
much more apt to form nonclassical carbonium ions than
methyl groups. However, if the terminal proton on the
triple bond is substituted with a strong electrophilic
group, the polarization of the triple bond becomes
strong enough to involve the above indicated tauto-
merism.

One can further rationalize that a compound with
a non-terminal triple bond experiences some steric
hindrance in the formation of complexes with transi-
tion metal ions. Thus, the effect indicated in Table 3
which Tedeschi ascribed to steric hindrance is rather
a kinetic effect concerning the intra-molecular shifts
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Table III

Decreasing Inhibition

1. Location of Triple Bond:

llql Ry R1
Ry—C—C==CH > R2—$~0—=—C—é“—R2 =
OH H H
- R1 S
R1 = H or CHyg Ry——C=C—C=C—C—R,
R2 = CH3—>C5H11 H dH

2. Sterichindrance:

H B CHy
He—C—C==CH => CHg—(—C==CH => CHy—C—C=CH
OH OH OH

3. Alkyl Chain Length:

H
R2—$_CECH
H

CHy

Ros CgH11=> CyHg™> C3Hy, . >CH—>C2H5> CH,
3

4. Position of Triple Bond and Hydroxyl Function:

CH3—CHy—CHp—CH—Ca==CH  CHy—CH)—C==C—CH,—CH,—OH
OH

INHIBITOR NO INHIBITOR
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Formula
OH——CHQ——CEECH

CH

i 3
OH——?H——CEECH

CH3
CH3——CH2——CH2——?H——CEECH

OH

CH3——EH——CH2——E——C_—CH

CORROSION CHEMISTRY

Table IV
Type Chain
OH Length Corrosion Rate
1° 3 0.026
3° L >1.6
20 6 0.002
3° 6 >1.6
Table V

Formula Temperature Concentration Corrosion Rate

G
CH3~—C—C==CH 200
H 175
Hy
CHy—C—C=C—Cl1 200
i 175
CHy
CH——é——CEEC——I 200
H 175
o
CH3~—?——CEECH 175
O‘[CHQ—CHQ—O] H
X

>1.8
0.221

>1.8
0.243

0.004
0.002

Some
Activity
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necessary for complex formation. It is also interest-
ing to note that substituted propargyl alcohols become
more effective as the alkyl chain increases. This
effect most likely has to do with the nature of the
"adsorbed layer" in that increasing length of the alkyl
chain imparts greater hydrophobicity to the interfacial
layer, thus squeezing out water molecules from the
interphase. Quantitative results for this effect are
shown in Table u4.

The temperature effect of some acetylenic deriv-
atives 1is quite surprising. Dimethyl-propargyl
alcohol loses its efficiency as the temperature rises
from 175° to 200° F. The fact that this is no longer
true for the iodine-substituted compound is in support
of the above mechanism. Furthermore, if the hydroxyl
group on the dimethyl propargyl alcohol is blocked by
a polyol group, the corrosion inhibition is almost
lost, underlining the importance of the hydroxyl group
as an integral part of the inhibition mechanism. It
should further be noted, that the equivalent compounds
containing double bonds instead of the triple bond
show no corrosion inhibition whatsoever. Tedeschi's
attempt to formalize the inhibition mechanism of
acetylenic compounds has recently been published, (22)
and is shown in Table 6. Here the interaction of pro-
tonated alkynols such as methyl-butynol and hexynol
with themselves and the metal surface is illustrated
in the building up of a complex inhibitor multilayer.
Such a charged molecular barrier is analogous to a
three-dimensional polymer in which a large excess of
protons is kept from the metal by repulsion of like
charges or by interaction with the basic m- field of
the triple bond.

According to Poling (23) IR studies have indicated
that such films may be up to 200A thick. If the aver-
age molecule is estimated at about 4A in diameter, then
a barrier of up to fifty molecules thick is possible.
The ability of the triple bond to function as a Broen-
sted base in hydrogen bonding with either acidic
ethynyle protons or hydroxylgroups has also been proved
by IR studies (23).

The formation of such a space charge layer is in-
tuitively appealing, although it is unlikely to extend
very far. If protons were to play a role in the build-
up of a large three-dimensional polymerous network of
the kind shown in Table 6, then necessarily some neg-
ative counter ions would have to be built into such a
layer. However, a more serious flaw of this model is
that it cannot account for the migration of two or
three valent metal ions through such a polymer layer.
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Table VI

Methyl Butynol (MB) - Hexynol (H)

(CH3),C~—C=CH +  CH3(CHp)pCH—C==CH + H+

H OH
(MB) (H)
H
c
I
C3H, o
HC—C==CH---  (CHy),§—C==CH--- C—(CH )
--*H:QH HO:H* *H:0H
1 \
1
HCEC-C(CH3)2 / C3H7 (CH3)2—C—CEC}‘I
-===*H,0===m==- HC==C——CH H:OHt-=-u-—-
"'H:OI;I
' H
C3H,  (CHy)y ! HqCj C
/ Ve ] Al
HC==C——CH C—C== H“?Hz———?————CEECH C
H
*H:OH--~--0H C—(CH,,)
2 i 372
+
OH,
by l
H MB H MB

FORMATION OF POLYMEROUS LAYERS WITH
ACETYLENIC COMPOUNDS IN HYDROCHLORIC
ACID ON METAL SURFACES
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In hydrochloric acid for instance at room temperature
the corrosion rate at 95% inhibition is still several
hundred mpy's. Therefore,under steady state con-
ditions there is a flux of iron ions across the inter-
phase which must be accommodated in the inhibition mech-
anism. This could be done more easily by assuming a
corrosion product layer of discrete thickness composed
of a complex formed from metal ions and inhibitor. De-
tails of this model will be discussed below.

Thus, it is important to point out that any model
of the inhibition mechanism has to include not only an
explanation of the interference with the surface
kinetics but also with the charge transfer processes
across the boundry layer.

The study of such transfer processes was one of
the purposes of a fairly extensive investigation of the
inhibition of corrosion of iron in hydrochloric acid by
acetylenic corrosion inhibitors. The parameters of
this investigation were: the concentration of the
acid, the concentration of the inhibitor, the flow rate
and the oxygen concentration in the corrosive medium.
While most of the experimental data were obtained by
means of the so called resistance probe, polarization
measurements were carried out in order to elucidate
some of the more peculiar results. The experimental
arrangement is more fully explained in (2u).

Originally it had been intended to find a cor-
relation between inhibitor constitution and inhibitor
activity. The approach taken in evaluating the data
essentially followed the thinking of other investiga-
tors in the field. It was assumed that the parameters
of an adsorption isotherm would be a means to corre-
late chemical structure with inhibitor performance
(25).

If one assumes that the blank corrosion rate
(Igo r) represents the total number of "active sites"
on tﬁe surface of a corrodiﬂg metal and that the in-
hibited corrosion rate (I ) represents the total
number of active sites mifils*the inhibited sites, then
equation 15 is an expression for the fraction of the
surface which is covered by inhibitor molecules. Thus,
as explained previously, © stands for the fractional
coverage of the surface with inhibitor and is, of
course, equal to the percent protection as defined by
equation 15. The dependence of coverage © on the con-
centration of the inhibitor, within the assumptions and
restrictions made previously, is given by the adsorp-
tion isotherm of a particular inhibitor. A typical ad-
sorption isotherm was derived by Langmuir and is given
in equation 19:
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KC:

where K is the Langmuir adsorptlon constant. Rearrang-
ing equations 15 and 19 give equation 20, which shows
the relationship between the percent protection and
inhibitor concentration discussed earlier:

c. F (20)

inh =y (1_p)

It is necessary to discuss some of the inherent assump-
tions of this approach. It has been pointed out earlier
that an inhibitor does not necessarily block both an-
odic and cathodic reaction sites. Adsorption isotherms
arenonetheless useful if the blank corrosion current
(Igor ) is in fact proportional to the total number of
sites” that can possibly adsorb inhibitor. This, how-
ever, is not necessarily so, as it has been shown that
often a substantial corrosion rate is observed at sat-
uration coverages by the inhibitor.

A number of adsorption isotherms have been proposed
in the literature and have been used for such cor-
relation purposes. Of these the Langmulr adsorption
isotherm shown in equations 19 and 20 is the 51mplest
cne. It is based on the assumptlon that all sites are
energetlcally equal, that is the heat of adsorpticn
is independent of coverage. It can be seen from equa-
tion 20 that,if the logarithm of the inhibitor concen-
tration is plotted against the logarithm of P/(1-P), a
straight line with unit slope should result. Hence,
this criterion can be used to test the Langmuir assump-
tions.

Another adsorption isotherm was derived by
Freundlich and is shown in equation 21. Here the
logarithm of coverage is directly proportional to the
logarithm of the inhibitor concentration. This iso-
therm is only valid at low coverage. It assumes ex-
ponential dependence of adsorption energy on coverage.

log © = k-log-Cjpn +kZ (21)

A still further isotherm (equation 22) is attri-
buted to Tempkin and assumes a linear dependence of the
adsorption energy on fractional coverage.

e = % * log Cipn * const (22)
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This assumption is supported if a plot of P vs
logCinh yields a straight line. In this case, as in

the case of the Freundlich isotherm, competitive ad-
sorption between inhibitor molecules and either water
or other constituents of the corrosive medium is part
of the assumptions. Thus, except in the case of the
Langmuir isotherm, competitive adsorption is recognized
as important, hence the Langmuir isotherm seems some-
what ideal, not withstanding the fact discussed ear-
lier, that the adsorption may be highly selective with
respect to the electrode reaction and may furthermore
be potential dependent. Hence, isotherm plotting is
at best only a means to correlate data and to register
possible chemical effects of the system on a purely
comparative basis. Tor a more detailed discussion of
adsorption isotherms in electrolyte systems, the reader
is referred to the pertinent literature published by
Parsons (26) Delahay (27) and Bockris (28).

In the course of studying some acetylenic in-
hibitors in hydrochloric acid, a number of different
isotherm type correlation were found. Thus Fig.10
shows a Langmuir plot for 2-butyne-1l,4%-diol in 6N
hydrochloric acid under aerated conditions. Two dif-
ferent commercial products of this compound were used.
It is shown that the straight line relationship is
obtained with a good reproducibility over three orders
of magnitude of inhibitor concentration. In the light
of what was said above, this was a surprising result,
however, it corresponds to other similar observations
reported in the literature.

Fig.1l1l .shows the same type of plot for the ident-
ical inhibitor in hydrochloric acid of different con-
centrations. It can now be seen that in weaker hydro-
chloric acid the linear relationship is not retained.
At the higher inhibitor concentrations inhibition is
reduced with respect to 6N hydrochloric acid, while at
the lower concentrations the inhibitor seems to be
more effective in 4N than in 6N hydrochloric acid. The
decrease of inhibitor efficiency with decreasing acid
concentration is unexpected. No similar results seem
to have been reported elsewhere.

An interesting effect is observed, Fig.1l2, when
the six normal hydrochloric acid solution is deaerated
with nitrogen. It is seen that the absence of oxygen
reduces the efficiency of the inhibitor considerably.

Finally Fig. 13, shows a comparison of 2-butyne-1l,
4~diol, in 4N hydrochloric acid under aerated and de-
aerated conditions. While at lower concentrations the
presence of oxygen does not seem to be important at
higher concentrations better inhibitor efficiency is
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Figure 10. Inhibition of iron corrosion by 2-butyne-1,4—diol in 6N HCI aerated

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



9. HAUSLER Corrosion Inhibition 297

100

P/(1-P)

0001 0005 00l 005 Ol 05 10
INHIBITOR CONCENTRATION (%)

Figure 11. Inhibition of iron corrosion by 2-butyne-1,4-diol aerated
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Figure 12. Inhibition of iron corrosion by 2-butyne—1,4-diol in 6N HCI
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observed in deaerated vs aerated hydrochloric acid, or
in other words, the reverse of the effect observed in

6N hydrochloric acid.
Similar experiments with propargyl alcohol are

shown in Fig.l4. This series of experiments was
carried out in 4N hydrochloric acid under aerated and
deaerated conditions. Apparently a different mechanism
applies for propargyl alcohol because the curvature of
the relationship between protection and inhibitor con-
centration plotted in Langmuir type fashion is reversed
from what was observed for butyne-diol. While the oxy-
gen effect with butyne-diol in 4N hydrochloric acid

was significant only at higher inhibitor concentra-
tions, it becomes evident that for propargyl alcchol
oxygen reduces the inhibitor efficiency over a large
concentration range. Most importantly propargyl
alcohol is more effective than butyne-diol.

In summary, indirect "adsorption measurements” in-
dicate some surprizing results. First a rather large
effect of small changes in acid concentration is ob-
served for the butyne-diol. It would be rather dif-
ficult to explain this in terms of adsorption theory
because the adsorption isotherm in 4N hydrochloric
acid crosses the one obtained in 6N hydrochloric acid.

The pronounced and complex effect of oxygen is
even more unexpected in terms of adsorption theory,
because oxygen is not thermodynamically stable under
the conditions of iron corrosion in hydrochloric acid.
Note also, in this context, the oxygen effect in 6N
hydrochloric acid is exactly opposite from 4N hydro-
chloric acid. And, finally, in 4N acid we find that the
oxygen effect is in the same direction for propargyl
alcohol and butyne-diol, with propargyl alcohol being
much stronger affected. In terms of adsorption theory
one would expect the better inhibitor to be adsorbed
more strongly and hence less affected by competitive
adsorption. The experimental results indicate the
opposite.

A complete and extensive rational for the rejec-
tion of adsorption theroy in the present case would
easily go beyond the frame work of this paper. How-
ever, since in the area of acetylenic inhibitors the
build-up of surface films up to 200 A has already been
observed (25), it maybe more fruitful to follow this
line of reasoning. Further experimental effort, of
course, ought to attempt to clarify the nature of this
surface film. The above described effects such as
the acid and the oxygen effect are not immediately ob-
vious if such a surface film is of the nature shown in
Table 6. However, some observations involving the de-
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pendence of inhibited corrosion rates on flow rate may
shed further light on this problem.

Fig.1l5, shows the corrosion rate of iron in uiN
hydrochloric acid under aerated conditions as a func-
tion of flow rate and different inhibitor concentra-
tions. It is noted that the blank corrosion rate in-
creases slightly with flow rate while a somewhat’
stronger dependence is observed for 0.01 and 0.02 per
cent inhibitor solutions. At the stronger inhibitor
concentration (0.1%) the flow dependence becomes com-
plex.

Since these experiments were not carried out under
ideally defined flow conditions the dependence of cor-
rosion rate on flow rate will be discussed only in a
qualitative manner. Under laminar flow conditions and
mass transfer control one would have expected the cor-
rosion rate to increase with the square root of the
velocity while under turbulent conditions proportion-
ality would prevail. However, in Fig.l1l5 one finds that
the corrosion rate varies approximately with the 0.2
to 0.3 power of the flow rate. It appears therefore
that the observed dependence on the flow rate does not
obey conventional mass transfer theory. A flow effect
might be expected in uninhibited hydrochloric acid be-
cause hydrogen bubbles, formed on the surface of the
metal, are faster and more easily removed at higher
flow rates. While this argument could be applied in
discussing Fig.15, we find in Fig.1l6 that the flow
effect at similar corrosion rates is much less pro-
nounced under deaerated conditions. We therefore have
to conclude that the observed flow effect is not me-
chanical and cannot be related to pure mass transfer
control either. In Fig.1l7, the flow dependence of the
corrosion rate is shown for 2-butyne-1l,4-diol in de-
aerated 4N hydrochloric acid. Note that the corrosion
rate appears to be noticeably affected only at the
higher flow rates. Finally, in Fig.18, we observe that
increased flow rate can either increase or decrease the
corrosion rate in the presence of an inhibitor. This
effect was observed reproducibly only in 6N hydro-
chloric acid with 2-butyne-1l,4-diol under deaerated
conditions for 0.2% and 0.1% inhibitor concentration.
This behavior indicates that the corrosion rate is con-
trolled by the superposition of two partial reaction
rates each of which is mass transfer dependent to a
certain extent. In terms of the model delineated in
Table 6, it is suggested that the three-dimensional
polymeric layer made up by inhibitor molecules is in
fact a three-dimensional chelate made up of iron ions
and inhibitor molecules. The corrosion rate is then

In Corrosion Chemistry; Brubaker, G., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



302 CORROSION CHEMISTRY

150
4N HCI
O  Propargyi aicohol (deaerated)
A Propargyl alcohol (aerated)
100 b— ® |,4-Butyne diol (deaerated) Q)
50—
=
o
<
a
1
10
5 —
| ] 1 ] ] |
00001 0.0005 0001 0005 0.0! 005 Ol
CONCENTRATION (%)
Figure 14. Effectiveness of acetylenic inhibitors
1500
Blank
=
Qa
£ 1000 -
w
= 001%
& 500
Zz
Q
8 0.02%
x
o
[e]
O
O.1%
100 —
5 L L
0.01 005 Ol 0.5 1.0

FLOWRATE (gal/min)
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controlled by the thickness of this layer which, in turn,
is dependent on the formation rate of the chelate as
well as its dissolution rate. This suggested model

is naturally based on a number of assumptions, such as
a partially soluble chelate between the acetylenic
inhibitor and iron, and a different chemistry of the
2-valent from the 3-valent chelate, in order to explain
the oxygen effect. Since this chelate has a finite
solubility and is constantly formed during the cor-
rosion process, one can understand that in one instance
its dissolution rate is rate determining, while in the
other instance its formation rate maybe rate determin-
ing, thelatter being controlled by the mass transfer

of the inhibitor from the bulk of the solution to the
surface of the metal. While many questions in this
model have to be left open at this stage and await
further investigation, the polarization behavior of

an inhibited iron electrode may shed further light on
the nature of the surface corrosion product layer and
hence the interphase chemistry defined above. TFig.l$
shows typical polarization curves obtained in 4N hydro-
chloric acid under aerated and deaerated conditions and
with 0.5% propargyl alcohol (24). The results in-
dicate the time dependence of the polarization curves
as well as the dependence on scan rate. The blank
corrosion rates, which can be seen to increase with
time, are an indication of the progressively larger
surface area. The anodic Tafel slopes are quite in-
dependent of scan rate while the cathodic Tafel slopes
appear to increase slightly with faster scan rates.
This last effect may be an indication of adsorption of
a small impurity in the electrolyte. The inhibited
corrosion rates decrease with time and becomeessential-
ly constant after about two hours. These slopes are
not dependent on scan rate or on corrosion rate. The
most interesting effect is observed when the inhibited
hydrochloric acid solution is aerated: +the anodic
Tafel slope increases while the cathodic Tafel slope
decreases dramatically. As would have been expected
from the resistance probe measurement the corrosion
rate in the aerated inhibitor solution increases.

These observations have been found to be of general
nature in different hydrochloric acid as well as vary-
ing propargyl alcohol concentrations. While most of
the observed effects in Fig.l9 could be explained in
terms of conventional electrochemical kinetics, the
factis that in the presence of oxygen and propargyl
alcohol the cathodic curve shows a limiting current be-
havior and is rather difficult to understand. However,
if one were to assume an iron - inhibitor chelate film
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Figure 19. Corrosion of iron in 4N hydrocaloric acid, aerated and deaerated with
propargyl alcohol as inhibitor

Table VI
PROTECTIVE HYDRODYNAMIC BULK
METAL COMPLEX BOUNDARY LAYER FLUID
|
Fe—Fe™+2e  2H'42e ~H, Co b+
yFe“' ACFe++ DFeIACFe
CO
Inh
)’e 'ACe or
Binh 2C1nh
Y. AC
Feo Feo
Fe'™ + Inh ~ {Felnh}
1%

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



9. HAUSLER Corrosion Inhibition 307

on the surface of the metal, which is more soluble if
the iron is in the three valent rather than the two
valent state one, can readily understand that a catho-
diccurrent will be passivating while anodic current
will progressively decrease inhibition.

There is therefore a certain amount of evidence
indicating the build up of a discrete phase on the
surface of the metal consisting most likely of a
metal inhibitor-chelate structure. In order to fur-
ther rationalize the model, Table 7 indicates the dif-
ferent processes and parameters which control the
chemistry in this interphase. The iron oxidation
takes place at the interface of the metal-chelate
layer (protective complex). This then requires metal
ions to migrate through the chelate layer. The mech-
anism which permits this process to take place is
borrowed from semiconductive physics in postulating
the existence of iron ion vacancies or excess iron
ions in the chelate layer. Simultaneously, electron
holes or free electrons have to be present to preserve
the electroneutrality. The cathodic reaction may take
place at the chelate-layer/hydrodynamic-boundary layer
interface, or at the metal surface. Furthermore, at
at the chelate layer/hydrodynamic-boundary layer inter-
face iron ions react with the inhibitor to form the
chelate. It is further assumed that the thickness of
the chelate layer is rate controlling with respect to
migration of charges through it. The thickness in
turn is determined by the iron ion concentration and
the inhibitor concentration gradient through the
hydrodynamic-boundary layer. Thus one can readily
understand, at least qualitatively how a very complex
superposition of mass transfer rates in the hydro-
dynamic-boundary layer and charge transfer rates in
the chelate layer combine to generate the above dis-
cussed results. Taking furthermore into consideration
that the chemistry of the chelate layer is dependent
on the valence state of iron, one can understand the
effect of oxygen. While at this stage, this model is
perhaps only a rationale for the above discussed
effects, it 1s considered a more useful model than the
0ld and antiquated adsorption theories, leading to new
diagnostic experiments.

Corrosion Inhibition In The Presence Of Hydrogen Sul-
fide

Introduction. The need for corrosion protection
in the presence of hydrogen sulfide arises most pro-
minently in the petroleum industry, specifically pro-
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duction of crude o0il and the refining of it. The pro-
cess streams in these fundamental operations are
characterized in that they consist of an aqueous and a
hydrocarbon phase in various proportions. Although the
corrosion is caused by the aqueous phase and its con-
stituents, corrosion inhibitors used in this industry
are both water and hydrocarbon soluble. It is inter-
esting to note that the hydrocarbon soluble corrosion
inhibitors have in the past given the best results and
their use is still predominant, a recent NACE survey
not withstanding.

The importance of the use of corrosion inhibitors
in the petroleum industry as a whole can be gauged by
recent literature and patent reviews (29,30 and 31).
There are basically two types of o0il soluble inhibitors
which have played a predominant role, these are fatty
acids and fatty amines. It is a confusing feature of
the voluminous patent literature that, for obvious
reasons, no distinction is made with respect to the
specific use of these two classes of inhibitors.
Nevertheless, one finds that the fatty amines are pre-
dominantly used in hydrogen sulfide containing media
while the fatty acids have found application as cor-
rosion inhibitors in media containing oxygen and car-
bon dioxide but no hydrogen sulfide. Since the reality
of industrial systems hardly ever fits such neatclassi-
fications, it is not surprizing that commercial in-
hibitors are often mixtures or salts of fatty amines
and fatty acids, and that claims of synergism are often
found.

Both fatty amines and fatty acids are known to be
surface active, that is they adsorb on metal surfaces
thereby forming a hydrophobous film which forms a water
impenetrable barrier. Keeping water molecules away
from the metal interphase by a thin film of fatty
amines would reduce the oxydation of the metal. This
simple mechanism has lead to the term "filming amines™
as a generic descriptor for this group of corrosion
inhibitors. The experimental evidence for this simple
concept can be seen in the practice of periodic in-
hibitor application resulting in good corrosion in-
hibition over extended periods of time. Tor instance,
in the o0il field, better results are obtained by treat-
ing subsurface equipment such as insert pumps, oil well
tubing and sucker rods periodically with a certain
quantity of "filming amine" inhibitor, rather than us-
ing such compounds on a continuous basis. Many studies
have been published detailing the frequency of the
treatment as well as the quantity of inhibitor used
per treatment as a function of o0il well parameters (32
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and 33). However, if one looks at a subsurface struc-
ture which was pulled from an oil well,one finds that
the surface is not only hydrophobic but looks black in-
stead of metallic, as one might expect from laboratory
experiments. This has subsequently led +to the idea
that the "filming amine" inhibitor is not adsorbed on
the metal surface but on an iron sulfide film covering
the metal surface. While the result of a hydrophobic
surface is the same, the latter concept leads to a
more rigorous discussion of the inhibition mechanism
and avoids some of the confusion which has been gen-
erated by diagnostic tests which were based on surface
activity or wetting angle measurements performed on a
clean metal surface.

The proof of the importance of iron sulfide in
the interaction between the corrosion inhibitor and
the metal surface was brought in 1970 when it was
shown (34%) that corrosion inhibition was considerably
enhanced and prolonged when the corrosion inhibitor
was adsorbed on a presulfided specimen rather than on
the nonsulfided surface. These measurements were made
electrochemically and gave support to the practical
well-known fact that periodic "filming" could inhibit
the corrosion for relatively long periods of time.

In order to understand the iron sulfide-inhibitor
interaction, it will be necessary to review briefly
the corrosion mechanism of iron in the presence of
hydrogen sulfide in a two-phase medium.

Corrosion Of Iron In The Presence Of Hydrogen Sulfide

It has been known for a long time that iron
corroding in the presence of hydrogen sulfide will be
covered by an iron sulfide film. One would there-
fore have expected that this film somehow affects the
kinetics of the corrosion process. Sardisco and co-
workers (35) carried out classical investigations of
the corrosion kinetics of iron as a function of the
partial pressure of hydrogen sulfide and carbon di-
oxide. The authors measured the overall kinetics of
the corrosion as well as the rate of iron sulfide film
formation and came to some conclusions with respect to
the protectiveness of the iron sulfide film. The re-
sults, however, were rather confusing and could not be
fitted into conventional rate theory.

If in fact the iron sulfide building up on the
surface of the metal represents a resistance to the
corrosion processes,then one would expect that the
corrosion rate decreases as the iron sulfide film in-
creases. In other words the corrosion kinetics would
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not be linear (constant corrosion rate) but parabolic
(linearity between the corrosion rate and the square
root of time).

It was shown, however, that the parabolicity of
sulfide corrosion is extremely sensitive to the pre-
sence of minute quantities of oxygen. It is believed
that many of the earlier results may have been affected
by the incomplete elimination of air from the corro-
sive medium or its inadvertent presence.

Careful measurements of the corrosion rate in the
presence of hydrogen sulfide under rigorous exclusion
of air showed almost perfect parabolic corrosion kin-
etics, indicating the rate controlling factor of an
iron sulfide film (36). It was subsequently also shown
in (37) that minute quantities of oxygen, as little as
400 ppm in the gas phase in equilibrium with the cor-
rosive media, accelerate the corrosion rate from 5 to
10 times resulting in essentially linear corrosion
kinetics. Further studies (38) indicated that the
thickness of the rate controlling iron sulfide film
becomes constant although the total iron sulfide scale
maybe much larger than that. This was confirmed by
electrochemical measurements over long periods of time.
By actually weighing the amount of iron sulfide built
up on the corroding specimen as a function of pH and
oxygen concentration (38)s it was shown that the "pro-
tectiveness" of the rate controlling iron sulfide film
increases with increasing pH and decreases with in-
creasing oxygen concentration. However, the concen-
tration of dissolved sulfidic sulfur has essentially
no effect on iron sulfide film in the region of 1500
to 25,000 ppm (37).

A most surprising behavior was found when the po-
larization current of a corroding specimen was observed
as a function of flow rate. Fig.20 shows the results
which were obtained. Anodic and cathodic polarization
currents in milliamps at potentials of + 50 millivolts
from the corrosion potential are plotted against flow
rate. In several runs reproducible behavior was ob-
served. The cathodic current varies with flow rate to
the th power, while the anodic current varies with
flow rate to the th power. This relationship holds
true over more thgg one decade of flow rates. It is
very difficult to explain such results in terms of
conventional mass transfer limitations. It is well
known that the diffusion limited current varies ap-
proximately proportionally to the flow rate in the tur-
bulent region and with the square root of flow rate in
the laminar region. If on the other hand the polariza-
tion current was transport limited across the corrosion
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product layer,no dependency on flow rate should be
found.

It is therefore necessary to postulate a more com-
plex mechanism, such as is suggested in Table 8. Since
the corroding metal is covered by a corrosion product
layer, the following reactions have to take place at
the metal/scale interface: a. oxidation of iron; b. the
consumption of electron holes by electrons (or possibly
discharge of protons with subsequent solution of hydro-
gen in the metal); c¢. the combination of iron ion va-
cancies with newly formed iron ions. The latter two
processes take place with the release of energy. These
reactions necessitate a concentration gradient through
the corrosion product layer of iron ion vacancies and
electron holes. (It is understood that the mechanism
could be written in terms of iron ions moving inter-
stitially, in which case the scale would be an elec-
tron conductor. This mechanism seems less likely how-
ever). Since the corrosion process takes place with
formation of iron sulfide the following reactions have
to take place at the scale liquid interface: a. for-
mation of iron sulfide and iron ion vacancies; b. dis-
charge of protons to form hydrogen and electron holes;
c. if oxygen is present, the electron holes can be
formed by reduction of oxygen. The formation of hy-
drogen from protons also necessitates a proton con-
centration gradient in the liquid phase (if oxygen is
present, the corresponding oxygen concentration grad-
ient would have to exist as well). The reactions tak-
ing place at the scale liquid interphase can be vis-
ualized as equilibrium reactions. This means that the
sulfide concentration influences the iron ion vacancy
concentration in the scale, and the proton concen-
tration in the liquid affects the electron hole con-
centration in the scale. Since the nature of the
scale determines the rate of the solid state transfer
phenomena, and the flow rate determines the liquid
boundary layer concentration gradient, hence the
liquid-solid interfacial proton, HyS and oxygen concen-
trations, it follows that liquid and solid state mass
and charge transfer are linked together by the chemical
equilibria established at the scale-liquid interface.

An attempt was made to formulate these relation-
ships analytically, in order to confirm the dependence
of corrosion rate on flow rate observed in Fig.20.

Thus equation 23 restates the formation of iron ion
vacancies and electron holes at the scale/liquid inter-
face. K

HQS ~—=1l+»TFeg + 2 & + TeS + Hy (23)
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2H+ —Xom 2Hg + Fe" (24)
2(Feg) = (Hg) + (&) (25)

It is also assumed, following Simkovich (39), that
protons can dissolve interstitially in the iron sulfide
lattice (equation 24). The requirement for electro-
neutralityin the iron sulfide lattice leads to equation
25. Assuming the ratio of hydrogen partial pressure to
hydrogen sulfide partial pressure to be constant,
equations 23 through 25 can be rearranged to:

2 Ky*
—_— = 1+ (H+) (26)
()3
and
3 1
(8) = (27)
A + B (HY)

indicating the cube of the electron hole concentation
to be inversely proportional to the proton concen-
tration. According to Bennett and Meyers (40) the mass
flux accross the liquid boundary layer can be formulat-
ed as follows: 1/

. o % 3

ieatn = Nt = Ky (Cy - Cy*) Rep (sc) (28)

P

= Ky (Ch+-Cy*) (Um) 2

where (C§+—CH+)

Proton gradient in liquid boundary
layer

Rep, = Reynolds number

Sc = Schmitt number

Um = Average flow velocity
Ky = combined constants

Since in the system investigated only the linear
velocity changes, all other variables and constants are
lumped together in K,,. Assuming now that the elec-
tronic conductivity of the scale is the limiting fac-
tor rather than the ionic one, the cathodic current can
be set to be proportional to the electron hole concen-
tration times the electron hole mobility:

fcatn =Yo: () (29)

Substituting equation 27 into equation 28
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y3 =3 1 (30)

(
®  A+BHY)

lcath

and finally with equation 28 OE?Qobtains

. 3 _ Ky U
(Geatn?” = —prB— (31)
CUn - B i.ath

It is difficult to estimate all the constants in
quation 31 in order to arrive at a quantitative evalua-
tion. However, since the current increases with in-
creasing mean velocity, it might be said the effects
nearly cancel in the denominator of equation 31. This
would mean that indeed the cathodic current becomes al-
most proportional to the mean velocity with the 1/6
power. Even though this argument is not strictly
quantitative, it still suggests a reasonable explantion
for the rather unusual mass transfer effect observed
in Fig.20. The above rationale applies only to the
cathodic current, however, a similar derivation can be
used to calculate the anodic current dependence on
flow rate.

Inhibitor Interaction With The Iron Sulfide Surface

Since protons are discharged in the corrosion process,
and since these protons are furnished from the corro-
sive medium, there must exist some mechanism for pro-
ton adsorption on the iron sulfide surface. It is
reasonable to assume that on the iron sulfide surface
there are sulfide groups, the valences of which are
not totally neutralized by iron molecules. These
partially neutralized sulfide centers can adsorb pro-
tons. This leads to the postulation of a protonated
iron sulfide surface group: - FeS—H . This surface
group facilitates the discharge of hydrogen according
to equation 32.

2 {res - H} - 28 ==2{Fe-57} + B, (32)

where:
® = electron hole; positive charge

In order to stop the corrosion process this re-
action has to be impeded. This can be achieved if the
proton adsorbed on the surface containing the iron sul-
fide species is replaced by a cation, the reduction of
which is not as easily accomplished as the reduction
of the proton. It is suggested that the alkyl ammonium

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



9. HAUSLER Corrosion Inhibition 315

ion can displace the proton via an ion exchange mech-
anism described in equation 33, the equilibrium con-
stant of this reaction being designated as Ky:

fFes-H|} + RNH} :E—HFes-RNHa} + HY (33)

where:
iFeS—RNH3f = surface complex

It should be noted that this is not a simple ad-
sorption of the alkyl ammonium jon on the surface of
the iron sulfide but can be considered as an ionic re-
action in which a proton is being set free. It is now
reasonable to consider the factors which may influence
the concentration of the surface complex formed from
iron sulfide and the alkyl ammonium ion. Going
through a simple series of equilibrium calculations,
it is found that the concentration of the surface com-
plex equals the product of a series of equilibrium con-
stants times the proton concentration of the medium, as
shown in equation 34.

- . . . +y . .
(fres-rNmy}) = K, © K3 * K, © (HY) * oyt Cg (3W)
where:

KL+ = formation constant

K{ = dissociation constant of surface FeS-H

K = dissociation constant of amine

(ﬁ+) = proton concentration

Cn = concentration of amine

Cg = concentration of surface-sulfide

fre-s=t + {re-su}

The two main factors which affect the concen-
tration of the surface complex are its formation con-
stant Ky and the pH. The latter has been shown to be
true experimentally (Table 9).

Chemistry Of Corrosion Inhibitors. There are two
questions which arise with respect to K;. These are
1. How can the formation constant of the surface com-

plex be increased?
2. Why isn't the adsorption process reversible?
That is to say, why do small concentrations of amine
(0.25 ppm) lead to large surface coverage and con-
sequently large inhibitor efficiency?

Although water molecules do not appear in Egqua-
tion 34, it is nevertheless reasonable to assume that
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Table IX

Concentration in ppm for 90-95% Protection

PH pH pH
Inhibitor 4.2-4.5 6-6.5 7-7.2
Armand 2.5 10-15 20
Kathy 2.5-3 10 20
Norman 3-4 7-10 20
Dora Talbot 0.3-0.5 10-15 20
Peter E. 0.2 n.a. n.a.
Conny E. 0.25-0.5 2 5
Teddy E. 0.2-0.3 2 2-3

the iron sulfide surface is covered with a layer or
more of water molecules, because the proton adsorbed
on the surface iron sulfide has a tendency to disso-
ciate and, therefore, needs to be solvated. The free
alkyl ammonium ion and its counter ion, e.g., a bisul-
fide ion, are both solvated by water. In the adsorp-
tion step an electronically neutral surface complex

is formed. Thus, a proton solvated by water and its
counter ion, the bisulfide ion, are set free. The
essentially neutral surface complex, does not require
solvation and because of its hydrophobic nature will
have a tendency to displace water molecules from the
iron sulfide surface. Since the desorption process
would again require solvation of the iron sulfide sur-
face, it can no longer take place because water mole-
cules are permanently displaced from the surface by
the hydrophobic nature of the surface complex. As a
consequence it can be predicted that an inhibitor with
a higher lipophilic character will be more permanently
adsorbed.

It is known that amines become more lipophilic,
or water insoluble, with increasing alkyl chain length.
Thus water soluble amines such as morpholine (Tablel()
show no inhibition efficiency at these small concen-
trations because their adsorption is as easy as their
desorption.
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Table 10 also shows a comparison between differ-
ent propylenediamine derivatives with decreasing mole-
cular weight. A tallow propylenediamine (Cyg) which
has been proposed as a process corrosion inhibitor in
the literature many times, is a very efficient materi-
al. As the molecular weight decreases due to a re-
duction of the alkyl chain length to 15 C-atoms and
1l C-atoms the corrosion inhibiting tendency decreases
gradually. This would have been expected because the
water solubility of these compounds increases with de-
creasing alkyl chain length.

Yet another way to vary the formation constant of
the surface complex is to change the number of amine
groups in the molecule. One of the first process
corrosion inhibitors proposed in the literature was
oleylamine. As has been shown in (37), oleylamine is
quite effective in the range of 3-4 ppm. The tallow
propylenediamine derivative which has about the same
molecular weight is, however, at least ten times as
active as oleylamine.

This concept represents a new theory for the ac-
tion of process corrosion inhibitors. In contrast to
the old filming amine theory the new one is based on
a specific adsorption mechanism involving an ion ex-
change step. It can correctly predict the decrease of
protection efficiency with increasing pH. It also ex-
plains structural differences between inhibitors such
as increased efficiency of propylenediamine deriva-
tives over primary amines and decreased efficiency
with decreasing molecular weight of the amine group
compound.
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Stress-Corrosion Cracking

J. C. SCULLY
Department of Metallurgy, University of Leeds, Leeds LS2 9JT, England

Stress corrosion cracking is the phenomenon by
which alloys fail by cracking when simultaneously
stressed and exposed to certain environments. Failures
occur at stress levels well below that which would
cause failure in air. While the application of the
stress may be multi-axial, it is necessary for it to
have a tensile component and cracking will usually
occur perpendicularly to it. Stress corrosion cracking
represents the most highly localized form of corrosion
that is ever encountered.

While the discussion in this chapter is confined
to metallic alloys, stress corrosion cracking is part
of a larger range of phenomena, since similar failures
occur in nonmetallic materials, e.g., glass in H,0,
organic polymers in polar solvents, alumina in H,0.
Furthermore, while most of the discussion is confined
to alloys cracking in aqueous environments, similar
cracking in some alloys occurs in organic liquids,
steam, dry gases and in both liquid and so0lid metals.
The amount of corrosive may be quite small. Failures
have been caused, for example, by the perspiration
residue of a single fingerprint. Within the confines
of a short chapter, it is not possible to discuss
every example of such failures. The descriptions be-
low are confined mainly to stress corrosion cracking in
agueous media.

As an industrial problem stress corrosion cracking
is of considerable importance. There is a long history
of major and minor failures, particularly in the chemi-
cal industry and in the transport industry, particu-
larly of components in ships and planes. It is a major
potential source of failure in the nuclear power
industry in which, for example, austenitic stainless
steels may fail in high purity water containing oxygen
and chloride ions at the level of ppb.

0-8412-0471-3/79/47-089-321$07.50/0
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A large amount of research effort has been devoted
to the subject and the published literature is quite
immense. Many conferences have been held. Anyone
concerned to learn more about the subject can find his
way by taking (1,2,3,4,5) as a starting point.

There comes a point with most technological prob-
lems when sufficient is known about a subject to enable
predictions to be made. These may be made possible by
a fundamental understanding of the problem or by the
development of empirical relationships which have been
discerned without an a priori understanding. To the
practising metal user either background is acceptable
provided that it gives sufficient predictive capacity
with which to avoid or at least reduce the incidence of
failures. This stage has not been reached with stress
corrosion cracking. A lot is known about the problem
but it is not always possible to know with certainty
when or even whether a failure will occur. It is hoped
to show below why this uncertainty exists. It must also
be added that the method of testing becomes important.
This, too, is therefore discussed.

In this chapter some general remarks are made
about the problem. This is followed by a detailed dis-
cussion of mechanisms, and at the end preventative
measures are indicated.

General Features of Stress Corrosion Cracking

Stress corrosion cracking is a complicated subject.
Unless that is emphasized at the beginning, then the
fine details of phenomenological and mechanistic fac-
tors will not be appreciated. 1In order to gain some
understanding of stress corrosion cracking, it is neces-
sary to realize that three different disciplines are at
work in any stress corrosion situation. These are
physical metallurgy, electrochemistry and fracture
mechanics.

Physical Metallurgy. All commerical metal com-
ponents are polycrystalline and all metal lattices con-
tain both point and line faults. Heat treatable alloys
frequently contain precipitates which may be very small
(< 5 pm dia). All alloys contain major alloying ele-
ments but they contain also a range of nondeliberate
elements, both metallic and nonmetallic in nature. It
is possible to show that all these factors, as well as
surface finish, residual cold work and metallurgical
history (what was done to the alloy in bringing the com-
ponent to its present shape) may have an effect on
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stress corrosion cracking, making an alloy more suscep-
tible or less. Different batches of one alloy, both
meeting the same alloy specification may exhibit
markedly different levels of susceptibility, which is
merely to say that specifications, embodying as they do
ranges of alloying elements acceptable to the industry,
arise usually from processing and manufacturing consid-
erations, and not from stress corrosion considerations.
A lack of appreciation of such points, with which a
metallurgist will usually be conversant, can cause
much frustration and bewilderment to nonmetallurgists.
Grain size is of importance, an alloy generally becom-
ing more susceptible as the size is increased. Grain
shape is also of importance. After a manufacturing
process during which grain growth occurs in one direc-
tion more than in another, susceptibility in one direc-
tion of a component may be greater in one direction
then in another. Such considerations come under the
general heading of texture. Plastic deformation in-
creases the density of dislocations and these may play
an important role in crack propagation. For heat
treatable alloys that suffer from stress corrosion,
susceptibility is usually increased by increasing the
strength. Finally, the path of a crack may be trans-
granular or intergrandular. In some alloys it is
predominently one, in others mixed, in other dependent
upon the environment or the level of stress. Observa-
tions in crack path provide information about the
mechanisms since they indicate the relative importance
of stress, chemistry, alloy composition, etc.

Electrochemistry. In aqueous solutions containing
dissolved, charged species, electrochemical reactions
occur on metal surfaces and the rates at which they
occur will affect the susceptibility of an alloy to
stress corrosion cracking. The most important variable
is the corrosion potential of the specimen, arising
from polarization of the separate anode and cathode
reactions to a common value. Changes in potential will
always affect stress corrosion reactions. Conductivity,
pH, O levels, solution composition and temperature are
also important.

Fracture Mechanics. The manner in which a speci-
men is stressed may affect stress corrosion suscepti-
bility. A condition of plane strain, achieved when the
specimen thickness is above a certain value which is
related to its strength (5), may sometimes promote
greater susceptibility than is observed in specimens
below that thickness. Crack branching can sometimes be
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predicted from consideration of strain energy release
rate (2). The sharpness of cracks (notch root radius)
is important. Blunt cracks can be expected to propagate
less readily than sharp cracks. Crack or notch depth is
also important from the viewpoint of stress concentra-
tion. The application of a critical flaw depth criterion
is sometimes attempted. Loading mode is also critical,
being the relation between the directions of applied
stress and the plane of cracking.

Systems of Stress Corrosion Cracking

Stress corrosion cracking is often described as
arising between an alloy and a specific environment.
Failures of a-brass in ammoniacal solutions would be a
typical example. However, it has become increasingly
clear in recent years that, for any given alloy, stress
corrosion cracking can occur in more than one environ-
ment. The specific aspect of the corrodent is therefore
no longer true. Nevertheless, only a small number of
corrodents cause stress corrosion in any alloy. What
needs to be explained is what property or action of a
corrodent is necessary to promote stress corrosion. An
attempt to answer this question is made below in the
discussion on mechanisms. With these reservations, a
list of stress corrosion cracking systems (alloy +
corrodent) is given in Table I, which is not intended
to be complete, merely to indicate the more commonly
observed types of failures.

Testing for Stress Corrosion Susceptibility

Most stress corrosion service failures occur from
the influence of residual stresses. These arise during
component manufacture, and plant assembly, including
welding. In laboratory work the stress is usually
applied externally since it is then much easier to con-
trol and measure. The oldest and simplest test is to
measure how long a specimen takes to break -- the time-
to-failure, tg. Typical specimens might be loaded in
tension and surrounded by the corrodent or bent into a
U, clamped and then immersed. Typically, the value t
varies as shown in Figure 1. Two points can be made.
First, the tf changes less markedly at stresses above
the 0.1% proof stress than below it. Secondly, it is
not always clear whether a threshold stress exists
below which stress corrosion failures will not occur.
This is of obvious importance but it has proved a
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Table I Alloy/Environment Systems Exhibiting Stress
Corrosion Cracking

Alloy

Environment

Mild steel

High strength steels

Austenitic stainless
steels
High Ni alloys

a-brass

Al alloys

Ti alloys

Mg alloys

Zr alloys

Hot nitrate, hydroxide, and carbo-

nate/bicarbonate solutions

Aqueous electrolytes, particu-
larly when containing H,s

Hot, conc. chloride solutions,
chloride-contaminated steam

High purity steam
Ammoniacal solutions

Aqueous, C1~, Br and I solu-
tions

Aqueous cl”, Br and I~ solu-
tions; organic liquids, Nzou

Aqueous Cl-/CrOﬁ_ solutions

Aqueous Cl~ solutions; organic
liquids, I @ 350°C
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difficult point to establish. Some stress corrosion
systems have such a threshold, others do not. The
point is further discussed below.

In examining all the metallurgical and electro-
chemical variables that together determine suscepti-
bility, the measurement of tf is not altogether satis-
factory since changes in t§ can arise for two different
reasons. Time-to-failure is made up of two components,
the time for the crack to initiate (ti) and the time
for it to propagate (tp) so that

kit =t (1)

P f

Whether the effect of a changed variable on tg
arises from alterations to tj or tp may be of funda-
mental significance and it is thereéfore important under
some circumstances to distinguish such an effect
between the components of tf. It might be supposed
that tj is of greater consequence than ty (a) because
it is frequently the case that tj >> tp, and (b) be-
cause it would seem self-evident that what cannot
initiate cannot propagate. In practice, however, such
considerations are too simple. It is generally well
recognized that engineering structures composed of a
number of metal components always contain a multipli-
city of surface cracks and flaws. These arise during
fabrication and assembly. If any of these is an
incipient stress corrosion crack, the considerations of
initiation are unimportant because they are irrelevant.
What then becomes important is whether the crack will
propagate and at what rate.

Such considerations have given rise to the use of
precracked notched specimens, like those that are used
in measuring a metallurgical factor known as Fracture
Toughness (5). The dimensions of such specimens are
determined by considerations of Fracture Mechanics.
This approach tends to be limited to high strength
alloys since these often have mechanical properties
that are closest to the ideal required and because of
their engineering importance. The type of specimem
employed takes into account the stress concentration
arising from the presence of a crack in a specimen and
employs a measured component K, the stress intensity
factor, which is obtained from the applied stress
o x ¢1/2, where ¢ is the crack depth. It has units
MN+m=3/2. If such specimens are now tested as a func-
tion of time-to-failure, the results obtained are of
the kind shown in Figure 2. Again, the question arises
of a threshold which is such specimens is termed Kisce
where the subscript I refers to the loading mode(5) .
The whole term represents that value of K below
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TIME TO FAILURE, t¢

APPLIED STRESS, o

Figure 1. Relationships between time-to-failure (t;) and applied stress (s) com-
monly observed in stress-corrosion cracking
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which failure does not occur. Since the initiation
time is very small in relation to tg (the reverse of
the type of experiment to which Figure 1 applies), this
test gives a good indication of stress corrosion crack
propagation resistance. The ratio of Krgee to Kig

(the fracture toughness in air) is a useful ratio of
relative susceptibility. For Ti alloys, for example,
it varies between 0.2-0.9, which could be said to
describe alloys that are very susceptible to those that
are scarcely susceptible.

Since this type of test is mainly concerned with
propagation, attention was subsequently focused upon
measuring velocity v as a function of K. A general
schematic picture of results obtained is shown in
Figure 3. 2 maximum of 3 stages of cracking may be
observed. Stage I (the extent of which will be deter-
mined by the difference between Krgee @and the K value
at the Stage I/II transition) shows a logarithmic depen-
dence of crack velocity v upon K. For Al and Ti alloys
an activation energy for this stage of 112 kJ-mol-1 has
been determined (2). Stage II, sometimes referred to
as the plateau velocity, is generally interpreted as
being caused by the chemical or electrochemical reac-
tion at the crack tip being limited by diffusion of a
critical reactant or product within the solution. The
idea is supported by observations (2) that increasing
the solution viscosity lowers the plateau velocity. An
example of this is shown in Fiqure 4 (2). An activa-
tion energy of 12-21 kJ'mol-! for this region has been
obtained both for Al and Ti alloys. Stage III is rarely
observed and arises mainly for mechanical reasons. For
many alloys, therefore, Figure 3 would consist of
Stages I and II only.

This type of experimental data has been of con-
siderable value. It has become possible to examine all
the major variables, one at a time, for their effect
upon crack velocity. As a result, it becomes possible,
if required, to determine in detail the effect of
minute variations in composition, changes in heat
treatment, electrochemical variables and changes to the
environment. Typical examples are shown in Figures 5,
6, and 7 (2).

When such data are available, they can be used in
alloy selection. Stress corrosion situations cannot
always be avoided. Under such circumstances alloys
which have a low plateau maximum velocity can be chosen
in preference to alloys with a high plateau velocity
under circumstances where the same alloys are metallur-
gically equivalent or interchangeable. Examples of
this have been given in the literature (3).

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



10. scurry Stress-Corrosion Cracking 329

III
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Figure 3. General relationship between stress-corrosion-crack velocity (v) and
stress intensity factor (K)
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Figure 4. The effect of solution viscosity upon the log v:K relationship of an
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The Importance of Repassivation

In many of the alloy systems shown in Table I, the
stable configuration of the alloy surface is that it is
filmed. Many of the alloys, e.g., stainless steels, Al,
Ti, Zr and Mg alloys are only usable in such a condi-
tion. Such a consideration applies not only to these
alloys covered with a thin passive film but also to
those on which relatively thick films are formed. The
possible mechanisms by which stress corrosion cracking
occurs are concerned with reactions between unfilmed
metal and the environment. Before consideration of
these it is necessary to consider how these various
types of film break down initially. While many of the
alloys exhibit pitting, it is not necessary for pitting
as such to precede crack propagation. Pitting is asso-
ciated with static unstressed metals whereas cracking
is associated with a metal whose surface is stressed.
The application of a stress creates a surface strain-
rate (or creep strain-rate, since it is very low). Of
fundamental importance is the interaction of the de-
forming surface and the reactions on the metal surface.
The subject is not a simple one, but the main points
can best be envisaged by attempting to draw the repeti-
tive segment of events occurring at a crack tip or at
the base of a surface flaw. This is attempted in
Figure 8. The application of a stress creates a slip
step which breaks the passive film which is in
equilibrium with the solution, There is abundant
experimental evidence that such events take place
(e.g., 6). The slip step height will usually be very
much greater than the film thickness and the film is
usually relatively brittle. Both these would appear
to be necessary conditions for the situation depicted
in Figure 8. After film fracture, reaction then occurs
between the newly created metal surface and the envi-
ronment. The specific type of reaction will be
considered below since it is the important process that
determines crack propagation. But the time available
for this reaction to occur will be determined by the
repair time of the film, commonly referred to as the
repassivation time (7). BAs soon as the film fractures,
it will start to reform since the equilibrium condition
of the surface is that it is filmed. It has been argued
(7) that the delay in repassivation is of crucial im-
portance. If repassivation occurs too rapidly, there
will not have been time for enough reaction to occur to
cause an increment of crack growth. If repassivation
occurs too slowly, then tooc much reaction may have
occurred, giving rise to crack blunting and pitting.
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C D

Figure 8. Schematic of the sequence of events occurring at the tip of a propagat-

ing stress-corrosion crack. The film is fractured (B) and immediately starts to

repair (C) while dissolution is occurring. Complete repassivation occurs at D by
which time the crack has extended.
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The important factor is the repassivation time since it
determines for how long the metal and environment can
react together.

Figure 8 can be considered in a more general sense.
The plastic deformation that creates the slip step can
be considered as a strain-rate that, in the most gen-
eral way, is creating new, unfilmed, metal surface. It
will be governed by mechanical and metallurgical
factors. The process that causes film formation is
electrochemical and it will be dependent upon the
potential and all other electrochemical factors. It is
possible to consider that stress corrosion cracking
occurs when there is a critical imbalance between these
two rate processes -~ one creating fresh metal area,
the other filming that area. Thus, the situation de-
picted schematically in Figure 8 is not merely that of
a film broken by an emergent slip step since that could
be expected, and is indeed observed, of nonsusceptible
alloys and metals in environments that are known not to
cause stress corrosion cracking. What is envisaged in
Figure 8 is a particular set of circumstances in which
passivation is delayed for a narrow range of time inter-
vals.

A good example of the importance of repassivation
is shown in Figure 9 (8). A titanium alloy, Ti-5 Al-~
2.5 Sn, in the form of tensile specimens is strained
dynamically in two different solutions. In agqueous
NaCl solution Ti does not corrode and repassivation can
be expected to occur. At high crosshead speeds the
test’'is over in a very short time and there is no time
for crack initiation. A fracture is observed fracto-
graphically with the elongation to fracture e¢ and the
texture the same as in air. At lower crosshead speeds
stress corrosion crack propagation occurs with a con-
sequent reduction in e¢ and characteristic cleavage
fractography. At the lowest crosshead speeds the
relatively slow strain-rate induced on the surface is
such that repassivation predominates over cracking and
no crack propagation occurs. Fractographically, air
fracture is seen and €¢ is high. Thus, in the aqueous
solution cracking is confined to a narrow range of
speeds. This behavior can be contrasted with that ob-
served for the same alloy exposed to a CH30H + 1 vol. %
conc HC1l mixture which is corrosive to Ti and in which,
therefore, no repassivation might be expected. At high
crosshead speeds the same behavior is seen as that
observed in the aqueous solution. At the lowest cross-
head speeds, however, because no repassivation is
possible, cracking is observed and because the test
takes increasingly long times as the crosshead speed is
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lowered, the e¢ falls continually. It can be expected
that the crack velocity would fall until it became
similar to the corrosion rate of the unstressed alloy
which, in this example, is selectively intergranular.
In the CH30H solution no Krgee or any other threshold
can be anticipated and it is not found. In the aqueous
solution a Kigee can be expected, corresponding to

that value of K that results in so low a surface strain-
rate that repassivation can occur. This strain-rate
has been characterized ¢,  (9). Kigec is commonly
observed in Ti alloys exposed to aqueous chloride solu-
tions. From Figure 9 and all that has been described,
it can be appreciated that Kygcc is not a material
constant. For a given alloy it varies according to the
environment in which it is measured. It is not an
alloy that has a threshold; it is the alloy + environ-
ment which may exhibit one.

The type of experiment encompassed in Figure 9 has
become increasingly important as a method of testing.
The conditions are severe, the tests are rapid and the
imposed conditions of a slow strain-rate are similar to
those occurring at a crack tip. For reasons discussed
below, experiments should be done potentiostatically. A
recent conference (10) was devoted to the constant
extension rate test, organized by A.S.T.M.

The importance of repassivation and the interac-
tion of this process with a straining metal surface
probably constitutes the essense of many stress corro-
sion cracking mechanisms. Since repassivation is an
electrochemical phenomenon, it might be expected that
the necessary imbalance to achieve stress corrosion,
referred to above, will occur only over a narrow range
of potential, corresponding to a narrow range of re-
passivation rates. Such rates can be expected to
change markedly in those regions of potential where the
passive range changes to a pitting range or to an
active range, i.e., where the film is changing from
being the stable surface configuration to where it is
an unstable configuration. The zones of potential
where cracking might be expected are shown in Figure 10.
There are examples in the literature of cracking
occurring in such regions (2). The site of these
regions depends upon a number of electrochemical
factors. Stress corrosion failure occurs under open-
circuit conditions when the corrosion potential of an
alloy lies within the potential range for cracking of
that alloy in the particular environment. Systems de-
scribed in Table I fall into this category. It must be
emphasized that under controlled potential conditions
stress corrosion failure may occur in alloys exposed to
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environments which do not cause failure under open cir-
cuit conditions. oa-brass fails in ammonia under open
circuit conditions, as is indicated in Table I. When
anodically polarized, it also cracks in nitrate and
sulfate solutions. Thus, the uniqueness of ammonia
lies only in its ability to cause cracking under open
circuit conditions under a wide range of solution pH
conditions (other solutions, e.g., tartrate solutions,
can also cause cracking over a narrow range of pH).
This type of observation applies to other systems too
and its importance cannot be exaggerated. It has a
bearing both on mechanistic ivestigations and on test-
ing proceudres. It is foolish to test only under open
circuit conditions since, if cracking occurs in a poten-
tial range not including the open circuit potential,
susceptibility will be missed in laboratory conditions.
If in service use the open circuit potential moves into
the cracking range, cracking will occur. This may
appear to be a simple point, but such problems do arise
and cause confusion. Testing should always be done
over a range of potential larger than that likely to be
encountered in service under the most extreme condi-
tions.

Repassivation processes have become an important
subject in stress corrosion studies and also in other
forms of corrosion, e.g., pitting corrosion and corro-
sion fatigue. A range of scratching and straining
electrode techniques have been employed. While it is
not possible to go into detail, the results have to be
examined in relation to the techniques employed, e.qg.,
has repassivation started before the scratching or
straining has stopped? It is important also to know
whether the current measured under potentiostatic
conditions is a complete anode current or the differ-
ence between an anode current and a cathode current
(most commonly due to HY ion reduction). Typical re-
passivation rates correspond to an equation (11) of
the type: -

. _ +  _ 4+ _ s y,-b

i i = (11 1o)t (2)
where i = current after time t, ig = current after com-
plete repassivation, iq = current after one second and

b is a constant. The constant b varies with potential.
Under certain condition (11) the relationships is given
by -

i= imaxexp(—st) (3)
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where B is a constant, and ipay, is the initial maximum
value of the current after destruction of the film.
When a film is broken, the initial monolayer adsorbs
within 20-50 ms (12). The measured current is made up
partly of dissolution and partly of film formation,
the ratio between them falling with time.

Stress Corrosion Mechanisms

The circumstances under which the film is broken
and repaired have been described at length since they
control the subsequent reaction time during which the
crack actually grows. It has been strongly emphasized
since unless this point is understood confusion can
arise because the alteration of an experimental vari-
able, e.g., potential or pH, may have a greater effect
on repassivation then on the cracking reaction. Un-
less that possibility is appreciated, ambiguity in
interpretation is likely to arise on occasion. An
example is given below with respect to the effect of
cathodic polarization on stress corrosion cracking of
Ti alloys in aqueous chloride solutions. It is a
general point and is not often emphasized.

The Mechanism of Cracking

Why does cracking occur? This is the most diffi-
cult guestion to answer. Many explanations have been
put forward and with stress corrosion cracking occurr-
ing in so many alloys it is not unlikely that some
very specific points apply here and there. An example
might be the action of voluminous corrosion product in
wedging open a crack for which there is evidence in
isolated cases. Overriding many such tiny phenomeno-
logical points, cracking mechanisms can be divided
into (1) active path, (2) hydrogen embrittlement, (3)
stress sorption and (4) corrosion film fracture.

It is now intended to discuss the essential fea-
tures of these mechanisms. It must be emphasized that
these are general categories and much subdivision is
possible, particularly in the case of hydrogen em-
brittlement. There is no reason that cracking should
not occur by a mechanism that traverses more than one
of the above, e.g., a combination of anodic dissolu-
tion and hydrogen embrittlement. These four categories
are in no way exclusive from each other.

Active Path. Since the term stress corrosion
cracking implies corrosion, it is not surprising that
the first mechanism ever proposed was that cracking
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occurred by preferential dissolution over a narrow pre-
ferred front along a path that was pre-existing (13).
This was probably true for the partlcular system 531ng
investigated, but since cracking occurs in alloys which
most certainly do not have a pre-existing path, more
recent ideas have attempted to explain the localized
corrosion by a process involving repassivation of the
crack 51des, thus concentrating the current at the tip
where various forms of directional localized dissolu-
tion occurs. The possible preferential corrosion of
dislocations piled up at the crack tip as a result of
the acting stress has been considered at length over
many years. The strain energy associated with such
pile-ups of dislocations provides little additional
driving force for dissolution (14). As a result atten-
tion has focused on minute compositional changes in a
metal lattice occurring around dislocation pile-ups
which may cause significant directional differences in
dissolution on an atomistic scale (15). These ideas
were originally associated with electron microscope
observations of the edges of electropolished thin

foils where regions of dislocation pile-ups showed.
very directional dissolution (16) Such processes

give rise to unusual morphologlcal effects (17) and
may cause tunnel corrosion (18).

At some stage it is necessary to know whether the
current flowing is sufficient to account for the maxi-
mun velocity of the crack, a requirement sometimes
referred to as 'faradaic equlvalence From the appli-
cation of Faraday's laws and assuming that dissolution
accounts for 100% of the crack propagation then:

J .

veEgsi (4)
where v = crack velocity, J - chemical equivalent, F =
the Faraday, p = alloy density and i = dissolution
current density.

For a number of stress corrosion cracking systems,
€.g., mild steel, austenitic stainless steels, measured
bare surface current densities appear to be of the
right order of magnitude (3). For other alloys, e.qg.,
Ti alloys, in which the crack velocities are very much
higher than in steels, much higher current densities
are required, of the order reguired for electrochemical
machining. Their existence has been claimed (2).

Reference to Figure 8, together with the concept
of repassivation, indicates during the propagation of
cracks the current should consist of a number of succes-
sive transients. One is shown in Figure 11, which
might be taken to correspond to the sequence of events
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LOG i

Figure 10. Schematic polarization curve for an alloy exhibiting passivity and
pitting. Two zones are indicated where stress-corrosion cracking might be ex-
pected to occur.

Figure 11. A general schematic of the current transient during the sequence of
events drawn in Figure 8. The hatched area represents the total charge flowing.
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described in Figure 8. What is important is the total
amount of corrosion, represented by the charge, which
is hatched in Figure 11. It has been argued (9) that
stress corrosion crack propagation occurs as a result
of the passage of a constant charge Qpip, wWhich then
initiates the next increment of crack growth., Crack
arrest occurs if repassivation occurs before Qpip has
passed. From such considerations, with integration of
the appropriate repassivation rate equation over the
time limits between successive slip step events, it
has been possible to derive the shape of the corrosion
current: time curves of Stages I and II shown in Fig-
ure 3 (9).

Hyvdrogen Embrittlement. At the crack tip in many
alloys local acidity and low potentials ensure that
hydrogen ion discharge occurs. This is true for Al,
Ti, Zr alloys and for stainless and high strength
plain carbon steels and also for Mg alloys in which
the crack tip solution is alkaline. The question is
whether any of these alloys crack as a result of H
adsorption which occurs after neutralizaton has
occurred

H++e=H

ads (5)
and before desorption has occurred by either
+ —
Hoge +H +e=H (6)
or
Hads + Hads = H2 (7)

in acidic solutions and the equivalent reactions appro-
priate for alkaline solutions in the case of Mg alloys.
Some proportion of Hzds will be absorbed by the alloy
in any situation. An important ratio is H (absorbed/
H (evolved) and this is likely to be very sensitive to
cathodic poisons in the solution and to certain ele-
ments within the alloy. Cracking in Al and Ti alloys
and in high strength steels is accelerated by the
presence of cathodic poisons. This is very strong
evidence that H plays a role in the cracking process.
After entering the metal it may collect inside
traps and cause decohesion. It may combine around in-
clusions and cause local regions of very high pressure,
resulting in blistering and possibly even fissioning.
In Ti and Zr alloys it may form hydrides which inter-
act with the lattice, promoting cleavage by impeding
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the movement of dislocations. The effects of H on the
mechanical properties of metals is a very complex sub-
ject and no attempt has been made other than to indi-
cate several possible general effects. Another area
of some difficulty is that the diffusion rates of H
often appear to be too slow to account for the ob-
served crack propagation rates. The reconciling of
these contrary observations calls for considerable
care,

Stress Sorption. This mechanism supposes that
the reaction between a species in the environment and
the metal atoms at the crack tip can cause a redistri-
bution of electrons in the orbits of the atoms so that
the bond between them is weakened (19). It is not
possible to cite experimental data that would support
this concept for the fracture of metals although the
absence may merely reflect the difficulties of obtain-
ing such data.

Corrosion Film Fracture. At various times it has
been suggested that the fracture of corrosion product
films at the crack tip with their subsequent reforma-
tion constitutes the main forward movement of the
crack. The evidence for such a mechanism is not ter-
ribly clear. Thick film formed on steels and brasses,
for example, may form by precipitation from solution
rather than by direct corrosion of the metal to a
solid compound. Where this occurs, the initial dis-
solution that precedes the precipitation would appear
to fit into the active path category. If fracture of
the precipitated film is necessary, then it becomes a
matter of choice whether this constitutes a separate
category or a special case of the active path mechanism.
For mild steel and brasses this type of explanation is
commonly associated with intergranular cracking. What
needs to be explained is why preferential corrosion of
the grain boundary occurs. Often this is attributed
to the presence within the grain boundary of an uni-
dentified element in solid solution which alters the
dissolution kinetics. It is a requirement that the
film is sufficiently protective to reduce the reaction
rate to an insignificant value so that its fracture is
necessary for the crack propagating reaction to be re-
initiated. On brass, for example, in ammoniacal
solutions thick films form over a wide range of pH but
it is only over a narrow range that this type of mech-
anism may apply (2), corresponding to the formation of
a relatively protective film.
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Distinguishing between the various mechanisms and
how they apply to various alloy systems is not an easy
matter. It is difficult to design experiments that
give clear unambiguous answers. Rather elementary
points can be made in order to show some of the diffi-
culties.

Anodic polarization will frequently shorten tg¢
and also raise the crack velocity to a maximum associ-
ated with the onset of simultaneous pit propagation.
These effects are not necessarily evidence that an
active path mechanism is operative. If the potential
of the crack tip is such that H¥ ion discharge can
occur then the greater ease of acidification at the
crack tip as a result of the application of anodic
polarization may increase the amount of hydrogen
absorption and thereby increase the crack velocity if
a hydrogen embrittlement mechanism is operative. Con-
versely, anodic polarization when applied to brass
results in a lower crack velocity in neutral solutions
(20) when the potential is raised into the region
where the film that forms under open circuit condi-
tions is unstable. The same current is thereby spread
over a much wider area, giving rise to a much higher
crack denisty. The crack velocity is therefore re-
duced. 1In this system an active path mechanism is
operative, yet crack velocity is reduced by anodic
polarization. Such contrary interpretations need not
be confusing. They serve to underline that it is
necessary to look closely at the consequences of a
given experimental technique. This can be particu-
larly important for workers attempting to interpret
results obtained with one technigque on two quite
different alloys.

Cathodic polarization will generally shorten tf
for alloys that are susceptible to hydrogen embrittle-
ment. This is not universally true, however. If
cracking is occurring just below E_ ;. (Figure 10),
then cathodic polarization will accelerate the repassi-

vation process. This is not a case of cathodic pro-
tection lowering the corrosion potential to the
equilibrium potential of the anode reaction. For Ti
alloys the absorption of hydrogen occurs readily on
unfilmed surfaces. On filmed surfaces hydrogen entry
is very much reduced because the passive film has a
low hydrogen permeability. Also, the passive film is
not readily reduced cathodically. Thus, cathodic
polarization of Ti alloys in neutral chloride solu-
tions arrests crack propagation and prevents crack
initiation even though the mechanism of cracking is
that of hydrogen embrittlement. This is an example in
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which the role of the potential on the repassivation
process is more important then its role on the mech-
anistic reaction occurring on the unfilmed metal sur-
face. 1In very strong acid solutions, in which the
film is unstable and repassivation will not therefore
occur, cathodic polarization has no effect on crack
velocity (21,2). Where an active path mechanism is
operative, cathodlc polarization will always lengthen
tf and lower the crack velocity, eventually causing
crack arrest.

Some alloys exhibit reversible embrittlement,
e.g., Mg (22), Al (23), Ti (24) and 2Zr (25) alloys.
For each alloy, experiments have been done in which
specimens were exposed unstressed, to solutions that
can cause cracking, under a variety of conditions. If
broken in air immediately after removal from the solu-
tion, specimens exhibited a low value of ef and
fracture surfaces characteristic of stress corrosion
cracking. If lapse of time occurs between removal
from solution and stressing, specimens exhibited
increased values of e€f and decreased amounts of stress
corrosion-type fracture with increasing length of
lapse of time. This behavior is characteristic of hydro-
gen embrittlement fracture and has been interpreted as
such for the four types of alloys described. These
are simple but very clear experiments.

Preventative Measures

It is clearly important to know how to avoid, or
at least minimize the incidence of the occurrence of
such a widespread type of failure. The choices are re-
latively few in number and can be conveniently con-
sidered under the headings of the words that make up
name of the problem.

Stress. From Flgures 1 and 2 it has already been
stated that stress corrosion cracking can be reduced
or abolished altogether by reducing the stress level,
depending upon whether the system exhibits a threshold
stress or K value. In practice this may mean ensuring
that components are stress relief annealed, e.g.,
brass tubes after drawing, or that welds are given
post-weld heat treatements, since it is residual
stress that is often the problem. To minimize failures
in steel tube assemblies handling sour oil wells, for
example, it is recommended that all welds be kept be-
low a certain hardness level (26). The hardness can
be measured in situ. Design can help in reducing
operating stress levels also. Critical flaw depth has

In Corrosion Chemistry; Brubaker, G., et a ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1979.



10. scurry Stress-Corrosion Cracking 347

also been mentioned. Controlling flaw depth is easier
to describe then to achieve but care should be taken
to prevent large flaw depths, particularly where a

K 1gcc level exists. There are examples of tanks being
operated containing liquids that cause stress corro-
sion cracking with residual and operating stresses
controlled so that Kigee is not exceeded. For high
strength alloys overtempering or overaging will often
give a much more acceptable life time at the cost of a
lower alloy strength. Such considerations call for a
balance between the regquirements of the plant operator
and the demands of the plant designer.

Corrosion. Reducing corrosion by the use of in-
hibitors will commonly reduce or even eliminate stress
corrosion cracking, possibly by moving the corrosion
potential outside the range of cracking. Sometimes
these are referred to as dangerous inhibitors since,
if this is their sole function, cracking will occur
if the corrosion potential moves back into the crack-
ing range. The contrast is made with safe inhibitors
which reduce or prevent cracking even if the corrosion
potential is in the cracking range. 1In practice the
use of inhibitors of either category may be restricted
by (1) solubility problems, (2) economic aspects and
(3) practicality limits. Many failures occur in steam
or under condensation conditions. In both of these
cases the transport of inhibitors to sites of crack
initiation is not feasible. With other systems, how-
ever, guite small additions or changes may eliminate
problems, e.g., 1-2% H,0 to CH;0H/HCl mixtures, using
impure N,04 rather than pure N0y, both for Ti alloys.
Cathodic protection may also achieve the same effect
of a lowered corrosion rate. As with inhibitors its
use is limited and for much the same reasons. Mention
must be made of current stress corrosion cracking
problems in gas trunk transmission lines in the U.S.A.
and elsewhere. A number of failures have occurred in
these lines as a result of certain carbonate/bicarbo-
nate mixtures being generated in the alkaline liquid
adjacent to the pipe by the application of cathodic
protection (4). This is in no way an argument against
the use of such a protection method. It is merely a
warning about possible effects. These failures also
underline some of the difficult technical/economic
decisions attendant upon such failures. There are two
quite different questions to be settled: (1) what can
be done to reduce the incidence of cracking in exist-
ing pipelines? and (2) what can be done to reduce the
possibility of cracking in pipelines to be installed
in the future? Both technically and economically the
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gquestions pose a number of different problems. This is
in some ways typical of all preventative measures.
There are many factors to be considered before settling
upon an acceptable solution.

The use of paintings and coatings must be men-
tioned. They are usually applied for other reasons --
to reduce the rate of general corrosion and the cost of
cathodic protection. To the extent they are successful,
they will frequently minimize the incidence of stress
corrosion failures. Coatings always have faults in
them and depending upon coatings alone is usually un-
wise. It is in their use with systems of cathodic
protection that they are to be judged, together with
ability to withstand service conditions, e.g., contin-
ual temperature fluctuations.

Increasing the corrosion rate might appear to be
a rather drastic counter measure against stress corro-
sion cracking. Since it is a form of highly localized
corrosion, extending corrosion over the whole of the
surface will usually lessen the probability of such
failures. This approach is unlikely ever to be a
permanent remedy. It is employed in making up mixtures
containing HCl1l to clean austenitic stainless steel
parts in chemical plant: the corrosion rate is main-
tained > 10 mpy (27).

Cracking. Possible effects of plane stress/
plane strain transitions have already been indicated.
The effectiveness of the strain-rate in promoting
cracking can be important where engineering structures
are subject to periodic straining, e.g., pipelines. It
is possible to have interrupted loading stress corro-
sion cracking in which case the stress combines to
produce a strain transient that generates a crack
increment. This is different from corrosion fatigue
and the interface between the two has been discussed
(28). 1Interrupted loading stress corrosion cracking
can be of particular importance where the system ex-
hibits a threshold under constant locad laboratory
testing conditions. A small fluctuation in load
(£1-2%) can reduce the threshold by 50% (3). Unless
laboratory tests simulate accurately service condi-
tions, confusion and a lack of confidence are likely
to ensue.

Since a tensile component of stress is required,
stress corrosion cracking can be prevented by putting
the surface of a component into compression, e.g., by
short-peening. Where this is practicable, it is
desirable. The treatment needs to be applied uniform-
ly. It will not be effective if pitting occurs on the
compressed layer.
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Cracking may be avoided by using a nonsusceptible
or less susceptible alloy. This usually entails using
a more expensive alloy or a greater volume of a lower
strength alloy. From what has been discussed above,
such a choice depends upon a reliable test having been
made in the environment under consideration.

Concluding Remarks

Stress corrosion cracking is a complicated sub-
ject and it is necessary to be very careful in making
simplifications. Certain points have been emphasized
in the description presented above. The simple idea of
an imbalance between creep strain-rate and repassiva-
tion rate does seem to be an accurate description of
an essential process occurring during the propagation
of a stress corrosion crack. To appreciate the sub-
tleties of this interaction does require both a
metallurgical and electrochemical approach. In this
subject a dual approach is always required. To do
accurate tests, potential control is necessary and the
investigation of a range of potentials is always
required. Commercial metallurgical alloys are compli-
cated heterogeneous assemblies of atoms. Some of these
heterogeneities are responsible for cracking.

Some points have been neglected because of the
limitations of space and time. Why is the chloride
ion so prevalent in Table I, for example? The answer
almost certainly lies in its effect upon delaying re-
passivation as a result of metal ion hydrolysis and
the low pH of many metal chlorides. In addition, it
promotes the initial breakdown, probably in much the
same way. With this and other points completely clear
answers and explanations are not yet arrived at.
Progress is being made, however, and eventually a
good if not perfect, predictive capacity will be
achieved over what remains a facinating and irritating
phenomenon.
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Industrial Problems: Cooling Water and Cooling-Water

Treatment

J. FRED WILKES
Consulting Chemical Engineer, 143 Seventh Avenue, La Grange, IL 60525

The ability to dissipate unwanted heat through
cooling systems is vital to operation of power genera-
ting stations and most industrial or commercial instal-
lations. Open recirculating towers and closed cooling
systems are assuming a steadily increasing proportion
of utility and industrial cooling loads, as water short-
ages continue to limit availability of once-through
cooling water sources.

Cooling water treatment programs all have similar
objectives: 1) to maintain heat transfer efficiency.

2) To preserve operating efficiency of the overall
system. 3) To prolong service life of equipment.

Protection of cooling system metals involves com-
plex interrelated problems of scale and deposit preven-
tion, control of microbiological growths and other
fouling sources, in addition to corrosion mitigation
by inhibitors. Corrosion control programs may be ex-
pected to vary considerably between systems, since
each installation presents different environmental
factors and operating problems which affect response.

Those of us who own or drive automobiles recognize
the need for cooling systems to remove excess engine
heat and maintain safe operating temperatures. Indus-
trial cooling systems must accomplish similar Jjobs
of heat rejection. They include many different types
and mechanical designs. In a major refinery or chemical
process plant, residual heat in process fluids and
gases may be employed for generation of high pressure
steam, in heat exchangers of special design called
waste heat boilers. A waste heat boiler dissipates un-
wanted process heat while recovering its thermal energy
in the form of useful steam.

We live or work in air conditioned buildings which
are totally enclosed and don't have windows that can be
opened. Such buildings accumulate heat from humans;
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from sunlight; and from lighting systems. This heat
must be disposed of, so that we can live and work in
comfort. Air conditioning systems employ mechanical
refrigeration units. The heat developed in compression
of refrigerants used to remove building heat must be
disposed of by external means such as cooling towers,
evaporative condensers and spray ponds.

Most cooling towers are open-recirculating types
in which heat rejection mainly is accomplished by evapo-
ration of water. There also are closed cooling systems
(of which an automobile radiator would be typical),
from which heat is dissipated by the forced flow of
air across radiation sections. In some combination
systems, heat from closed cooling circuits is transfer-
red through heat exchangers into circulating water
which is cooled by evaporative systems.

Open Recirculating Cooling Systems

Figure 1 shows a typical induced draft cooling
tower of wood construction. Powerful fans at the top
draw air through louvers at the tower base, across the
tower fill, and discharge it through fan stacks. From
distribution troughs located above the tower fill sec-
tion, incoming hot water from a building or plant flows
downward over the fill (packing), partially evaporates,
and is cooled both by evaporation, convection and con-
duction.

Figure 2 is a schematic of a natural draft, atmo-
spheric tower. Warm water is distributed at the top,
and moves down by gravity across wood fill. Air is
drawn in by chimney effect. Figure 3 shows a long
bank of atmospheric towers, functioning like the one
shown in the schematic. Figure 4 illustrates major
characteristics of a cooling system combining a closed
cooling section with an open (evaporative) cooling
tower. This double recirculating system might be used
to reject unwanted heat from an internal combustion
engine or process unit. Figure 5 shows another config-
uration of a double recirculating system in which a
closed system heat exchanger in the bottom of the tower
is cooled by evaporating water flowing down over it.

Let us consider how cooling towers work. What
is the relationship of evaporation to cooling tower
operation? By comparison, in the process of generating
steam, after heating feedwater to its boiling tempera-
ture one must add roughly 1,000 British thermal units
{(Btu) of heat energy for every pound of water, to cause
a change of state from liquid water to water vapor
(steam). An evaporative cooling system also requires
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Induced Draoft Tower

Figure 1. Cutaway section of induced draft cooling tower
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Figure 3. Multicell, natural draft (atmospheric) cooling tower
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equivalent heat input. To cause one pound of water

to evaporate, we must supply about 1,000 Btu of heat
energy from some source. In a cooling system we trans-
fer unwanted heat from a piece of equipment into cool-
ing water, and cause part of that water to evaporate.

In the process we will reject about 1,000 Btu for every
pound of water caused to evaporate. Practically speak-
ing, when hot water is passed through a cooling tower,
about one percent of the water being circulated must
evaporate for each 10 degrees F. temperature drop accom-
plished in the tower. 1In a cooling tower circulating
20,000 gallons per minute and operating with 100 degrees
F. water coming in at the top, and 80 degrees F. water
discharged at the bottom, (a 20 degree temperature

drop) we will have evaporated 2% of the water circula-
ting, at every pass through the tower.

What should happen when water containing hardness,
alkalinity and other dissolved minerals is added to a
cooling system and caused to evaporate and concentrate?
Once the limit of solubility of the dissolved minerals
or salts in that water is reached, they would begin
to come out of solution and crystallize in solid form.
To the extent that dissolved salts include calcium
and magnesium which could combine with silica, sulphate
and carbonate, the end result might be insoluble scale
deposits on heat transfer surfaces. We don't like
such deposits in boilers. They are equally destruc-
tive in cooling system heat exchangers, where ability
to reject heat is essential to continuation of process
operations, refrigeration and air conditioning systems.
So by the evaporation of cooling water, we accomplish
the bulk of the industrial cooling job. Such systems
also dissipate some heat by radiation and convection.
But the major reduction of heat is accomplished by
evaporation. As we evaporate and concentrate cooling
water, dissolved minerals soon would reach levels at
which scale deposits would form, in the absence of
corrective measures. Calcium carbonate scale control
is a major concern.

One way to prevent CaCO, scale in cooling system
exchangers is to convert cargonate and bicarbonate
ions to some other form having greater solubility in
heated water. CaCO, has a very low solubility in
water; not more than 20 to 30 mg/liter. Like most
other materials that form scale in situ on heated sur-
faces, it has a negative solubility curve, (solubility
goes down as temperature goes up). Other salts like
sodium chloride, sodium carbonate, sodium sulfate get
more soluble as temperature rises.

Among the early efforts made to prevent CaCO3
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scaling and corrosion of cooling surfaces and heat
transfer units was application of chemical equilibrium
principles (the Calcium Carbonate Saturation Index)
developed by W. F. Langelier. (1, 2) Langelier showed
that each natural water supply would be completely
stable with respect to CaCO, at a certain pH, which he
identified as pH_. The wate% would be exactly saturated
with calcium carsonate, neither unsaturated nor super-
saturated. The pH_ of a given water could be calculated
from simple data, ?ncluding calcium content, total
alkalinity, temperature and total dissolved solids.
Simple charts and nomographs were developed to simplify
determination of pH_. Langelier also proposed the
Saturation Index, t8 show whether a water supply would
be stable or unstable (with respect to CaCO3 solubility)
at any given temperature and pH.

Having determined pH_ (the saturation pH) by nomo-
graphs or calculations, weé then compare pH_ with the
actual pH of the water. Subtract pH_ from the actual
pH; if the result is a positive numbér this indicates
a scaling water, with more calcium carbonate in solution
than can be held. The higher the positive saturation
index rises, the greater will be the scaling tendency.
What if the Saturation Index, (pH - pH_), is a negative
number? This indicates a water that is undersaturated
with calcium carbonate, and hungry to dissolve more.

If there, is no calcium carbonate handy to be dissolved,
the water will attack the metals of the system. 1In
other words, a negative pH_ indicates a corrosive water.
The more negative the satufation Index, the more corro-
sive the water will be.

John Ryznar of NALCO developed a useful modifica-
tion called the Stability Index, based on empirical
data from field locations. The Saturation pH is deter-
mined exactly the same way, but the Index is obtained
differently. The Stability Index is calculated from
(2 pHs - pH). It always will be a positive whole num-
ber. “Stability Index numbers around 7 show the water
is quite stable, neither corrosive nor scaling. As
the Stability Index drops below 6, water becomes pro-
gressively more scaling. On the other hand, as the
Stability Index rises above 7, water becomes progres-
sively more corrosive. A cooling water with a Stability
Index of 10 might produce severe to intolerable corro-
sion conditions.

Some pioneers in cooling system water treatment
attempted to control corrosion by Saturation Index ad-
justments alone, without addition of chemical inhibit-
ors. Unfortunately, most cooling systems include heat
exchangers with wide temperature variations. A cooling
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water completely stable and non-corrosive at 70 degrees
F. might become either scaling or corrosive, when pass-
ed through an exchanger where temperature was raised to
130 degrees F. Therefore, corrosion control by Satura-
tion Index adjustment alone rarely offered a practical
solution.

The next approach to scale control was reduction
of potential calcium carbonate by acidification of
makeup water. Sulfuric acid is added to reduce alka-
linity and convert most of the calcium bicarbonate
to calcium sulfate. Calcium sulfate is soluble up
to about 1,700 parts per million in cooling waters at
ordinary temperatures, whereas calcium carbonate solu-
bility is less than 30 ppm. So by slightly acidifying
makeup water we greatly reduce tendency for calcium
carbonate deposition. The calcium sulfate level in
concentrated cooling water is controlled by bleed-off
adjustment--manually or automatically.

Obviously when we deliberately add sulfuric acid
to cooling water, we reduce alkalinity and also depress
pH. This increases corrosivity of the circulating
water, which is saturated with dissolved oxygen, con-
tacts many dissimilar metals, and is elevated in temper-
ature. 1In the process of acidification to prevent
scale deposition so heat transfer equipment will func-
tion efficiently, we knowingly build in added corrosion
factors and increase corrosion control difficulty. Now
we need to find corrosion inhibitor combinations which
will be practical for use in industrial systems; can
be tolerated from the viewpoints of toxicity and pollu-
tion controls and will effectively protect these multi-
metal circuits during their normal service life of 20 to
30 years.

One early approach for cooling water corrosion in-
hibition was the use of inorganic polyphosphates. These
complex molecularly dehydrated phosphates came into
widespread industrial use beginning in the 1930's.
There is some disagreement about how polyphosphates
function as corrosion inhibitors. Generally accepted
theory is that, in an aerated system, they cause forma-
tion of a protective surface film which contains both
iron oxide and phosphorus, perhaps an iron phosphate.
Polyphosphates will not work in a system that is devoid
of oxygen, nor in a stagnant system. Polyphosphate cor-
rosion inhibition required flow, to replace the iron-
phosphate film as fast as it is removed or depleted.
Polyphosphates are unstable and subject to problems in
high temperature circuits, or where pH fluctuation
occurs. Ecological considerations also are involved,
because of possible pollution contributions of residual
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phosphates in cooling tower discharges to surface
waters—--lakes, streams, etc.

In the early 1950's, combinations of alkali chro-
mate (an anodic inhibitor) and polyphosphate (generally
accepted as cathodic) came into prominence for cooling
system corrosion inhibition. The combination of chro-
mate with phosphates proved highly efficient in compari-
son with straight phosphate or straight chromate, and
could be used at substantially lower concentrations.

For example, a cooling system that had been treated
with 400 ppm alkali chromate, with cooling water pH
adjusted to the neutral range of pH 7 to 8, could be
equally well protected by a combination of chromate and
polyphosphate, with chromate concentration of 30 to 40
ppm, and phosphate at 10 to 20 ppm.

In the late 1950's, chromate-phosphate systems
incorporating zinc as another cathodic inhibitor were
introduced, followed by zinc-chromate inhibitors, with-
out phosphate. Using chromate-zinc, or polyphosphate-
chromate-zinc inhibitors it was possible to cut working
concentrations still further. It was necessary to
control pH to make this inhibitor system function ef-
fectively. At increased pH (above pH 7.5)tendency for
zinc loss by precipitation increases. Furthermore, pH
rise may cause heat exchangers to become fouled by zinc
hydroxide slimes or zinc phosphate.

We have mentioned relationship of scaling and depo-
sition to corrosion control. When considering deposi-
tion causes, we're concerned not only with calcium car-
bonate and calcium phosphate, but also with dust and
other impurities. The cooling tower acts as an efficient
scrubber for such solids, and for combustion gases
such as sulphur dioxide which are potent reducing agents
for chromates. We must also consider microbiological
growths which form slimy deposits and interfere with
heat transfer. 1In short, we must be concerned about
all causes of fouling including deposition of inhibitor
reaction products, process leakages and corrosion pro-
ducts. All of the preceding impurities must be dealt
with effectively so that cooling water corrosion inhibi-
tors can function. Unless the metal surfaces in the
system are kept clean and accessible to the inhibitor,
then the corrosion inhibitor cannot be expected to
function. If we permit growth of microbiological layers
on a surface, both heat transfer and corrosion inhibi-
tion will suffer.

The need to keep metal surfaces clean led to the
development of additives called antifoulants and dis-
persants. Many natural organics such as tannins and
lignin derivatives have been used as dispersants. As an
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outgrowth of work originated in the boiler water chemis-
try field, it became apparent that synthetic compounds
based on acrylic or methacrylic acid also were useful

as antifoulants in cooling circuits. (3, 4, 5, 6) They
aid in dispersion of silt, corrosion products, residues
from bacterial growth and other foulants. Other synthe-
tic dispersant-antifoulants include phosphated polyalco-
hols. A variety of chelant/sequestrants also have been
used, particularly phosphonic acid derivatives having
structures analogous to the nitrogen-based chelants EDTA
and NTA. 1In practice the later chelants are rarely used
because of their tendency to complex and remove protec-
tive oxide layers from heat exchanger surfaces, particu-
larly at lower pH levels commonly maintained in cooling
water.

Earlier the standard industrial approach to preven-
tion of calcium carbonate scaling by addition of sul-
furic acid was described. Objectives were to reduce
bicarbonate alkalinity, convert calcium carbonate to
calcium sulfate, and regulate sulfate concentration by
bleedoff. Corrosion inhibitors were added to protect
system metals. A new approach to industrial cooling
system treatment does not require addition of sulfuric
acid. It involves application of phosphonate seques-
trants, dispersants and special corrosion inhibitors,
and provides deposit control equal to that obtainable
when using sulfuric acid. Availability of phosphonate
sequestrants makes possible combination scale control
and corrosion inhibitors that can be used without the
necessity of reducing cooling water alkalinity by acid
feed.

Alkalinity and calcium hardness of circulating
water build up to a level determined by allowable opera-
ting concentrations. System pH usually plateaus in the
stabilization range of pH8 to 9. So long as the Lange-
lier Saturation Index of concentrated cooling water
can be kept below +2.0 by bleedoff, supplemental acid
feed is not required for scale control.

For many locations, the phosphonate/dispersant
combination provides effective scale control without
necessity of acidification. How does this type of
treatment function as a corrosion inhibitor? One pos-
sible explanation is that if a surface is clean, free
from deposits of any type that can set up local concen-
tration cells, then any corrosion occurring will be
uniformly distributed and reduced in severity. This
permits normal service life of system equipment. This
approach to corrosion control is called the. "clean
system concept." Copper inhibitors (thiazoles and
triazoles) function well in these combinations. Addi-
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tional corrosion suppression is provided by increased
alkalinity and pH in non-acidified systems, plus inhibi-
tor properties of the phosphonate sequestrants. It has
also been discovered that other inhibitors such as
chromate can be used in combination with specially
selected sequestrants to obtain improved corrosion
inhibition.

This presentation will not attempt detailed discus-
sion of microbicides, which are essential to maintenance
of clean metal surfaces needed for effective corrosion
inhibition. All of the previously discussed needs also
must be met, including deposit control, antifoulants to
prevent localized accumulations of suspended, insoluble
contaminants, and addition of corrosion inhibitors. The
contributions of microbiicides and associated antifoulants
to corrosion prevention in cooling systems cannot be
minimized. We are concerned not only with visible micro-
biological growths (algae and slimes) which are unsight-
ly and interfere with uniform water distribution through
the tower, but also with slime formers that deposit in-
side heat exchanger tubes, and which reduce efficiency
of heat transfer just as would scale deposits. Biocides
also play a key role in protection of wood structural
members and wood fill sections against destruction by
rot or fungal microorganisms.

The way in which aquatic growths and microorganisms
can interfere with uniform circulation, or screen off
part of heat exchange surfaces from uniform contact with
cooling water and corrosion inhibitors can be visualized
from Figure 6. This shows a sizeable accumulation of
aquatic weeds on the inlet to a large heat exchanger.
Some tubes are totally blocked. Active corrosion may be
expected beneath deposits where metal surfaces are
screened from free contact with inhibited cooling water.

Closed Recirculating Cooling Systems

In open recirculating systems evaporation is the
major factor in heat disposal. In these evaporative
systems circulating water is continuously scrubbed with
air, therefore saturated with dissolved oxygen. In
contrast, water in closed recirculating cooling systems
usually will contain minimum dissolved oxygen, even
though the systems may include vented expansion tanks.

Closed cooling svstems operate at appreciable pres-
sure, often 30 pounds per square inch or higher. They
are essential for temperature control of internal com-
bustion engines used in automobiles, tractors, trucks,
buses and railway locomotives. Diesel engines also
provide motive power for river and lake vessels and are
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Figure 6. Cooling system heat exchanger partly clogged by aquatic weeds and
shellfish
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used to drive electric generators in power plants, both
for full time and emergency stand-by use.

In typical railway diesel engines, cooling water
is pumped through water jackets or cored liners in
which the pistons work. It then passes through the
cylinder heads which must dissipate tremendous heat
created by combustion of diesel fuel under pressure;
finally it returns to an expansion tank via fan-cooled
radiator sections. A parallel cooling flow passes
through lubricating oil heat exchangers to remove addi-
tional heat.

In the design of railway Diesel engines the buil-
ders apparently, did not recognize that there could be
corrosion problems within the cooling circuits. This
may explain why some cooling systems included as many
as twelve dissimilar metals, all electrically coupled
together. Metals used included cast iron, copper,
brass, Admiralty, phosphor bronze, galvanized steel,
cast and wrought aluminum, tin-plated Admiralty, solder
and others—-in a variety of dangerous couples.

The railroads were told by locomotive builders that
when they bought Diesels to replace steam locomotives,
they could forget about water problems. Unfortunately
the designers were not corrosion engineers, and didn't
design cooling systems to withstand continuous contact
with high temperature cooling water. There was an
added need for boiler feedwater, since Diesel-powered
trains still required steam for heating cars, for lava-
tories and for dining cars. This required compact steam
generators of unique design, small enough to be instal-
led aboard Diesel locomotives, yet capable of generating
3,000-5,000 1bs. steam/hour. These boilers required
mineral-free feedwater supplemented by corrosion inhi-
bitors. Cooling systems also needed high-quality makeup
water, plus special corrosion inhibitors to protect the
multimetal circuits.

At some locations where Diesel engines were used to
drive electric generators, attempts were made to recover
part of the heat in recirculating cooling water. Engine
coolant circulating at 30 pounds pressure and tempera-
tures of 240 to 250 degrees F. was allowed to pass
through an orifice into an expansion chamber. Part of
the water would flash into low pressure steam, which
could be used for building heating. Theoretically, all
the steam condensed in space heaters and radiators
would be recovered as condensate and returned to the
engine cooling system. Unfortunately, heating systems
are never completely tight, so losses of steam and con-
densate occurred. This created a need for continuous
makeup to the cooling system--which in effect had become
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a steam generator. Since it was operating as a steam
generator, the cooling system now required blowdown

(to control build-up of dissolved solids), plus volatile
corrosion inhibitors capable of protecting steam-conden-
sing and condensate return circuits--plus the inhibitors
already needed for cooling system corrosion control.

Most internal combusion engines include fan-cooled
radiators in their cooling circuits. Figure 7 is part
of a typical radiator section. The complete radiator
section had 212 rectangular tubes about one inch by
1/8 inch inside diameter, with tube metal thickness
about 0.005 inch. The tube metal generally was Admiral-
ty brass, a 70/30 brass with 1% tin. The header also is
Admiralty, covered with a 1/8 inch layer 60/40 lead-tin
solder. The tubes first are locked in place with 90/10
solder before applying the sealing layer of 60/40 sold-
er. The radiator tubes of Admiralty brass also were
tin plated. This combination presents a complex cor-
rosion couple of Admiralty brass with tin plating in
combination with two solders and subject to intense
stresses in the header areas.

Some diesel locomotives must work under extreme
cold weather conditions with alternate periods of idling
and maximum loading. This can create extreme radiator
stresses which contribute to corrosion. One such loca-
tion is deep pit open cut iron mines of Northern Minne-
sota. When engines were idling, radiator sections were
bypassed and would reach ambient temperature, as low as
-40 degrees F. Under heavy load, radiators would be
hit by sudden flows of cooling water at temperatures
of 220-240 degrees F. The resulting stress loads cre-
ated corrosion failures of the tin-coated tube-solder
joint at the header. Water leaks and radiator failures
resulted. Figure 8 is a closeup of one tube end from
a failed radiator section. Indications of separation
of the tube from its surrounding solder layer can be
seen at the right and left tube sides.

Many years ago, certain Arctic explorers carried
food in cans sealed with pure tin solder. Under Arctic
temperatures this tin solder bond failed completely.
Apparently the tin changed from a crystalline form to
an amorphous, powdered solid which destroyed the seal
integrity. Resulting food spoilage caused deaths by
poisoning. This type corrosion failure of pure tin,
called "tin pest," or "tin disease," also had been
observed many years ago in Russia. Russian cathedrals
usually were not heated, and in the winter would reach
extremely low temperatures. Pipe organs in some cathe-
drals had pipes made of pure block tin. Under extreme
cold temperatures vibrating organ pipes were known
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Figure 7. Typical air-cooled radiator section for closed-engine cooling system
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Figure 8. Top of individual tube, closed-system radiator section, where solder
failure caused leakage
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to develop areas of "tin pest"™ and fail mechanically.

Under extreme low temperature operations of Diesel
engines the radiator failures occurring seemed to in-
volve very similar corrosion reactions. Apparently the
tin layer on the tube surface converted to an amorphous,
powder form, breaking the bond between tube, solder and
header. Figure 8 also shows evidence of surface attack
on the solder layer, by conversion of tin to amorphous
form. The corrosion inhibitor used in these systems
was a borate-nitrite-mercaptobenzothiazole proprietary
composition.

Clean radiator tubes are readily protected by
conventional alkaline chromate or borate-nitrite corro-
sion inhibitors in cooling water. Partially clogged
tubes, however, create both heat transfer and corrosion
problems. Figure 9 shows a radiator section with 90%
of the tubes partly clogged by corrosion products,
silt and oily particulate matter. Designed to handle
flows of about 250 gpm, the section's 212 tubes each
should conduct about 1 gpm, corresponding with a flow
velocity of 4-5 ft./sec. If 40% of tubes are clogged,
flow velocity in remaining open tubes may approach 15
to 20 ft./sec. From practical experience and research,
the upper limits of flow velocity for Admiralty brass
tubes are in the range of 5-7 ft./sec. With higher flow
velociies, they are subject to impingement failures.

Impingement Attack. This is an electrochemical phenome-
non in which part of the surface oxide is removed lo-
cally, leaving bare metal which becomes anodic. Metal
loss begins at anodic spots; as the pit deepens, cavita-
tion and scouring take over. The pits tend to undercut
in the direction of flow. Looking down from the top
they look like hoof tracks going in an upstream direc-
tion. As undercutting areas enlarge, small pieces

break away to produce large holes or penetration fail-
ures. Looking down into tubes where impingement fail-
ures have occurred, one can see bright spots that look
like tiny drilled holes.

How much cooling would one expect to accomplish in
the heat exchanger shown in Figure 10? This is the
result obtained when using dirty makeup water with silt
and corrosion products, with no preventive maintenance.
Cooling systems must be designed to permit mechanical
cleaning and other preventive maintenance, or effective
corrosion control becomes impossible.

Concentration Cells. Locations encouraging such attack
are common in closed cooling systems. Consider metals
riveted together, as in Figure 1ll. In the crevice,
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Figure 9. High coolant velocities in unclogged tubes of radiator section caused
impingement attack and penetrating failures.
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Figure 10. Poorly maintained heat exchanger; water passages clogged by silt,
corrosion products, and other insoluble impurities
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cooling water would have a slightly lower oxygen con-
tent. Corrosion occurs in the low oxygen space, the
locus of corrosion in an oxygen concentration cell. 1In
contrast, in a somewhat similar construction, corrosion
may be intensified at the open end of a crevice, away
from the area of high metal ion concentration. The
corrosion current flows from the metal towards the low
metal ion concentration as shown in Figure 12. 1In
cooling systems many components are poorly designed

to prevent crevice corrosion.

An example of concentration cell corrosion is shown
in Figures 13 and 14. This is a bronze circulating
pump from an engine cooling system. Normally this alloy
should be resistant to impingement attack caused by high
flow velocity or peripheral speeds, particularly in
a well inhibited cooling water. Yet both the alloy and
rotational speed must be considered; in this case, speed
of rotation was too high. The local attack on the
outer edge of the impeller resembles impingement attack.
However, on the reverse side (Figure 14) there is a
well defined zone of p1tt1ng extending inward about 2
inches from the outer rim. This indicates a metal ion
concentration problem. It has been suggested that if
we could cut through the impeller and separate the outer
1/3 from the inner portion by an annular insulating
bushing, it would be possible to detect current flowing
from one zone to the other, when the impeller is turn-
ing. Correction of this type attack usually requires
either a change of alloy to a more resistant material,
or reduction in rotation rate. 1In this case, a sharply
increased concentration of chromate corrosion inhibitor
did not arrest the attack.

Man-failures in maintenance of inhibitor concen-
trations often contribute to corrosion failures. Fig-
ures 15 and 16 illustrate a failed cast iron impeller
from a switcher locomotive cooling system. Penetrating
corrosion, and corrosion product deposits in well-de-
fined patterns can be seen on the inner face. On the
outer side behind the vanes are deep corrosion zones
resembling cavitation corrosion. A chromate corrosion
inhibitor was used in the cooling water. Investigation
disclosed that nightly overfilling with untreated make-
up water was overflowing the cooling system, and dilut-
ing the inhibitor to a non-protective level. After
completing repairs, the system was refilled and inhibi-
tor level adjusted. The filling connection then was
sealed and locked to prevent further untreated water
addition. This eliminated the pump corrosion problem.

Dezincification of Brass. Two forms of dezincification
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Figure 13. Bronze impeller of circulating pump damaged by impingement attack
and concentration cells
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Figure 14. Band of concentration cell corrosion damage on bronze pump impeller
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Figure 15. Cast-iron pump impeller with cavitation corrosion damage
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Figure 16. Opposite face of cast-iron impeller penetrated by cavitation corrosion.
Note pattern of corrosion products deposition.
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are encountered in heat exchanger tubes, piping and
brass headers. In layer type dezincification, attack
proceeds relatively uniformly from the water side.
Affected areas can be distinguished by the dull red
color of the copper-rich areas where zinc has dissolved
away. Layer dezincification usually proceeds until
loss of strength or penetration to the root of threaded
areas allows the component to fail mechanically. It
generally occurs in low hardness, low pH cooling water,
in the absence of proper corrosion inhibition, and
is accelerated by chlorides and sulfates.

A more dangerous form of dezincification, known
as Plug type, causes penetration failures and serious
leaks. In plug type attack, zinc is selectively dis-
solved, with copper belng left behind. In some cases
it appears that both zinc and copper dissolve, with
copper belng redeposited as a spongy, porous plug in
the corrosion spot. Plug dezincification is easily
identified by the distinctive red spots of spongy copper
which show up on the yellow brass surface. It is dan-
gerous because of the speed with which leaks can occur.
Layer type dezincification usually takes longer to
reach failure. Figure 17 shows zones of plug type
attack in the wall of a brass pipe. Figure 18 shows
a failed Admiralty brass tube wall, both unetched and
etched. The spongy copper plug is easily seen. 1In
the etched specimen the normal grain pattern of Alpha
brass and the porous copper plug in the pitted area are
shown. 1In color, the undamaged brass is yellow-gold,
while the dezincified plug is dull red. Properly main-
tained chromate concentrations in cooling water are
specifically effective in prevention of dezincification.
But the best long term protection involves redesign to
eliminate zinc, or at least, to replace high-zinc bras-
ses (such as 60-40 yellow brass) with low-zinc copper
alloys; (80-10-10 or 85-5-5-5 red brass are good).
Inhibited brass (containing 1/2% arsenic or 0.1l% anti-
mony) also are excellent in prevention of dezincifica-
tion.

Aluminum Failures. Many Diesel engine cooling systems
were first constructed with aluminum headers and other
components directly coupled to cast iron blocks, with
copper connections, bronze screens and other dangerous
multi-metal couples. These dangerous combinations
proved almost impossible to protect, even with high
concentrations of chromate corrosion inhibitors. 1In
these aluminum-copper and aluminum-iron couples, failure
by complete penetration of 5/8 inch aluminum header
plates occurred in three months of service.
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Figure 17. Light colored areas show plug-type dezincification in section of brass
pipe
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Figure 19 is an example of an aluminum header
plate damaged by contact with high alkalinity, high

pH cooling water. Figure 20 is a photomicrograph of
one section of the plate, illustrating the cracking and
exfoliation which occurred. Hydrogen released during
corrosion reactions causes internal pressure in fis-
sures, accelerating swelling and separation of this
rolled plate. Under magnification of 250 diameters,
the cracking and swelling are clearly visible. A few
small nodules of copper were found suggesting that pre-
sence of copper also was involved in this corrosion
failure.

In Canada, a number of mine sweepers were built
using all non-magnetic materials. The entire engine
block was constructed of a clad aluminum alloy. For
corrosion inhibition in the closed cooling system, an
inhibitor containing a high orthophosphate content was
applied. The phosphate-based inhibitor caused severe
corrosion of the engine blocks, resulting in penetra-
tion failures. Deep pitting leading to penetration of
the cast aluminum block is shown in Figure 21. Many of
the pits served as stress raisers, causing cracking.

At the base of the pits where reducing action accompa-
nies corrosion, copper deposition can be seen. Copper
comes from corrosion of bronze circulating pumps, phos-
phor-bronze fittings and copper alloy lines. These
cooling systems could have been well protected by a
chromate inhibitor, or by a borate-nitrite-MBT product,
but experienced accelerated attack when using the im-
proper phosphate-silicate inhibitor.

Fretting Attack. This is a type of corrosive action

in which metal transfers from one bearing surface to
another, when vibration or other mechanical forces
cause slight relative movement. In Figure 22 we are
looking down into the opening of a Diesel engine cylin-
der block into which a ribbed cylinder liner is seated.
Where the ribs are in contact with the engine block,
transfer of metal by fretting has occurred. Cooling
water circulates between the block and the liner. To
prevent crevice attack between liner ribs and engine
block, and avoid initiation of fretting damage, both
engine block and liner surfaces should have been pre-
treated ("pickled") with a strong concentration of
alkaline chromate inhibitor (1% to 5% strength), before
attempting to seat the liner. Figure 23 shows the
ribbed area at top of the liner. Absence of adequate
corrosion control of this cooling system is shown by
severe crevice corrosion and fretting damage on the
contact faces of liner ribs, and also by the extensive
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failed by exfoliation corrosion and

cracking

-aluminum header plate

Figure 19. Wrought
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Figure 20. Section of failed aluminum plate showing cracking and exfoliation
(magnification 215 diameters)
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Figure 21. Section of clad-aluminum engine block which failed by pitting during
use of improper inhibitor in coolant
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Figure 22. Fretting atfack inside engine jacket at contact points with ribbed
cylinder liner
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Figure 23. Cylinder-liner ribs show metal loss by fretting attack and crevice cor-
rosion plus “worm holing” attack on liner at base of ribs
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'worm hole' corrosion in liner walls, in the severely
stressed region at the base of liner ribs.

Cavitation-Corrosion. This form of corrosion attack,
which causes localized failures of cylinder liners

in Diesel engines, has been responsible for serious
maintenance problems in power units of trucks, buses,
railway locomotives and marine transport. The concen-
trated area of attack, and severity of corrosion are
clearly shown in Figure 24. The areas of greatest
attack occur 90 degrees from the crankshaft center line
on the thrust or compression side; a lighter attack may
appear on the opposite side. Other characteristics
shown in Figure 25 include: 1) Honeycombed appearance
of corroded metal. 2) Corroded surfaces substantially
free of corrosion products. 3) Attack occurs in sharply
defined areas, irregular in outline but with abrupt
boundaries between affected and unaffected areas.

Cavitation corrosion of cylinder liners is not
caused by high velocity water flow, nor by impingement
of coolant streams. Rather, it appears that vibratory
effects are primarily responsible. Under the tremen-
dous stresses of fuel compression and combustion in the
Diesel cycle, these 3/4 inch thick cylinder liners
vibrate or "ring" at frequencies estimated to be in
the range of 7,000 to 8,000 cycles per second, and
higher.

In vibrating at such high frequencies, the liner
metal is "jerked" away from cooling water contacting
the surface so rapidly as to reduce local coolant pres-—
sure below the vapor pressure of the coolant fluid,
forming minute vapor-filled cavities, or "bubbles."
When the reverse vibration cycle occurs, the vapor-
filled cavities instantly implode or collapse. The re-
curring collapse and reformation of vapor-filled cavi-
ties occurs in microseconds. Because the "bubbles"
form and collapse so rapidly, the energy they release is
measured in hundreds of tons per square inch. From
study of photomicrographs of failed metal, it also
appears that when these vapor cavities implode or col-
lapse, they drive water and water vapor right into
the grain structure. When the vapor cavities form
again, and pressure is relieved trapped water vapor
explodes upward. Photomicrographs show that crystal-
line structure has been distorted and rearranged by the
tension effects of escaping water vapor.

The unwanted engine vibration is related to crank-
shaft rotational speed, but is caused by engine im-
balance, crankshaft misalignment, or excessive wear of
~vlinder liners and pistons on the thrust side. 1In
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Corrosion

Figure 24. Vibratory cavitation corrosion of large diesel engine cylinder which
progressed to perforation (7)
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Figure 25. Concentrated zone of loss, absence of corrosion products, and sharply
defined boundaries identify cavitation-corrosion attack on cylinder liner
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discussing mechanical/physical factors contributing to
cavitation-corrosion of cylinder liners, Speller and
LaQue (7) made the following suggestions:

1) Reduce liner vibration by any practicable means;
i.e., redesigning liner supports to introduce dampening
effects, or providing cushioning.

2) Develop and use harder, more resistant liner metals.
(Hard alloy cast iron liners respond better to corro-
sion inhibition than do soft cast iron liners.)

3) Reduce opportunity for development of vapor cavi-
ties by operating at higher pressures and temperatures
in cooling systems, and possibly by introduction of air
bubbles as cushions against vapor-cavity collapse.

4) Maintain chromate corrosion inhibitors in cooling
water at concentrations above 2,000 mg/l1 (as CrO ),

and hold coolant pH within the range of 8.5-9. 5.

5) Include suitable wetting agents to improve contact
between corrosion inhibitors and metal surfaces.

Field experience showed that cylinder liners could
not be protected against cavitation-corrosion by plating
with chromium or harder metals, or by plastic coatings.
Both would explode off at the same rate as did the
original liner metal. But tests showed that since
corrosion factors were involved, as well as mechanical/
physical factors, new cylinder liners could be protected
against cavitation corrosion by proper concentrations
of alkaline chromate inhibitors. Cavitation attack in
progress might not be arrested on older liners of en-
gines with severe vibrational problems, even when using
chromates. But on newer engines, properly inhibited
with chromate from the first day of service, cavitation
corrosion could be completely prevented.

One other inhibitor type that will prevent cavi-
tation-corrosion is the soluble oil type, which incor-
porates a light mineral oil plus emulsifiers and adsorp-
tion-type inhibitors, such as organic amines. Unfortu-
nately, although effective in controlling cavitation,
(possibly by cushioning effects of the adsorbed oil
reinforced film) they soften and damage rubber connec-
tors and seals, cause leakage and water loss. When
emulsifiers are exhausted, the oil emulsion breaks, and
allows oily films to form on heat transfer surfaces.
Some of the amine type emulsifiers and inhibitors are
potentially destructive to copper alloys in the circula-
ting system, also. One other type inhibitor that has
been used effectively for many years in closed cooling
systems is generically identified as "borate-nitrate."
These combinations use sodium nitrite, buffered by
alkaline borates, and silicates with supplemental inhi-
bitors such as mercaptobenzothiazole, thiazole or benzo-
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triazole to protect copper alloys in the system. The
working concentration is about twice as high as that re-
quired for chromate inhibitors. Borate-nitrites are

not always effective in suppression of cavitation-corro-
sion in affected systems, but otherwise have given
excellent protection of closed cooling systems.

For control of deposits and scale, closed systems
require hardness-free (or preferably mineral-free)
makeup water. Microbicides are not required for closed
systems, but dispersants to keep metal oxides and other
insoluble contaminants in suspension are useful. They
aid in preserving clean heat transfer surfaces, which
provide maximum response to corrosion inhibition. Long
chain ethylene oxide polymers also are being used to
improve "wetting" properties of cooling water and mini-
mize turbulence, where impingement and cavitation prob-
lems are observed.
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High-Temperature Corrosion in Coal Gasification Plants

V. L. HILL, D. YATES, and B. A. HUMPHREYS
IIT Research Institute, 10 West 35 Street, Chicago, 1L 60616

Coal represents the greatest domestic reservoir of
fossil energy available at the present time. Thus, it
is likely in the near term that coal utilization will
supply increasingly greater amounts of domestically
consumed energy. While greater usage of coal for di-
rect combustion is being projected, gasification of
coal is an alternative to dwindling natural gas sup-
plies. Gas produced by gasification can vary from low
to high heating wvalue depending on the gasification
process employed. Low- and medium-Btu gas could be
used for electric power generation, space heating, and
industrial applications. High-Btu gas produced by gas-
ification can be used as a replacement for natural gas.

Gasification of coal producing low- to medium-Btu
gas is not a new process. However, several new gasif-
ication processes designed for greater conversion effi-
ciency are under development. The second and third
generation processes generally operate at higher tem-
peratures and pressures than current gasification
plants. In addition, the current non-domestic process-
es are based on use of low-sulfur European coals.
Accordingly, the construction materials currently em-
ployed in these plants may not be suitable for conver-
sion of high-sulfur eastern coals. The combination of
higher plant operating temperatures and pressures and
high sulfur concentration may reduce the available mate-
rials for plant construction.

Materials problems in newer coal gasification pro-
cesses accrue generally from operating temperatures of
1500°-2800°F and pressures of 150-1200 psi. Added to
these conditions are low oxygen activity and high sul-
fur activity in the product gas atmosphere. Finally,
coal ash and sulfur sorbents present in the system can
cause materials failure by corrosion and/or erosion-
corrosion. Current metallic alloys that were developed
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for high oxygen and low sulfur activity environments
are subject to oxidation-corrosion or erosion-corrosion
in the gasifier environment.

Background

Prior to 1972, no information existed on the be-
havior of high-temperature materials in gasification
environments, Materials data were available for high-
pressure equipment at low operating temperatures, or
for low-pressure equipment at high operating tempera-
tures. The emerging coal gasification processes,
therefore, represented a new environment for high-
temperature materials. Behavior of materials, both
metallic and refractory, could not be predicted based
on their performance on then-existing equipment.

During 1972 the Metal Properties Council, sup-
ported by the American Gas Association, initiated ef-
forts in coal gasification materials research. Since
1975 the major support for the program has been sup-
plied by the Department of Energy in cooperation with
AGA. Five phases of effort have been defined,with work
in progress. These areas are: Phase I - Laboratory
High Temperature Oxidation-Corrosion; Phase II - Pilot
Plant Corrosion Studies; Phase III - Quench System
Aqueous Corrosion; Phase IV - High Temperature Erosion-
Corrosion; and Phase V -~ Mechanical Property Measure-
ments. The first four phases are being conducted at
the IIT Research Institute.

A major potential problem for coal gasification
materials due to high-sulfur coals is indicated by
Table I. The table compares the melting points of sul-
fides and eutectic temperatures of the metal-metal
sulfide systems for iron, nickel, cobalt, and chromi-
um (1). It may be seen that the metal-metal sulfide
eutectic temperatures vary from 1193°F for nickel to
2462°F for chromium. All three elemental bases of
high-temperature alloys, iron, nickel, and cobalt, ex-
hibit eutectic temperatures of 18l0°F or less. The
nickel-nickel sulfide eutectic is 1193°F.

The significance of the eutectic temperatures
shown in Table I is that in high-sulfur gases melting
of corrosion products of high-temperature alloys can
occur within their normal operating range. Molten cor-
rosion products are not developed during air oxidation.
Furthermore, nickel-chromium alloys are generally em-
ployed in air environments at higher operating temper-
atures because of their higher strength and oxidation
resistance. In sulfur-containing atmospheres these
alloys are most susceptible to melting. Iron-base
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alloys would be expected to have the highest melting
temperatures, but are generally less oxidation resis-
tant and/or have lower strength. Thus, alloy selection
for high-temperature ceal gasification service tends to
be the inverse of that applicable to high-temperature
alr oxidation,.

Oxidation-~corrosion data included in this paper
were generated in Phases I and II of the program.

Other phases of the ITITRI work have been described in
current literature (2-9).

Metal loss in this program has generally resulted
from the combined effects of oxygen and sulfur. Thus,
the term oxidation-corrosion is used in this paper to
define metal loss, No attempt is made to separate the
individual effects of the corrodent species since chem-
ical analysis of the corrosion products was not con-
ducted.

Results

Phase T - Laboratory High-Temperature Corrosion
Testing. The Phase I corrosion program began in 1973
with design and fabrication of two reactors capable of
operating to 2000°F at 1000 psi. Testing in a typical
coal gasification atmosphere began in 1973. To date,
over 40,000 hrs of testing have been completed in the 2
reactors invoelving 57 commercial and developmental
alloys and coatings. Details of the test equipment
have been reported elsewhere (2) and will, therefore,
not be discussed in this paper.

The gasifier atmosphere used for most Phase I cor-
rosion tests is given in Table II. During testing,
only the inlet gas composition shown was controlled.
The temperature-pressure dependent equilibrium gas com-
positions shown represent the actual test gas composi-
tion at each test temperature. Generally, the equi-
librium gas composition was obtained in the reactor by
interaction of the inlet gas species. This was veri-
fied by analyses of the reactor exit gas in a gas
chromatograph.

The compositions of the alloys evaluated in Phase
I are summarized in Table III. These alloys represent
most classes of high-temperature iron-, nickel-, and
cobalt-base alloys that could be considered for coal
gasification service. Pack aluminized and chromized
coatings on AISI 310 and IN-800 were also evaluated in
the test program.

Corrosion data contained in this paper are not in-
tended to summarize the results for the 57 alloys and

coatings exposed for periods of up to 5000 hr. Rather,
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Table I

EUTECTIC TEMPERATURES OF SELECTED
METAL-METAL SULFIDE SYSTEMS@

Sul fur

MP of Eutectic Concentration

Sulfide Temperature at Eutectic
Eutectic °C °F °C °F a/o w/o
Ni-NigS,  810° 1490 645 1193 33.4  21.5
Co-CosS3 932 1710 877 1611 40 26.6
Fe-FeS 1190 2174 988 1810 44 31
Cr-CrS 1565 2849 1350 2462 43.9 32.5

3Rreference 1.

Prormed peritectically.

Table II

INLET AND EQUILIBRIUM GAS COMPOSITION
OF PHASE I CORROSION TESTS

Gas Composition, v/o

Gasifier
a Equilibriuma
Component Inlet 900°F 1500°F 1800°F
Ho 24 4 23 31
6{0] 18 5 11 17
COy 12 25 19 15
CHy 5 19 9 3
NH3 1 1 1 1
HsS 0-1.0 0-1.0 0-1.0 0-1.0
HoO Bal Bal Bal Bal
N, - - - -

41nlet gas composition constant for all tests in
gasifier gas.

bAt 1000 psi and indicated temperature.

In Corrosion Chemistry; Brubaker, G., et a ;
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Table III
CHEMICAL COMPOSITION OF ALLOYS SELECTED
FOR TESTING IN PHASE I
Composition, w/o
Alloy C Mn 51 @ Fe Ni Cr Co Al Mo Other
Series 1
302 0.05 0.64 0.55 7:.02 9.24 18.18 - -
304 0.05 1.45 0.54 70.04 9,10 18.76 - -
26 0.05 1.65 0.43 65.23 13.:8 17.14 - - 2.5
309 0.11 0.54 0.74 60.46 14 70 22.97 - -
314 0.06 1.90 2.21 sl.64 20.00 24.00 - -
310 0.06 1.71 0.6% 52.16 20.20 25.00 - -
310(Al)
310(Cr)
446 0.10 0.45 0.38 74.55 0.37 24.00
IN-600 0.05 0.15 0.20 6.99 76.48 15.82 0.0% -
IN-601 0.04 0.24 0.19 15.86 59.52 22.50 0.03 1.19
IN-800 0.03 0.80 0.33 47.08 30.84 20.60 0.10 0.32 0.42T1
IN-800(AL)
IN-300(Cr)
IN-793 0.03 0.72 0.40 43.22 32.22 21.40 0.02 1.76
IN-671 (50/50) 0.03 0.03 0.03 0.30 48.40 50.00 0.01 - 0.35Ti
Scries 2
HC 250 3.03 0.5 0.7 68.1 0.1 27.5 - - 0.1
HD 45 0.48 0.7 1.5 62.1 5.2 29.9 - - 0.1
HL 40 0.47 0.6 1.4 47.1 19.4 30.9 - - 0.1
HL 40-35i 0.42 0.7 2.4 45.8 19 3 31.4 - - 0.1
RA-333 0.05 1.5 1.4 15.5 47.5 26.2 3.0 - 3.8 2.7V
Crutemp 25 0.07 1.5 0.6 47.2 24.8 25.4 - - 0.4
Multimet N155 0.11 1.4 0.7 29.1 19.8 21.8 19.5 - 300 g O
Haynes 150 0.06 0.5 0.2 16.5 1.7 27.9 49.6 - 0.1
Haynes 188 0.08 0.7 0.4 1.4 23.3 23.4 35.7 0.22 0.6 .051La,l4.6W
Stellite 6B 1.0 1.4 .6 2.0 2.4 28.5 56.4 - 1.1 6.5W
VE 441 0.03 0.1 0.1 21.5 0.01 0.01 - 15.1 3.2 0.04Zr
N1 0.004 0.2 2.3 0.20 90.0 2.8 - 4.4 0.1
Armco 21-6-9 0.04 8.2 0.7 62.9 6.8 20.7 - - 0.22
Series 3a
312 0.15 2.0 0.5 Bal 9 30 - -
329 0.05 0.5 0.4 Bal 4.3 27.1 - - 1.4
AL 29-4-4 0.005 - - Bal 4.0 29 - - 4
AL EX-20 1.0 20 - Bal 3 5 - 10
Co-Cr-W No. 1 2.5 - - - - 30 Bal - - 12w
Thermalloy 63WC 0.4 - - Bal 35 26 15 - - SW
Wiscdlloy 30/50N 0.55 - - Bal 47 27 - - - 4w
Armco 18SR 0.05 - 1.0 Bal - 18.0 - 2.0 - 0.40T1i
Armco 22-13-5 0.06 5.0 - Bal 12.5 22.0 - - 2.0 0.20Cb,
0.20V, 0.3H
Hastelloy X 0.15 1.0 1.0 18.5 Bal 21.8 2.5 - 9. 0.6W
Inconel 625 0.05 0.25 0.25 2.5 Bal 21.5 - 0.2 9.0 0.2Ti, 3.65Cb
Sanicro 32X 0.08 - - Bal 31 21 - 0.35 0.35Ti, 3w
Incoloy 825 0.03 0.50 0.25 30 41 21.5 - 0.10 3.0 2.25Cu,0.9T1

ACS Symposium Series; American Chemical Society: Washington, DC, 1979.
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Table IIT (cont.)

Composition, w/o
Alloy C Mn Si Fe Ni Cr Co Al Ho Other

Series 3b

FSX-414 0.25 1.0 1.0 2.0 10.5 29.5 Bal - - 7.0W

HK 40 0.4 2.0 2.0 Bal 20 28 - -

HK 40-3Si 0.35/ 2.0 3.0 Bal  18/22 24/28 - -

0.45

Thermalloy 63 0.4 - - Bal 35 26 - - -

Thermalloy 63W 0.40 - - Bal 35 26 - - - SW

RA-330 0.05 1.5 1.25 43 35.0 19.0 - - -

IN-657 - - - - 50 48 - - - 1.5Cb

IN-738 0.17 0.2 0.3 0.5 Bal 16.0 8.5 3.4 1.75 3.4Ti,0.17~,
2.6W,0.9Ch

556 0.1 1.5 0.4 Bal 20 22 20 0.3 3.0 2,5W,N.02La,
1.0Ch+Ta

617 0.07 - - - 54 22 12.5 1.0 9

AL-16-5-Y 0.006 0.2 0.2 Bal - 15.8 - 5.4 - 0.41Y

In Corrosion Chemistry; Brubaker, G., et a ;
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results are presented to indicate significant trends in
oxidation-corrosion data produced by variation of high
temperature and H9S concentrations for selected alloys.

Corrosion in Phase I was assessed by metallographic
measurements of metal loss due to both scaling and in-
ternal corrosion. Gravimetric analysis was employed
only to augment scaling loss measurements. Scaling and
internal corrosion were combined to obtain a corrosion
parameter defined as total corrosion, or sound metal
loss. Total corrosion was then extrapolated to metal
loss rates in mils/yr (mpy) only as a means of compar-
ing the alloys exposed for various times. As will be
seen subsequently, linear extrapolation, intended to be
conservative, resulted in serious underestimation of
yearly metal loss rates for some alloys. Often kinet-
ically controlled transitions to higher corrosion rates,
usually with melting, occurred during longer exposures
of 1000-5000 hr at 1800°F.

Both the H9S concentration over the range of 0-1.0
v/o of the CGA gas and the temperature controlled the
measured corrosion rates. Figure 1 illustrates the
effect of temperature on corrosion rates of several
alloys and coatings in the CGA gas containing 1 v/o
H2S. Alloys AISI 309, AISI 310, and IN-800 demonstrate
a clear temperature dependence of total oxidation-
corrosion in 1000 hr. The 309 alloy had a scatter band
of 5 to 125 mils total metal loss for four specimens at
1650°F. This is typical of borderline alloys that
undergo time-dependent transitions to accelerated cor-
rosion rates. Total corrosion of aluminized 310 and
800 was relatively unaffected by temperature over the
range of 1500°-1800°F for 1000 hr exposures.

The effect of H2S concentration on total corrosion
of selected alloys in 1000 hr at 1800°F is illustrated
in Fig. 2. A variety of different oxidation-corrosion
behaviors were observed. Ferritic alloys, like AISI 446,
generally showed increased corrosion rate with decreas-
ing H9S concentration, whereas 300 series austenitics
typified by AISI 310 generally exhibited maxima at both
0.1 and 1.0 v/o H2S. 1IN-800 had high corrosion only
above 0.5 v/o H9S. Aluminized AISI 310 and IN-800, IN-
671, and several high-chromium alloys did not indicate
a strong dependence of HyS concentration in 1000 hr
total corrosion. Cobalt-base alloys also generally
performed as shown for the aluminized AISI 310 and IN-
671 specimen.

Weight change of corrosion-resistant Series 1
alloys during a 5000 hr exposure at 1800°F in the CGA
atmosphere containing 0.5 v/o H2S is shown in Fig. 3.
The AISI 446 and 314 stainless steels indicated
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Figure 1. Effect of temperature on 1000-hour total corrosion of selected alloys in
CGA environment containing 1 v/o H,S
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Figure 2. Effect of H,S concentration on 1000-hour total corrosion of selected
alloys in CGA environment at 1800°F
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Figure 3. Weight change of selected alloys during 5000-hour exposure at 1800°F
in CGA atmosphere containing 0.5 v/o H,S
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transitions to higher oxidation-corrosion (weight loss)
after 1000 hr. Although not shown, similar behavior
was observed for AISI 310 stainless steel. AISI 309
demonstrated a transition to weight gain after 4000 hr.
Rapid transition in the weight change curves generally
was coincident with the development of localized and/or
general melting of the corrosion products. These re-
sults suggest the errors that could occur if 1000 hr
data were extrapolated to yearly oxidation-corrosion
rates. To date, testing for 5000 hr has been completed
only at 1800°F in the CGA atmosphere containing 0.5 v/o
H2S.

The current results of 5000 hr tests at 1800°F in
the CGA gas containing 0.5 v/o H2S are summarized in
Table IV. Here the 1000, 3000, and 5000 hr total cor-
rosion data have been linearlyextrapolated to mpy cor-
rosion rates. Several alloys--for example, AISI 309,
AISI 310, and AISI 314--that had extrapolated corrosion
rates of 20-40 mpy after 1000 hr indicated transitions
to higher rates in 1000-2000 hr. As a result, the lin-
early extrapolated rates at 3000 hr were greater than
80 mpy. Other alloys, such as HK-40 and IN-617, ex-
hibited internal penetration at 1000 hr that did not
increase significantly for the longer exposures. For
these alloys, corrosion data obtained by linear extrap-
olation of 1000 hr data was maintained for 3000 and
5000 hr, respectively. The data shown in Table IV il-
lustrate that 1000 hr corrosion data could not be lin-
early extrapolated to mpy corrosion rates for all
alloys. It was necessary to conduct 5000 hr tests to
verify the existence of incubation times of 1000-4000
hr for transitions to rapid corrosion.

Microstructures of two alloys exposed in the CGA
atmosphere are presented in Figs. 4 and 5. The micro-
structure of AISI 314 exposed 1000 hr at 1800°F in the
CGA gas containing 0 v/o H2S is shown in Fig. 4. The
adherent, layered scale on this alloy consisted of four-
teen individual metal-oxide layers. Metal phase visible
in the scale was nickel-rich containing some iron, but
was free of chromium. Oxide phase was chromium-rich
tending towards a chromium-iron spinel at the oxide-
metal interface. This unusual microstructure was also
observed on AISI 309 and 310 exposed under the same
conditions, although fewer layers were present.

In contrast, the microstructure of IN-671 exposed
5000 hr in the CGA at 1800°F is shown in Fig. 5. Here,
a thin, dense two-layered scale was observed with minor
grain boundary internal corrosion. Total metal loss in
5000 hr was about 2 mils. The IN-671 (50Ni-50Cr) alloy
along with aluminized AISI 310 and IN-800 generally
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Table IV

CORROSION CHEMISTRY

LINEARLY EXTRAPOLATED CORROSION RATES OF PHASE I ALLOYS
EXPOSED 1000-5000 HR AT 1800°F IN CGA ENVIRONMENT
(0.5 v/o HZS)

<20 mpy 20-40 mpy  40-80 mpy >80 mpy
1000 hr
IN-671, 310(Al), 309, 310, IN-738,
800(Al), 188, 6B, 446, HK40, 556, 314
T63WC, FSX-414, IN-800,
Alloy X, Co-Cr-W- IN-617
No. 1, N155, 150,
HL40, RA-333,
Crutemp 25
3000 hr
310(Al), HL4O, IN-738 32X, 446 314,2 309,
IN-617, IN-657, 310, 5562
FSX-414, Co-Cr-w
No. 1, 1502
5000 hr
IN-800, IN-671 HK40, RA-333
800(Al), N155, Crutemp
Alloy X, 188, 6B 25, T63WC

42000 hr.
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Figure 4. Surface microstructure of AISI 314 after 1000-hour exposure at 1800°F
in CGA gas containing 0 v/0 H,S. Neg. No. 42225 (170X ).

Figure 5. Surface microstructure of IN-671 after 5000-hour exposure at 1800°F
in CGA gas containing 0.5v/0 H.S. Neg. No. 44911 (170X )
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provided excellent oxidation-corrosion resistance in
the CGA atmosphere at all H9S concentrations.

Work in progress on Phase I will provide further
information on the long-term corrosion behavior of com-
mercial alloys in CGA environments. Significantly more
5000 hr data are required at 0.1 and 1.0 v/o H2S con-
centrations at 1800°F. Data to 5000 hr are also desir-
able at 1500° and 1650°F, particularly for Series 2 and
3 alloys.

Phase II - Pilot Plant Testing. This phase of
coal gasification materials evaluation involves expo-
sure of metals and refractories in selected test loca-
tions in current pilot plants. Corrosion testing in
this effort began during 1974 with four pilot plants
and now involves six: HYGAS, CONOCO COAL, Synthane,
BI-GAS, Steam-Iron, and Battelle.

Materials evaluation in pilot plants covers all
Phases of the coal gasification process. Test speci-
mens are installed in the coal pretreatment, gasifica-
tion, gas quench systems, and methanation equipment in
the plants. Three exposures, nominally 1, 3, and 6
months, at plant operating conditions are scheduled for
each test location. Post-exposure corrosion evaluation
employed in Phase II are the same as those used in
other phases of the IITRI program, i.e., metallography
combined with gravimetric analysis.

A summary of the current status of the pilot plant
testing program is presented in Table V. Testing in a
total of 35 metal and 6 refractory locations in the
HYGAS, CONOCO COAL, Synthane, and BI-GAS plants is in
progress. Second and third exposures are in progress
in the HYGAS and CONOCO COAL plants. First and second
exposures are in progress in the Synthane, BI-GAS,
Steam-Iron, and Battelle plants.

Post-exposure analyses have been completed, or are
in progress, for 55 metal specimen racks primarily from
the HYGAS and CONOCO COAL plants. Analyses of several
installations from the first exposure at Synthane are
in progress. Currently, 60% of the required racks for
the three exposures in all plants have been shipped to
the plants and installed.

Corrosion data have been generated for metals in
the quench systems and refractories in the gasifier.
However, specific oxidation-corrosion data in this
paper will be limited to metals exposed in the high-
temperature gas phase locations of the HYGAS and CONOCO
COAL plants. Again, the results reported will empha-
size trends indicated by the pilot plant exposures.
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A typical rack employed for installation of spec-
imens in pilot plants is shown in Fig. 6. Both corro-
sion coupons, 2 x 1 x 0.35 in. thick, and bend speci-
mens intended to determine stress-corrosion cracking
susceptibility, are included in the installation for
aqueous corrosion testing. Specimens are separated by
high density alumina spacers to eliminate electrochemi-
cal effects. During exposure, the racks are welded to
existing components in the pilot plant equipment.

High-temperature gas phase oxidation-corrosion
data have been obtained for two exposures in the CONOCO
COAL plant and one exposure in the HYGAS plant. Table
VI summarizes the operating environments and in-plant
times for these exposures. Since the pilot plants op-
erate at variable temperatures, pressures, and gas com-
positions, weighted average values are given for the
plant exposures.

Linearly extrapolated oxidation-corrosion data for
the 1150 hr first exposure in the HYGAS gasifier off-
gas are plotted in Fig. 7. 1In this location at 580°F
(average) carbon steel, AISI 410, AIST 304, IN-800, and
titanium exhibited very limited corrosion. Alloy IN-
600 and Monel 400 had corrosion rates of 42 and 124 mpy,
respectively.

Test exposure oxidation-corrosion data for selected
alloys in the fluidized bed of the HYGAS gasifier are
shown in Fig. 8. Alloys exposed in this location are
different from those in the gasifier off-gas because of
the higher operating temperature. The fluidized bed
represents the highest operating temperature of the four
test locations in the HYGAS gasifier. First-exposure
data, however, indicate relatively minor corrosion of
AISI 430, AIST 309, IN-600, Alloy X, and RA-333 of 4 to
18 mpy. Again, IN-600 showed extensive attack (complete
corrosion of 0.250 in. thick specimens) in 1720 hr of
plant operatfon during the first exposure. Thus, IN-
600 (Ni-16Cr) exhibited severe corrosion over the .entire
operating temperature range of the HYGAS gasifier. Al-
though not shown in Fig. 8, IN-601 (Ni-23Cr-1Al) had a
corrosion rate of 12 mpy in the HYGAS fluidized bed.

Two exposures have been completed in both the
CONOCO COAL gasifier and regenerator. Linearly extrap-
olated corrosion rates for selected alloys exposed in
these CONOCO COAL test locations are presented in Figs.
9 and 10. The duration of exposure in these test loca-
tions was about 800 and 1600 hr in the first and second
exposures, respectively.

Figure 9 shows that the corrosion rates in the
CONOCO COAL gasifier were relatively low for both expo-
sures. The apparent reduction in corrosion rate for
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Figure 6. Typical corrosion specimen rack for Phase II pilot plant exposures
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Table VI

CORROSION CONDITIONS IN CONOCO COAL
AND HYGAS PLANT EXPOSURES

Temp. , Press., Time,
Location Exposure °F psi hr

CONOCO COAL Plant

Gasifier, 1 1425 150 800
off-gas?

2 1425 150 1600

Regeneratorb 1 1850 150 800

2 1850 150 1600

HYGAS Plant

Gasifier, 1 1340 980 1718
fluidized bed®

Gasifier 1 580 980 1150
off—gasa

a

Gas composition: 48Ho, 23H90, 12CHy4, 8.5C0, 6CO9,
2,5N2, trace HZS (v/o)

bGas composition; 7ON2, 25002, 5C0, trace HZS (v/o)

®Not analyzed,

dGas composition: 20.4H9, 40.6H,0, 9.3C0,, 2.5CO,
5.2CH,, 4.2N,, 0.1H,S, 17.7 oils

4 2 2
(v/o)
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Figure 7. Linearly extrapolated corrosion rates of selected alloys in HYGAS
gasifier, off-gas
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Figure 8. Linearly extrapolated corrosion rates of selected alloys in HYGAS
gasifier, heat exchanger bed
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the longer second exposure for most alloys was due to
linear extrapolation of metallographically determined
total corrdsion. Apparently, the time dependence of
total corrosion for most alloys tended to be parabolic
rather than linear.

For both exposures in the gasifier, corrosion of
pack diffusion aluminized AISI 310 and IN-800 was
greater than the uncoated base alloys. Metallographic-
ally, the aluminized coatings appeared to be preferen-
tially attacked; corrosion of the coated layers termi-
nated at the base metal interface during both exposures.
The coatings on IN-800 tended to be completely con-
verted to scale, whereas those on AISI 310 were locally
penetrated along short circuit diffusion paths.

Corrosion data for the CONOCO COAL regenerator in
Fig. 10 indicate significantly higher corrosion during
the longer second exposure. Several alloys including
IN-800, IN-671, Alloy X, and AISI 309 stainless steel
were completely corroded during the second exposure.
IN-671 also completely corroded during the first expo-
sure. In contrast to the gasifier, pack aluminized
AISTI 310 and IN-800 demonstrated the best corrosion
resistance in the second exposure in the regenerator.
Thus, aluminizing provided variable protection in the
CONOCO COAL plant.

To date, very limited corrosion has been observed
for dense refractories exposed in both the HYGAS and
CONOCO COAL plants. Castables, brick, and ramming mix
materials have resisted the CGA environments with lim-
ited attack. This was expected since the exposure
temperatures of 1500°-1800°F are relatively low for
refractory materials. Phosphate bonded materials,
originally thought to be suspect for CGA service, have
shown no significant deterioration. Some deterioration
of low-density insulating materials has been observed.
These materials, however, are not normally exposed to
the CGA environment in pilot plant gasifiers. For this
reason, testing of insulating materials has been termi-
nated.

Severe corrosion of silicon nitride bonded silicon
carbide brick did occur during the second exposure in
the CONOCO COAL gasifier and during first exposure in
the Synthane gasifier. Dense brick of this material
nearly completely disintegrated in about 1600 hr at
1400°-1500°F. 1In contrast, the material survived both
exposures at 1800°-1900°F in the regenerator without
deterioration. These results are thought to be due to
attack by water vapor in the gasifier.

Future corrosion data obtained from the Synthane,
BI-GAS, Steam-Iron, and Battelle pilot plants will add
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significantly to the existing pilot plant information.
Environmental conditions in these plants differ signif-
icantly from those of the HYGAS and CONOCO COAL plants.
Accordingly, the new pilot plant information will pro-
vide oxidation-corrosion data for a wider range of gas
compositions and operating temperatures.

Summary of Results

Since the effort described herein is an ongoing
program, well-defined conclusions are, as yet, inappro-
priate. Some trends, however, are readily evident in
oxidation-corrosion obtained to date in coal gasifica-
tion atmosphere. It is clear that coal gasification
environments are much more severe than air at the same
temperatures. Furthermore, a chromium content of 20
weight percent, and preferably 25 weight percent, in
high-temperature alloys is required for long-term re-
sistance to CGA environments. The role of secondary
additions, aluminum, titanium, silicon, molybdenum,
tungsten, etc., and residuals such as manganese, has
not been clearly established.

Oxidation-corrosion data obtained from the pilot
plants generally compare well with laboratory data in
ranking of high-temperature alloys. Pilot plant re-
sults, however, indicate more severe corrosion than
laboratory oxidation-corrosion data. This should be
expected because of cyclic operation of pilot plants
and additional variables comprising the pilot plant en-
vironments. The contribution of erosion and erosion-
corrosion by coal ash, char, and sulfur sorbents to the
corrosion process in the pilot plants has not been
defined.

Laboratory oxidation-corrosion data indicate that
extrapolation of short-term oxidation-corrosion data
to yearly rates is difficult. These extrapolations are
necessary to provide a basis for comparing oxidation-
corrosion data obtained from variable CGA exposure
times. Extrapolated data, particularly at high H2S
concentrations in the CGA atmosphere, should be employed
with caution. Long-term kinetics of the oxidation-
corrosion process can result in transitions in corro-
sion behavior to high rates not predictable by short
exposures. Similar behavior, breakaway oxidation,
occurs in air primarily at temperatures above 2000°F.
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