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FOREWORD 
T h e A C S S Y M P O S I U M S E R I E S was f o u n d e d i n 1 9 7 4 to prov ide 
a m e d i u m for p u b l i s h i n g symposia q u i c k l y i n book form. T h e 
format of the S E R I E S paral le ls that of the c o n t i n u i n g A D V A N C E S 

I N C H E M I S T R Y S E R I E S except that i n order to save t ime the 
papers are not typeset b u t are reproduced as they are sub­
m i t t e d b y the authors i n camera-ready f o rm. A s a further 
means of sav ing t ime, the papers are not ed i ted or r e v i e w e d 
except b y the sympos ium cha i rman , w h o becomes editor of 
the book. Papers p u b l i s h e d i n the A C S S Y M P O S I U M S E R I E S 

are o r ig ina l contributions not p u b l i s h e d elsewhere i n who le or 
major part a n d inc lude reports of research as w e l l as reviews 
since symposia m a y embrace b o t h types of presentation. 

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



PREFACE 

his v o l u m e records the proceedings of a twe lve lecture short course 
jo int ly sponsored b y the C h i c a g o Sections of the A m e r i c a n C h e m i c a l 

Society a n d the E l e c t r o c h e m i c a l Society. T h e lectures covered several 
aspects of current w o r k i n corrosion; they were addressed to p h y s i c a l 
chemists a n d c h e m i c a l engineers as w e l l as to corrosion specialists a n d 
surface scientists. Readers f r o m each of these d isc ip l ines w i l l find several 
parts of the w o r k descr ibed here cha l l eng ing a n d in format ive . 

T h e study of corrosion has undergone substant ia l expansion i n the 
past decade i n response to n e w techniques of s tudy a n d to demands for 
n e w materials to w i t h s t a n
expanded appl icat ions o
ods for more-or-less rout ine surface analysis. E x a m p l e s i n w h i c h cons id ­
erat ion of corrosion has h a d a major i m p a c t o n the deve lopment of n e w 
materials inc lude h i g h temperature turbines , a ir frame structures, elec­
t ron ic appl icat ions of t h i n meta l films, a n d energy deve lopment programs 
such as coa l gasif ication. T h i s vo lume contains chapters re lated to a p p l i ­
cations a n d reviews of f u n d a m e n t a l research. T h e i m p a c t of n e w electro­
c h e m i c a l a n d surface character izat ion methodo logy is seen throughout 
the text. Sections o n electrochemistry a n d h i g h temperature corrosion 
w i l l in troduce those u n f a m i l i a r w i t h these areas to n e w concepts. T h i s 
v o l u m e c lear ly i l lustrates the e m p i r i c a l foundations of corrosion c h e m ­
istry, yet appl icat ions of so l id state theory—to ion ic a n d electronic con ­
d u c t i o n i n solids, for example—emerge i n several chapters. 

T h e editors thank the author of each chapter for his or her w o r k , 
w h i c h i n m a n y cases i n v o l v e d substant ial r e w r i t i n g of the ora l presenta­
t i o n ; R u d o l p h H . H a u s l e r for o rgan iz ing the lecture series; M s . D o r o t h y 
H u b e r for taped transcripts of the proceedings ; the staff of the C h i c a g o 
Sect ion for management of the lecture series; a n d the inst itutions for 
w h i c h w e w o r k for a l l o w i n g us the oppor tuni ty to b r i n g this v o l u m e 
together. 

I l l ino is Institute of Techno logy G E O R G E BRUBAKER 

C h i c a g o , I l l ino is 

IBM C o r p o r a t i o n B E V E R L E Y PHIPPS 

San Jose, C a l i f o r n i a 
September, 1978 

v i i 
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1 

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. 1 In 
this introductory overview  effor  wil l b  mad
touch only lightl
- the most general problem of materials science. 

For the f irst 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 radioactive 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 C O R R O S I O N C H E M I S T R Y 

and c o n s e r v a t i o n and r e c y c l i n g are watchwords, not 
catchwords; the c o r r o s i o n engineer w i l l be a t the 
f o r e f r o n t . 

May I emphasize again the t i t l e , " C o r r o s i o n : The 
Most General Problem of M a t e r i a l s Science." So many I 
encounter speak i n a d i s p a r a g i n g v o i c e about c o r r o s i o n 
problems - t h a t i t * s j u s t a b l a c k a r t - without support­
i v e s c i e n c e . J u s t go i n there and do your t h i n g -
don't bother me w i t h the f a c t s . As a matter of f a c t , 
however, there i s so much science i n t h i s show t h a t a 
c o n s t i p a t i o n o f words r e a d i l y s e t s i n before the con­
s t i p a t i o n of ideas i s even approached. 

For the next 90 minutes or so l e t us explore t h i s 
f i e l d - CORROSION. We s h a l l t r a v e l i n two d i s t i n c t 
ways. One i s t o b r i n g your a t t e n t i o n t o ar r a y s of key 
words and concepts. The other i s to formulate a p a t t e r n 
of s o l i d s t a t e s u r f a c
be u s e f u l as a framewor
and f o r e x p l o r i n g new o p t i o n s . The l a t t e r w i l l be 
w i t h i n two areas: (1) exchange c u r r e n t d e s c r i p t i o n s of 
c o r r o s i o n p o t e n t i a l s and (2) the nature of c o r r o d i n g 
s u r f a c e s . 

The e m p i r i c i s m t h a t appears t o f o l l o w the c o r r o ­
s i o n engineer a r i s e s from the m u l t i - f a c t o r , m u l t i -
component s i t u a t i o n s which are present w i t h i n a l l 
common a r t i c l e s of commerce, be they made from i r o n , 
aluminum, o r more e x o t i c m a t e r i a l combinations. The 
v a r i a b l e s are c o n t i n u a l l y i n t e r a c t i n g i n i n c r e a s i n g l y 
complex ways so we can become engrossed f o r even a l i f e ­
time w i t h j u s t one problem i n performance such as a i r ­
f o i l s t r e s s c o r r o s i o n c r a c k i n g , b o i l e r feed water 
s t a b i l i z a t i o n s , or c o r r o s i o n i n h i b i t i n g p a i n t s , and 
many more. But does t h i s mean the work l a c k s f o r 
glamour and excitement? 

W e l l , the m a t e r i a l s engineer i s f r e q u e n t l y caught 
w i t h orders t o s e l e c t m a t e r i a l s combinations i n a pr a c ­
t i c a l s i t u a t i o n g i v i n g d e s i r e d p r o p e r t y balances w i t h 
adequate performance designed t o f i r s t or to l i f e costs. 
A l t e r n a t i v e l y , he s e l e c t s model Mark I I m a t e r i a l s t o 
cover model Mark I mistakes. More important today, 
m a t e r i a l s e l e c t i o n s must a v o i d warranty payouts capable 
of corporate bankruptcy as w e l l as extended p e r s o n a l 
l i a b i l i t y . How indeed are R & D data p r e d i c t i n g f i e l d 
r e l i a b i l i t y ? What i s a v a l i d t e s t ? 

The c o r r o s i o n engineer i s f r e q u e n t l y the pragma-
t i s t - so what i s the problem - get r i d of the o f f e n d ­
i n g m a t e r i a l . Another approach i s "Hey, what can we 
add t o , i n t r o d u c e t o , o r otherwise coat the system 
w i t h so the problem w i l l disappear long enough t o 
keep the customers adequately happy? Or at l e a s t not 
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1. τυοΜι Corrosion: Problem of Materials Science 3 

s e r i o u s l y d i s a p p o i n t e d i n the v a l u e r e c e i v e d ? We can't 
s e l l many g o l d - p l a t e d C a d i l l a c s . " Or the customer asks 
how can I cheaply save money i n the long run without 
paying the f a c t o r y ? Z i e b a r t i t ! 

W e l l , enough commercials - who i s t h i s c o r r o s i o n 
engineer and what i s he l i k e ? How many years has he 
spent i n the i v o r y towers? Or has he ever v i s i t e d them? 

W e l l , i f I had my d r u t h e r s , I would see to i t t h a t 
the c o r r o s i o n engineer had a b i t of f l a v o r i n g from 
m a t e r i a l s s c i e n c e as shown i n F i g u r e 1. In these days 
of s p e c i a l i z a t i o n , i t would be n i c e to t r a i n some gen-
e r a l i s t s . As an expert r e s p o n s i b l e f o r the f u t u r e 
behaviors of most of our s o l i d m a t e r i a l s , s u r e l y a 
mastery of the f u l l range covered by chemistry, p h y s i c s 
m e t a l l u r g y , and j u s t a few other i n c i d e n t a l f i e l d s 
would be c o n s i s t e n t w i t h assigned r e s p o n s i b i l i t i e s . I f 
he f e e l s a b i t s h o r t
the c o n s u l t a n t s and
i v e t e c h n i c a l s o c i e t y . 

What, you t h i n k the survey i s f a c e t i o u s and out of 
place? Let's take a look at a c o r r o s i o n smorgasbord of 
terminology i n F i g u r e 2. The experiences of a c o r r o ­
s i o n engineer are represented by the term a r r a y . Sampl­
in g them at random, i t seems t o be a jumble. However, 
i t i s an overview. 

Who, then, i s the c o r r o s i o n engineer? For many 
here, he has an e x c i t i n g , r e s p o n s i b l e way of doing 
complex m a t e r i a l s science i n s e r v i c e t o our s o c i e t y . 
This i n d i v i d u a l may never have d e l i b e r a t e l y planned the 
career which developed. Rather as a c i v i l engineer, a 
mechanical engineer, a chemist, a p h y s i c i s t , an a n a l y s t , 
one day suddenly he has a r e s p o n s i b i l i t y t h r u s t on him 
r e l a t i n g t o m a t e r i a l s r e l i a b i l i t y , t o m a t e r i a l s p e r f o r ­
mance or j u s t t o s o l v e t h a t problem before we are broke. 

Thus, many routes l e a d t o a c o r r o s i o n engineer's 
r e s p o n s i b i l i t y as i s r e f l e c t e d i n F i g u r e 3 . He con­
t r i b u t e s t o A P r i o r i Problem S o l v i n g but economics of 
f i r s t c o s t s f r e q u e n t l y l e a d to Post-Factum Problem 
S o l v i n g . For, too o f t e n , c o r r o s i o n i s t i e d d i r e c t l y 
to systems' weakest l i n k v a r i a b l e s . Much of the needed 
knowledge i s absorbed almost by an osmosis process 
because there j u s t aren't simple v a l i d d e s c r i p t i o n s of 
general use. A l l q u i c k l y become s p e c i f i c . 

Ladies and gentlemen - i f you were t o examine the 
agenda f o r the next few weeks, q u i c k l y a r e c o g n i t i o n 
would develop t h a t the key-words have touched on the 
program exposures each w i l l experience - can you see 
the beauty of the toughest m a t e r i a l s s c i e n c e problems 
emerging through the program? 
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C O R R O S I O N C H E M I S T R Y 

THE CORROSION ENGINEER'S RESPONSIBILITY 

Aesthetics Environments Economics Performance 

THE PROBLEM 

A P r i o r i Materials Selection 

Corrosion and Weakest Link Variables 

Figure 3. Corrosion engineers responsibility 

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



1. T U O M i Corrosion: Problem of Materials Science 7 

Let us look a t another p a i r of smorgasbord f i g u r e s 
on c o r r o s i o n . The f i r s t , F i g u r e 4 , focusses l a r g e l y on , 
surface phenomena from a p h y s i c a l chemist - e l e c t r o c h e m i s t 
or s u r f a c e chemist context. Do the words have a f a m i l ­
i a r meaning? Should I d e f i n e a few or perhaps we 
should look at another, F i g u r e 5 , which o u t l i n e s 
another set o f , probably l e s s f a m i l i a r to most, key 
words. These are r e l a t e d t o the d e s c r i p t i o n of s o l i d 
s t a t e s t r u c t u r e s which are encountered on the s o l i d 
s i d e of the e l e c t r i c a l double l a y e r . I t i s the d i s ­
t u r b i n g phenomena proceeding w i t h i n the s o l i d s u r f a c e 
s i d e t h a t g i v e s r i s e t o the d i v e r s e experiences of the 
c o r r o s i o n engineer. 

For an overview we c l e a r l y c o u l d spend much time 
on each word, l e a r n i n g what meaning was experienced by 
each of us. Each would be s u r p r i s e d what a range 
could be r e v e a l e d b
much of the managemen
i n c l i n e d t o say, please p r a c t i c e your a r t without 
f u l l y r e c o g n i z i n g or e x p e r i e n c i n g the complex beauty 
present. For i t i s only a r t t o the beholder - l e t us 
continue s k e t c h i n g the canvas. 

Did you ever stop to c o n t r a s t the c o n c e p t u a l i z a ­
t i o n of chemists 1 common models, or f o r t h a t matter, 
most d e s c r i p t i o n s of s o l i d m a t e r i a l behaviors? In 
F i g u r e 6 we are examining the phenomenological s i t u a ­
t i o n over which we spend so much time p u z z l i n g . The 
mental images u s u a l l y do not a s s i g n d e t a i l e d s t r u c t u r e 
t o the s o l i d phase. We can c l e a r l y see i t before us 
- i t i s so obvious. 

The model we are u s u a l l y speaking about i s shown 
i n the lower l e f t corner - a s t r u c t u r e l e s s s o l i d 
behaving i n an environment of l i q u i d , or gas, more 
r a r e l y an i m p e r f e c t , impure vacuum. The l a t t e r e n v i ­
ronment has the s p a t i a l e x t e n t . 

More t r u l y as i n the lower r i g h t corner the s o l i d 
i s d e f i n e d by x-y-z c o o r d i n a t e s which d e f i n e what i s 
a c t u a l l y happening where as a f u n c t i o n of time i n an 
experiment. 

S t i l l more p r e c i s e l y , the s o l i d i n the experiment 
i s being space averaged t o produce the data i n the 
f i g u r e s above. 

The s o l i d i s best d e s c r i b e d g e n e r a l l y f o r the 
c o r r o s i o n engineer's purposes as a 

"polyphase inhomogeneous s o l i d c o n t a i n i n g 
h e t e r o g e n e i t y homogeneously d i s p e r s e d . " 

The d e s c r i p t i o n i s r a t h e r p r e c i s e a c c o r d i n g to Webster fs 
Unabridged D i c t i o n a r y . This r e f e r e n c e can be c i t e d i f 
the statement r e q u i r e s s u b s t a n t i a t i o n . 

Goodness, w i t h t h i s complexity where do we go from 
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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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here? W e l l , l e t 1 s j u s t acknowledge t h a t t h i s has 
always been the stage on which most of us are a c t i n g 
out our p r o f e s s i o n a l l i v e s . 

Thus, i n Figure 7, S o l i d s are d e s c r i b e d as being 
i d e a l l y p e r f e c t versus i d e a l l y i m p e r f e c t w i t h most 
being i n the l a t t e r category. A sharp consequence was 
taught t o me many years ago by Leroy Dunham of the 
Edison Primary B a t t e r y . When I smartly d e s c r i b e d a 
s t a t i s t i c a l quantum-mechanics model of charge t r a n s f e r 
c a t a l y s i s of oxygen r e d u c t i o n on an e l e c t r o d e s u r f a c e , 
he smiled as i f he was e n j o y i n g h i m s e l f . He had been 
fo r c e d to leave school a t the e i g h t h grade l e v e l . , 

L a t e r i n the day as he and I s t r o l l e d through the 
p r o d u c t i o n p l a n t making h i s e l e c t r o d e s , he q u i e t l y 
s a i d , "Don, I enjoyed your comments so very much. 
Back i n the '30*s when I was doing the development work 
many c o n f u s i n g r e s u l t
evenings I have enjoye
B r i t a n n i c a . One day i t dawned on me t h a t the d i s t r i ­
b u t i o n of people i n the United S t a t e s versus other 
areas resembled the charge t r a n s f e r behavior. To 
change t h i n g s the people must move around, get i n t o 
and out of c a r s , t r a i n s , planes. 

What a memorable moment - the theory d i d not have 
to be a b s o l u t e l y r i g h t to be u s e f u l i n g u i d i n g exper­
iments. 

Why have I taken such a circumspect path to reach 
t h i s p o i n t ? W e l l , I wish to present a c o n c e p t u a l i z a ­
t i o n o f the problems which has been u s e f u l to me. I t 
has helped to bridge the chasm s e p a r a t i n g d i f f e r e n t 
experimental s i t u a t i o n s . 

The f o l l o w i n g F i g u r e 8 i n d i c a t e s t h a t the l e c t u r e s 
c o u l d be placed i n a v a r i e t y of c a t e g o r i e s . F i r s t , the 
f a m i l i a r m e t a l - e l e c t r o l y t e system w i t h gas e v o l u t i o n 
p o t e n t i a l l y present. Second, the systems i n v o l v i n g 
metals separated from the l i q u i d by a c o v e r i n g f i l m 
s t r u c t u r e , and t h i r d the metal separated from a gas by 
an i n t e r m e d i a t e phase l a y e r . There i s some ambiguity 
evident i n t h i s d e s c r i p t i o n ; however, i n the next few 
minutes perhaps some new p e r s p e c t i v e s f o r thought 
o r g a n i z a t i o n can emerge. 

In a more general sense s u r f a c e c o r r o s i o n pro­
cesses can be d e s c r i b e d i n terms of the phases present 
as shown i n F i g u r e 9. Here the s o l i d i s not i d e n t i f i e d 
simply as a metal but a more gene r a l term S i s being 
used w i t h L r e p r e s e n t i n g l i q u i d phase and G gas phase. 
The systems l o c a l l y present can be represented by the 
n o t a t i o n s S-L,S-L-G, S-G or, i f a c o v e r i n g c h e m i c a l l y 
a l t e r e d l a y e r e x i s t s on the surface, then S i - S 2 i s 
present w i t h S i the s t a r t i n g m a t e r i a l . 

In Corrosion Chemistry; Brubaker, G., et al.; 
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S o l i d s 
I d e a l l y P e r f e c t R e a l i t y + I d e a l l y Imperfect 

THEORY : 
i f i t leads t o experiments 

does not need t o be 
RIGHT 

to be very v a l u a b l e . 

Figure 7. Modeling 
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M e t a l - E l e c t r o l y t e - G a s M e t a l - S o l i d - L i q u i d 

C o r r o s i o n E l e c t r o ­
chemistry 

S o l i d E l e c t r o l y t e - I o n i c 
E l e c t r o n i c Transport 

I r o n D i s s o l u t i o n 
Mechanisms 

Iro n P a s s i v a t i o n 

C o r r o s i o n I n h i b i t i o n 
and I n h i b i t o r s 

Valve Metals D i e l e c t r i c 
Layers 

S t r e s s C o r r o s i o n 
Cracking Treatments 

LECTURE SERIES 
CORROSION 

Metal-Solid-Gas 

High-Temperature 
C o r r o s i o n 

Low-Temperature 
Atmospheric 
C o r r o s i o n 

C o r r o s i o n Phenomena 
Novel Energy 
Conversion Processes 

Iron P a s s i v a t i o n 

Figure 8. Corrosion lecture classifications 
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The p e r s p e c t i v e of simple phases and phase e q u i l ­
i b r i a i s adequate f o r many c o r r o s i o n problems. This i s 
p a r t i c u l a r l y t r u e f o r the cases where thermodynamic 
f r e e energy data r e a l l y d e s c r i b e what phases are present. 

Let us examine t h i s f o r a few minutes from the 
viewpoint of everyday experience. We w i l l u t i l i z e the 
key d e v i c e which was r e s p o n s i b l e f o r our a r r i v a l a t 
the l e c t u r e - the black box c a l l e d 

THE LEAD-ACID STORAGE BATTERY. 
This system permits b r i e f d e s c r i p t i o n s of some key 

concepts encountered i n c o r r o s i o n phenomena: e l e c t r o d e 
p o t e n t i a l s , exchange c u r r e n t s , mixed p o t e n t i a l s , 
c o r r o s i o n p o t e n t i a l s , p a s s i v e f i l m s , as w e l l as l e a d i n g 
to thermodynamic d e s c r i p t i o n s of systems.— 

The redox systems of the b a t t e r y are simply p r e ­
sented as: 
Negative : 

= Anodic 
Pb, ν + SO* - PbS0iw eν + 2e + 0.335 

{ S ) Cathodic ( S } 

P o s i t i v e : 
_ Cathodic 

Pb0 2 ,cx + 4H + + SO * + 2e ±? PbSO* +2H 20 + 1.685 
Anodic 

P b ( s ) + P b 0 2 ( s ) + 2Η250ι> - PbSO^ ( g ) + 2H 20 ^ 2 ν 

At the n e g a t i v e l e a d i s o x i d i z e d t o l e a d s u l f a t e d u r i n g 
d i s c h a r g e w h i l e at the p o s i t i v e l e a d d i o x i d e i s 
reduced to l e a d s u l f a t e . The f u n c t i o n i n g of the bat­
t e r y f o r many c y c l e s depends upon m a i n t a i n i n g the 
r e a c t i o n s i s o l a t e d to t h e i r r e s p e c t i v e e l e c t r o d e s , to 
having the e l e c t r o n s f l o w i n g through an e x t e r n a l c i r ­
c u i t , and o n l y i o n i c c u r r e n t s f l o w i n g i n the i n t e r n a l 
e l e c t r o l y t e c i r c u i t . 

I f the p o t e n t i a l - c u r r e n t (E-i) c h a r a c t e r i s t i c s of 
the i n d i v i d u a l r e a c t i o n s were measured, the r e a c t i o n s 
could be r e a d i l y modeled as e l e c t r o c h e m i c a l r e a c t i o n s 
w i t h the b a t t e r y a t open c i r c u i t as i n d i c a t e d by the 
processes i n F i g u r e 10. I f dynamic e l e c t r o d e p o t e n t i a l -
c u r r e n t r e l a t i o n s h i p s were determined, the e l e c t r o d e i s 
expected to show the c l a s s i c T a f e l slope behaviors as 
the exchange c u r r e n t of the anodic-cathodic e q u i l i b r i u m 
i s s h i f t e d i n t o e i t h e r d i r e c t i o n . From the T a f e l 
curves a value f o r the E Q and i 0 of the e l e c t r o d e 
could be d e f i n e d . 

In Corrosion Chemistry; Brubaker, G., et al.; 
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LOCAL REGION SOLID SURFACE TRANSFORMATIONS 

S o l i d - L i q u i d S o l i d - L i q u i d - G a s S o l i d Gas 
S-L S-L-G SG 

Solid 1-Solid 2-L Solid 1-Solid 2-L-G Solid 1-Solid 2-G 

S i ~ S 2 """ L S i

Figure 9. Corrosion system 

P o s i t i v e 

P o t e n t i a l 
E 

Negative 
Anodic v^ 

P b 0 2 ( s ) + 2H + H 2SO„ + 2e 

P b 0 2 ( s ) +2H ++H 2SO l ( +2e -

PbSOu { s ) + 2 H 20 

PbSOu ( s ) + 2e - P b ( s ) + SO, 

P b ( s ) + S 0 ; - PbSO, ( s ) + 2e 

l o g i 

Figure 10. Model battery anodic-cathodic reactions 
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I f the two e l e c t r o d e s are s h o r t - c i r c u i t e d t o g e t h e r , 
the c a t h o d i c process of the p o s i t i v e combines w i t h the 
anodic process of the negative as shown i n F i g u r e 11. 
The b a t t e r y now has a s i n g u l a r p o t e n t i a l - the s h o r t 
c i r c u i t e d p o t e n t i a l . T h i s c l e a r l y i s a mixed p o t e n t i a l 
or c o u l d be viewed as a c o r r o s i o n p o t e n t i a l of the 
system. 

Looking a t F i g u r e 12, a sketch of a s i n g l e c e l l 
shows t h a t the p o s i t i v e i s a paste of Pb0 2 i n a l e a d 
g r i d . This e l e c t r o d e i n the e l e c t r o l y t e c l e a r l y must 
have a mixed p o t e n t i a l s i n c e m e t a l l i c l e a d i n the 
presence of l e a d d i o x i d e and s u l f u r i c a c i d i s thermo-
dynamically u n s t a b l e . At the negative the l e a d g r i d 
c o n t a i n s pasted l e a d ! This i s a l s o unstable w i t h 
respect to charging the b a t t e r y . Both e l e c t r o d e s 
represent a c o r r o s i o n c o n t r o l problem! 

R e a l l y , t h i s i
the e l e c t r o d e s are f u l l
i n c r e a s e d so oxygen and hydrogen are evolved a t the 
p o s i t i v e and n e g a t i v e , r e s p e c t i v e l y . This i s i n d i ­
cated by the p o t e n t i a l - l o g c u r r e n t l i n e s i n F i g u r e 13. 
These r e a c t i o n s convert the b a t t e r y i n t o a p o t e n t i a l 
e x p l o s i v e by the H2-O2 recombination t o form water 
i f a match i s used t o a i d i n seeing how much water 
needs t o be added. I f the 0 2 r e d u c t i o n c o u l d be made 
to proceed on the negative s u r f a c e as a l o c a l c o r r o ­
s i o n c u r r e n t , and i f the H 2 c o u l d be made to undergo 
o x i d a t i o n on the p o s i t i v e s u r f a c e , a h e r m e t i c a l l y 
sealed c e l l c o u l d be made. These e l e c t r o c h e m i c a l 
r e a c t i o n s , however, represent forms of l o c a l c e l l 
r e a c t i o n s f a m i l i a r to c o r r o d i n g systems. 

As any of these r e a c t i o n s proceed at the e l e c t r o d e 
s u r f a c e , the s u r f a c e chemistry i s c o n t i n u o u s l y changing. 
The composition of the l o c a l e l e c t r o l y t e i n contact 
w i t h the s o l i d s i s changing. Thus, the simple chem­
i s t r y i m p l i e d by the r e a c t i o n 

Pb + Pb0 2 + 2 H2S0i> + PbSOi* + 2 Ηι»0 

r e a l l y does not e x i s t . There are numerous changes of 
a complex form proceeding on the metal s u r f a c e s , on 
the m e t a l l i c heavily-doped oxide Pb0 2 , on the PbSOi+ 
c r y s t a l l i t e s , on the Pb p a r t i c u l a t e s i n the negative 
g r i d , as w e l l as i n systems of g r a i n boundaries which 
are present. 

Suddenly, as we peer beyond the c a s u a l s o l u t i o n 
chemistry equation, r a t h e r complex s o l i d s t a t e chemis­
t r y i s i n t e r a c t i n g w i t h s o l u t i o n and gas phases 
processes. 

In Corrosion Chemistry; Brubaker, G., et al.; 
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Figure 11. Short circuit of battery terminals creates characteristic short circuit 
potential (E8C) and short circuit current (i8C). 
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LOAD 

Pasted 
Pb0 2 

Pb 
Grids 

Pasted 
Pb |charge y-

dischargèj 

H 20 

Figure 12. Simple cell in a lead-acid battery 

P o s i t i v e - Ρ 

Negative - Ν 
Η 

H 2 V r h ° M g ) + 2 H V ) + 2 e 

H 0 2 ( g ) +2Hl + 2e+H 0 U ) 

. * H M g ) ^ H ( t ) + e 

αΓ * H2(g) 
l o g i 

Figure 13. Hydrogen and oxygen evolution reactions at the battery electrode 
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C l e a r l y the system has e l e c t r o c h e m i c a l - c h e m i c a l 
exchange c u r r e n t s a t the p o s i t i v e s and negatives which 
d e f i n e the p o t e n t i a l s observed. The metal g r i d must 
show combinations of PbSOt* f i l m , Pb0 2 f i l m , as w e l l as 
hydride f i l m phenomena. I s n ' t c o r r o s i o n chemistry 
e x c i t i n g i n t h a t b l a c k box under the hood? 

The b a t t e r y e l e c t r o d e mixed p o t e n t i a l b r i n g s a t ­
t e n t i o n to the c o r r o s i o n engineer's problem of c o n t r o l ­
l i n g e i t h e r the c a t h o d i c or anodic process t o minimize 
the c o r r o s i o n c u r r e n t . The problems of surface p a s s i ­
v a t i o n , the qu e s t i o n of i d e n t i f y i n g the d i s t i n c t i v e 
s p a t i a l l o c a t i o n s of the r e a c t i o n processes are 
f r e q u e n t l y present i n p r a c t i c a l s i t u a t i o n s - what i s 
ca t h o d i c t o an anodic r e g i o n or v i c e v e r s a , what are 
u s e f u l ways t o modify the su r f a c e processes? 

Thus, when a t t e n t i o n i s given t o d e t a i l  what 
appeared as a simpl
l i t t l e thought becom

For a few moments l e t ' s drop the key words and 
t u r n t o c r e a t i n g a s k e l e t o n f o r the c o r r o s i o n e n g i ­
neer's interphase t r a n s p o r t processes. We need a l l the 
t o o l s p o s s i b l e t o b r i n g the m a t e r i a l s s c i e n c e r e ­
sources t o our a i d . How can we express questions so 
a i d can come from other experts? 
P a r t I I 

This phase of the d i s c u s s i o n i s concerned w i t h 
concepts of s o l i d s t a t e chemistry r a t h e r than a 
d e t a i l e d a n a l y s i s of a p a r t i c u l a r case. The o b j e c t i v e 
i s t o b r i n g a t t e n t i o n to a v a r i e t y of su r f a c e chemis­
t r y p e r s p e c t i v e s . This v a r i e t y can be h e l p f u l because 
the number of ways we can scavenge i n f o r m a t i o n from 
r e l a t e d m a t e r i a l s science areas becomes expanded. 
F u r t h e r , a v a r i e t y o f seemingly unconnected phenomena 
can be brought i n t o r e l a t e d ballgames. The m u l t i -
d i s c i p l i n a r y c h a r a c t e r of r e a l m a t e r i a l science i s i t s 
r e a l r i c h n e s s . 

E a r l i e r a t t e n t i o n was brought t o the c o r r o s i o n 
processes of l i q u i d - s o l i d systems. Let ' s s t a r t w i t h a 
metal c o n t a c t i n g an e l e c t r o l y t e as do a l l e l e c t r o ­
chemistry t e x t s . 

The si m p l e s t model of the e l e c t r i c a l double l a y e r 
between a metal and an e l e c t r o l y t e i s the simple capa­
c i t o r v i s u a l i z e d by Helmholtz- 1 as shown i n Fi g u r e 14. 
The d i f f u s e i o n d i s t r i b u t i o n i n the l i q u i d phase was 
recognized by Gouy and Chapman^-'5- to form a space 
charge r e g i o n adjacent t o the e l e c t r o d e s u r f a c e . 

S t e r n ^ i n 1924 combined the s t r u c t u r e s t o form a 
compact double l a y e r a t the e l e c t r o d e s u r f a c e w i t h a 
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d i f f u s e space charge. In 1947 David Grahame 2 added t o 
t h i s the s p e c i f i c a d s o r p t i o n o f ions forming an i n n e r 
and outer Helmholtz plane w i t h hydrated c a t i o n s not 
approaching as c l o s e l y as the anions at the i d e a l 
metal s u b s t r a t e s u r f a c e . In t h i s i d e a l p o l a r i z a b l e 
e l e c t r o d e model p e r s p e c t i v e , no charge t r a n s f e r occurs 
between metal and l i q u i d phase - i . e . , no F a r a d a i c 
processes are present. I t i s important to v i s u a l i z e 
t h i s s u r f a c e r e g i o n as formed of atoms, molecules, and 
ions having s i g n i f i c a n t thermal v i b r a t i o n a l , r o t a t i o n a l 
and t r a n s l a t i o n a l energy. The sketched s t r u c t u r e s are 
f o r o n l y a moment i n time but are averaging over space 
adjacent t o the e l e c t r o d e s u r f a c e when measurements 
are being made. 

A subsequent d e s c r i p t i o n by B o c k r i s and a s s o c i -
ates-2- drew a t t e n t i o n t o f u r t h e r c o m p l e x i t i e s as shown 
i n F i g ure 15. The meta
combinations of o r i e n t e
s p e c i f i c a l l y adsorbed anions, f o l l o w e d by secondary 
water d i p o l e s along w i t h the hydrated c a t i o n s t r u c t u r e s . 
T his model serves t o b r i n g a t t e n t i o n to the dynamic 
s i t u a t i o n i n which changes i n p o t e n t i a l i n v o l v e 
s e q u e n t i a l as w e l l as simultaneous responses of molec­
u l a r and atomic systems a t and near an e l e c t r o d e s u r ­
face. Changes i n p o t e n t i a l d i s t r i b u t i o n i n v o l v e i n t e r ­
a c t i o n s extending from atom p o l a r i z a b i l i t y , through 
d i p o l e o r i e n t a t i o n , t o i o n movements. The e l e c t r i c a l 
f i e l d e f f e c t s are complex i n t h i s i d e a l p o l a r i z e d 
e l e c t r o d e model. 

The models c l e a r l y have not assigned any atomic 
s t r u c t u r e t o the metal s i d e . With a m e t a l l i c s u b s t r a t e 
R i c e , i n 1 928,showed the e l e c t r i c f i e l d p e n e t r a t i o n 
was indeed s l i g h t . Consequently, t h i s model was ade­
quate f o r the i d e a l p o l a r i z a b l e e l e c t r o d e without 
Faradaic charge t r a n s f e r . 

A f u r t h e r c o m p l i c a t i o n i s i n t r o d u c e d i n F i g u r e 16 
where the presence of s u r f a c e adatoms i s i n d i c a t e d as 
w e l l as metal l a t t i c e vacancies i n the s u b s t r a t e 
s u r f a c e . W i t h i n the system a t t e n t i o n now can be drawn 
to F a r a d aic processes i n v o l v i n g the s u b s t r a t e s t r u c t u r e . 
The t r a n s f e r of an atom t o the s u r f a c e can be expressed 
by the equation 

M / D m + D s î M / n s + n M 

where M/Qs/ the s u r f a c e adatom, i s f u r t h e r p o t e n t i a l l y 
i n v o l v e d i n the exchange process 

M / Q s
 + n H 2 ° + M + ( H 2 0 ) n + e + Qs 

In Corrosion Chemistry; Brubaker, G., et al.; 
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Figure 16. Electrical double layer with structure introduced on the metal side 

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



1. T U O M i Corrosion: Problem of Materials Science 23 

This suggests t h a t a t t e n t i o n needs t o be given t o 
interphase exchange c u r r e n t s which i n v o l v e not on l y 
e l e c t r o n t r a n s f e r from the metal s u r f a c e , but may 
i n v o l v e atom exchanges from the bulk to the surfa c e 
r e g i o n . The plane metal s u r f a c e a s s o c i a t e d w i t h 
studying the model i d e a l p o l a r i z e d e l e c t r o d e behavior 
now becomes p a r t of an int e r p h a s e system s e p a r a t i n g 
metal from an e l e c t r o l y t e or a gas phase system. 

The e v o l u t i o n of semiconductor e l e c t r o n i c s depen­
ded upon developing a d e t a i l e d m a t e r i a l s s c i e n c e , 
f i r s t f o r germanium and then f o r s i l i c o n . This con­
f r o n t e d the e l e c t r o c h e m i s t w i t h a f u r t h e r refinement 
of the e l e c t r i c a l double l a y e r systems model. At the 
surfac e of a s i l i c o n semiconductor c r y s t a l the e l e c ­
t r o n i c process now i s no longer simply an e l e c t r o n 
t r a n s f e r from a metal but i n v o l v e s two d i s t i n c t 
r e a c t a n t s , e l e c t r o n
r e a c t i o n s are not e q u i v a l e n
semiconductor, S : 1 S i 

S + OH" •> S0H + e 
S + OH" + ρ •> S0H 

A f u r t h e r c o m p l i c a t i o n a r i s e s when a t t e n t i o n i s 
focussed on the e l e c t r o n d e n s i t y d i s t r i b u t i o n w i t h i n 
the semiconductor s o l i d . T h i s , i n c o n t r a s t to the 
metal case, now i s able t o vary from a low to a high 
c o n c e n t r a t i o n l e v e l as e l e c t r o n s i n a conduction band 
or as holes i n a valence band. The e l e c t r i c f i e l d on 
the s o l i d s i d e of the e l e c t r i c a l double l a y e r now has 
s p a t i a l extent - a d i f f u s e double l a y e r c h a r a c t e r 
e x i s t s w i t h i n the s o l i d . The co n v e n t i o n a l e l e c t r i c 
f i e l d e f f e c t s p r e v i o u s l y a s s o c i a t e d w i t h i o n motion 
and i o n d i s t r i b u t i o n s i n the e l e c t r o l y t e have a 
counterpart w i t h i n the s o l i d phase. 

A f u r t h e r c o m p l i c a t i o n i s brought t o the f o r e ­
f r o n t by s i l i c o n - e l e c t r o l y t e e l e c t r o c h e m i c a l s t u d i e s . 
This i s the phenomena of sur f a c e s t a t e s at the s o l i d -
e l e c t r o l y t e i n t e r f a c e . These become c r i t i c a l l y 
i n v o l v e d i n charge t r a n s f e r r e a c t i o n s i n v o l v i n g com­
p l e x r e a c t a n t s a t the s u r f a c e . Thus simple e l e c t r i c 
f i e l d d i s t r i b u t i o n s are not present except i n p a r t i c ­
u l a r model cases. 

On the other hand, r a t h e r than having a semicon­
ductor r e p l a c i n g the metal, the a c t u a l s i t u a t i o n may 
i n v o l v e growth of semiconductor l a y e r s on a metal 
s u r f a c e , or a d i e l e c t r i c f i l m , or more g e n e r a l l y a 
compound MX s e p a r a t i n g the base metal from the c o r r o ­
s i o n media. A new phase separates the c o r r o d i n g base 
from the r e a c t a n t s . 
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The examination of the m a t e r i a l MX as a model two-
dimensional l a t t i c e s o l i d phase, AB, i n F i g u r e 17 i s 
r e v e a l i n g . The m a t e r i a l can have a v a r i e t y of l a t t i c e 
i m p e r f e c t i o n s t r u c t u r e s 1 1 i n c l u d i n g 

i n t e r s t i t i a l A and Β atoms Α/Δ, Β/Δ 
improper s i t e A and Β atoms A/G3, B/CB 
l a t t i c e vacancies f o r A and Β s i t e s Γ+1 > FT 
a s s o c i a t e d A and Β vacancies 1+1~1 

as r e a d i l y d e s c r i b e d by a s i m p l i f i e d symbolism. In 
r e a l systems a t t e n t i o n must be given t o d e f i n i n g at 
l e a s t c o n c e p t u a l l y the nature of the phases present. 
Frequently, under o r d i n a r y c o n d i t i o n s the s o l i d does not 
f i t any simple s t o i c h i o m e t r y or e l e c t r i c a l n e u t r a l i t y 
compound model but i s a s t r u c t u r e unique to the a c t u a l 
system under study.
from unorthodox approache

I f a t t e n t i o n i s given to the combination of a 
metal M becoming covered w i t h MX the model as shown i n 
F i g u r e 18, s e v e r a l observations can be made as to 
i n t e r p h a s e systems and the growth of the f i l m l a y e r . 
At the e x t e r i o r s u r f a c e a p a r t i c u l a r combination of 
i n t e r p h a s e exchange c u r r e n t s f o r s o l i d phase growth 
can be formulated depending on the d e t a i l e d c h a r a c t e r 
of the s o l i d phase, the s u r f a c e s t a t e s , the allowed 
e l e c t r o n i c processes. S i m i l a r l y , a set of interphase 
exchange c u r r e n t s can be formulated at the boundary of 
the metal and the MX l a y e r again s u b j e c t to c o n s t r a i n t s 
d e f i n e d by the mass t r a n s p o r t processes p e r m i s s i b l e i n 
the c o v e r i n g l a y e r and i n the metal. 

The s i t u a t i o n i s i l l u s t r a t e d i n g r e a t e r d e t a i l i n 
the f o l l o w i n g model s i t u a t i o n s where a t t e n t i o n i s given 
to the i n t e r p h a s e boundary exchange c u r r e n t s i n j e c t i n g 
the l a t t i c e i m p e r f e c t i o n s which are r e s p o n s i b l e f o r 
atom t r a n s p o r t through the compound MX A** 

Thus i n F i g u r e 19 l a t t i c e vacancy w i t h a trapped 
hole i s i n j e c t e d a t the compound e l e c t r o l y t e i n t e r f a c e , 
the i m p e r f e c t i o n a t the metal-compound i n t e r f a c e r e a c t s 
t o r e l e a s e a vacancy i n t o the metal. A l t e r n a t i v e l y , 
i n F i g u r e 20 the exchange process i n j e c t s a l a t t i c e 
vacancy on the c a t i o n l a t t i c e which appears at the 
metal compound int e r p h a s e to r e l e a s e an e l e c t r o n and 
t r a n s f e r a metal i o n i n t o the s u r f a c e r e g i o n . 

Transport models such as these have been cr e a t e d 
to b r i n g a t t e n t i o n to the p o s s i b i l i t y of the boundary 
exchange c u r r e n t s i n j e c t i n g i m p e r f e c t i o n i n t o a 
c r y s t a l l i n e phase d u r i n g an anodic process. In f a c t , 
they may determine the s o l i d phase s t r u c t u r e s formed. 
Furthermore, the metal w i t h a s o l i d phase cov e r i n g f i l m 
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Figure 17. A model two-dimensional AB compound lattice illustrating simple 
imperfection structures expected as a systems variable (12) 
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Figure 18. Model situation where metal, M, is separated from corroding medium 
by covering-layer compound (MX) containing imperfection structures (12) 
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COMPOUND MX-ELECTROLYTE INTERFACE 
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Figure 19. Model boundary
exchange currents involving the injec­
tion of a lattice vacancy with trapped 
hole at compound-electrolyte interface 
and vacancy release into the metal with 
a hole and metal ion in the compound 
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Figure 20. Model boundary interphase 
exchange currents involving httice va­
cancy injection at the compounds-elec­
trolyte interface and vacancy exchange 
into the metal releasing an electron and 
transferring a metal ion into the com­

pound hyer (12) 
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can be i n r e v e r s i b l e e q u i l i b r i u m w i t h an e l e c t r o l y t e 
without having exposed metal n e c e s s a r i l y i n c o n t a c t 
w i t h an e l e c t r o l y t e . In such a model, an i n c r e a s e i n 
the d r i v i n g c u r r e n t s may i n c r e a s e the mass t r a n s p o r t 
r a t e s ( a l t e r s o l i d phase s t r u c t u r e s ) w i t h i n l i m i t s so 
the r a p i d phase t r a n s f o r m a t i o n s (M to MX) can occur 
without n e c e s s a r i l y i n v o l v i n g i o n - s o l u t i o n and p r e c i p ­
i t a t i o n r e a c t i o n s i n the o r d i n a r y sense. 

This d i s c u s s i o n has brought a t t e n t i o n t o the p o t ­
e n t i a l presence of two c l a s s e s of i n t e r p h a s e t r a n s p o r t 
c o n d i t i o n s i n s o l i d s t a t e systems. Let us examine 
these f o r a moment from the p e r s p e c t i v e of forming 
s o l i d phases under model c o n d i t i o n s . 

For the s i n g l e i n t e r p h a s e exchange process of 
s o l i d phase P2 i n t e r a c t i o n s w i t h P i shown i n F i g u r e 21, 
a s e r i e s of model c o n d i t i o n s are i l l u s t r a t e d  For each 
a set of i n t e r p h a s e
formulated which hav
i n t e r p r e t a t i o n s . The f i r s t i s the l o c a l d e p o s i t i o n of 
m e t a l l i c t i t a n i u m by the thermal decomposition of T i C l i * 
gas on a hot w i r e . This vapor p l a t i n g technique can be 
performed t o grow a v a r i e d c r y s t a l l i t e s t r u c t u r e of a 
r e l a t i v e l y pure t i t a n i u m on the hot f i l a m e n t . More 
g e n e r a l l y , vapor p l a t i n g techniques of many complex 
forms are used t o grow e p i t a x i a l s i l i c o n l a y e r s of 
c o n t r o l l e d i m p u r i t y content onto s i l i c o n s u b s t r a t e s . 
The c a r e f u l c o n t r o l o f c o n d i t i o n s r e s u l t s i n an amaz­
i n g l y homogeneous f i l m growth of high semiconductor 
q u a l i t y . The i m p e r f e c t i o n s t r u c t u r e i n a composition 
and s t r u c t u r a l sense depends on technique d e t a i l s . 

The second example i s e l e c t r o l y t i c p l a t i n g of 
copper f i l m s . Contrary t o some ex p e c t a t i o n s growth 
c l o s e t o e q u i l i b r i u m p o t e n t i a l c o n d i t i o n s does not 
r e s u l t i n the h i g h e s t q u a l i t y d e p o s i t . In g e n e r a l , the 
composition and s t r u c t u r e of the d e p o s i t depends on the 
d e t a i l e d combination of t r a n s p o r t processes towards and 
away from the e l e c t r o d e s u r f a c e . Adding the l o c a l 
hydrodynamic v a r i a b l e s provides the system w i t h an 
extremely broad s t r u c t u r a l chemical range. 

The t h i r d example i n v o l v e s growth of a c r y s t a l l i n e 
s a l t phase from the s a t u r a t e d s o l u t i o n . The thermo­
dynamic d e s c r i p t i o n again i s inadequate f o r d e s c r i b i n g 
the d e t a i l e d s t a t e s of the s o l i d . The r e l a t i v e l y 
anhydrous c h l o r i d e i o n r e a d i l y d e p o s i t s i n t o the 
s u r f a c e l a t t i c e but the sodium i o n must be dehydrated 
to form NaCl. Thi s means t h a t water must be d i f f u s e d 
away from the surface d u r i n g s o l i d i f i c a t i o n . The white 
c a s t of s a l t , termed v e i l i n g , i n v o l v e s s o l u t i o n i n c o r ­
p o r a t i o n d u r i n g growth w i t h a subsequent d i f f u s i o n of 
the s o l v e n t out of the c r y s t a l . 
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The f o u r t h example i s the c o n t r o l l e d s o l i d i f i c a ­
t i o n of germanium (or s i l i c o n ) t o produce semiconductor 
grade m a t e r i a l s . The s o l i d phase s t r u c t u r e and compo­
s i t i o n depend s t r o n g l y upon the i n t e r p h a s e exchange 
processes which can enhance i n c o r p o r a t i o n i n t o the 
s o l i d or i n t o the l i q u i d depending upon ??? This 
example i m p l i c i t l y i n c l u d e s the p r o d u c t i o n of most of 
the m e t a l l i c s t r u c t u r a l m a t e r i a l s . 

The metal a l l o y systems g e n e r a l l y have both con­
t r o l l e d and u n c o n t r o l l e d i m p u r i t i e s being d e p o s i t e d and 
r e d i s t r i b u t e d w i t h i n the s o l i d as a r e s u l t of complex 
l i q u i d hydrodynamic in t e r p h a s e r e g i o n processes as w e l l 
as secondary s o l i d s t a t e d i f f u s i o n and t r a n s f o r m a t i o n 
processes. T h i s m a t e r i a l s s c i e n c e i s f a m i l i a r t o a l l 
c o r r o s i o n engineers who become i n v o l v e d w i t h commercial 
systems. 

The second interphas
the dynamic i n t e r a c t i o
phase exchange c u r r e n t s at the separated boundaries as 
i n d i c a t e d i n F i g u r e 22 where a s o l i d phase P 2 i s formed 
by i n t e r a c t i o n s i n v o l v i n g the separated phases P 3 and 
P i . 

The c l a s s i c o x i d a t i o n of aluminum to form a pass­
i v e s u r f a c e i s the f i r s t i l l u s t r a t i o n . While the 
second model i s the anodic o x i d a t i o n of aluminum, the 
interphase t r a n s p o r t phenomena here can be d i s t r i b u t e d 
w i t h i n more complex contexts as a r e s u l t of the 
boundary l a y e r composition changes i n the e l e c t r o l y t e . 
This model i s a p a r t i c u l a r l y f a s c i n a t i n g one because 
s e v e r a l decades ago i t was c l e a r t h a t the l a r g e 
n e g a t i v e l y charged oxygen anion c o u l d not migrate i n 
such o x i d a t i o n processes - the metal i o n +3 aluminum 
was s m a l l and of course had t o t r a n s p o r t a l l the 
c u r r e n t through the f i l m . Famous l a s t words t h a t 
created a c r i s i s when good t r a n s p o r t number experiments 
were performed which showed both atoms move i n the 
f i l m - f o r m i n g process 

The s i l v e r t a r n i s h i n g r e a c t i o n i n v o l v i n g hydrogen 
s u l f i d e i s a c l a s s i c of s o l i d s t a t e m a t e r i a l s science 
l i t e r a t u r e , and the z i n c o x i d a t i o n i s y e t another 
example of a more complex p r o t e c t i v e l a y e r c o r r o s i o n 
problem f o r which wide ranges of data e x i s t r e l a t i n g 
t o p u r i t y , to k i n e t i c c o n d i t i o n s , e t c . 

This i n t e r p h a s e exchange c u r r e n t modeling of the 
s o l i d phase formation process serves t o emphasize the 
v a r i e d p e r s p e c t i v e s from which u s e f u l i n f o r m a t i o n can 
be drawn to a i d i n d e s c r i b i n g and understanding c o r r o ­
s i o n processes i n v a r i e d systems. Rarely are the r e a l 
systems simple and many pi e c e s of data are examined 
before the models do i n c o r p o r a t e the f u l l ranges of 
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v a r i a b l e s present. 
The c o r r o s i o n engineer's experiences e x i s t i n a 

complex s y n e r g i s t i c r e l a t i o n s h i p t o the v a r i e d i n t e r ­
phase exchange c u r r e n t r e l a t i o n s h i p s present w i t h i n 
systems o f p r a c t i c a l concern. I t i s indeed r a r e t h a t 
h i s problems are expressed w i t h i n any model m a t e r i a l s 
science c o n t e x t s . He must n e c e s s a r i l y work w i t h the 
economically f e a s i b l e m a t e r i a l s f o r the p r a c t i c a l 
a p p l i c a t i o n s . As the p r o d u c t i o n engineers work w i t h 
s t e a d i l y i n c r e a s i n g l a b o r c o s t s i n assembly, the 
m a t e r i a l s engineer - c o r r o s i o n engineer - wear engineer 
become i n c r e a s i n g l y on the spot to e x t r a c t the r e q u i r e d 
values from cheaper m a t e r i a l s . I t i s no joke t h a t 
the c o n t r a c t went to the lowest b i d d e r . 

What does t h i s mean to a l l of us assembled here? 
F i r s t , a r e c o g n i t i o n needs to e x i s t t h a t i n a l l 

p r a c t i c a l s i t u a t i o n
b a l l game - i t canno
i f we are expected t o warranty the performance. 

Second, a r e c o g n i t i o n needs to e x i s t t h a t , though 
the problems are complex, many new t o o l s and s k i l l s 
are i n c r e a s i n g l y a v a i l a b l e to c l a r i f y d i r e c t l y the 
c h a r a c t e r of the problems present. The a r t i c l e s which 
f o l l o w b r i n g a t t e n t i o n t o t h i s . 

T h i r d , a r e c o g n i t i o n needs to e x i s t t h a t organ­
i z e d knowledge on s o l i d s t a t e chemistry i s becoming 
i n c r e a s i n g l y a v a i l a b l e t o us. This i s i l l u s t r a t e d by 
Ν. Β. Hannay's multi-volume T r e a t i s e on S o l i d S t a t e 
Chemistry.-^ As noted by Hannay i n h i s foreword, 

"... Yet even though the r o l e of chemistry 
i n the s o l i d s t a t e sciences has been a v i t a l 
one and the s o l i d s t a t e s c i e n c e s have, i n 
t u r n , made enormous c o n t r i b u t i o n s to chemi­
c a l thought, s o l i d s t a t e chemistry has not 
been recognized by the general body of 
chemists as a major s u b f i e l d of chemistry ... 
S o l i d s t a t e chemistry has many f a c e t s , and 
one of the purposes of t h i s t r e a t i s e i s t o 
help d e f i n e the f i e l d . " 

I f chemists are t o be the atomic-molecular domain 
custodians of s o l i d s t a t e m a t e r i a l s s c i e n c e , a s e r i o u s 
concern w i l l need to e x i s t f o r a c q u i r i n g u s e f u l back­
grounds i n t h i s area. A s i g n i f i c a n t r e l a t e d p u b l i c a ­
t i o n i s the recent appearance of F. A. Kroger 1 s second 
e d i t i o n of the Chemistry of Imperfect C r y s t a l s 1 5 - i n 
three volumes. The d e f e c t chemistry concepts from t h i s 
area need to be i n c o r p o r a t e d more g e n e r a l l y i n t o the 
new s u r f a c e science which r e l a t e s to the environmental 
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s t a b i l i t y o f m a t e r i a l s . 
Fourth and l a s t , but not l e a s t , a growing recog­

n i t i o n needs t o e x i s t t h a t the a p p l i c a t i o n of the new 
complex i n s t r u m e n t a l techniques can c l a r i f y the s u r ­
face chemistry s p e c u l a t i o n s p r e v i o u s l y necessary. So 
f r e q u e n t l y our c o n c e p t u a l i z a t i o n s of the r e a l problem 
are wrong. I p e r s o n a l l y accept the hypothesis t h a t 
the f i r s t s i x models when t e s t e d i n d e t a i l w i l l prove 
wrong. However, as the r e a l model emerges i n i t s 
complex beauty, the number of paths to o p t i m i z a t i o n s 
have m u l t i p l i e d and s c i e n c e i s no longer dead ended. 

The complex i n s t r u m e n t a t i o n s i n c l u d e LEED, low 
energy e l e c t r o n d i f f r a c t i o n , which i s r e v e a l i n g a 
complex model f o r s u r f a c e s t r u c t u r e when apparent 
m u l t i l a y e r a d s o r p t i o n of oxygen proceeds on c l e a n metal 
s u r f a c e s . 

I t a l s o i n c l u d e
chemical a n a l y s i s ,
t h a t can prove t h a t the p o s t u l a t e d c o v e r i n g f i l m , by 
g o l l y , i s not c o v e r i n g , and what's the surface compo­
s i t i o n ? Ever t r y to d e a l w i t h nine s u r f a c e components 
a t once? W e l l , you can s e r i o u s l y e x p l o r e t h a t d i s t r i ­
b u t i o n f o r e l e c t r o l e s s n i c k e l f i l m s being deposited on 
a c a t a l y z e d s u b s t r a t e . 

I t a l s o i n c l u d e s Auger e l e c t r o n spectroscopy 
microprobe i d e n t i f i c a t i o n of the s u r f a c e crud i n the 
p i t , or d e f i n i t i o n of the s u r f a c e composition g r a d i e n t 
p r e v i o u s l y omitted from the s p e c u l a t i o n on atom 
t r a n s p o r t processes. 

The scanning e l e c t r o n microscope provides us 
neophytes w i t h a r e a l i s t i c look at s u r f a c e s t r u c t u r e 
as encountered i n the system. When teamed w i t h Auger 
or ESCA a c o n f r o n t a t i o n can be c r e a t e d w i t h s e l f , 
t r y i n g t o r a t i o n a l i z e the o l d comfortable models t h a t 
d i d not have t o acknowledge t h a t surface chemical 
s t r u c t u r e r e a l l y e x i s t e d on the "polyphase inhomo-
geneous s o l i d c o n t a i n i n g h e t e r o g e n e i t y homogeneously 
d i s p e r s e d . " 

C o r r o s i o n i s here t o s t a y . The wedding to 
m a t e r i a l s science i s i m p l i c i t l y reviewed i n the f i r s t 
f i v e f i g u r e s . I t i s a c l e a r l y important complex mater­
i a l s s c i e n ce drawing on a l l the other d i s c i p l i n e s . As 
the s u r f a c e s c i e n c e of i n t e r p h a s e mass and charge 
t r a n s p o r t phenomena on s o l i d s continues to evolve then 
more c l e a r l y , d e f i n e d new routes f o r product o p t i m i ­
z a t i o n s w i l l be e v i d e n t . 

Would you agree t h a t c o r r o s i o n i s the most general 
problem o f m a t e r i a l s science? 

May a l l have fun e x p l o r i n g the new v i s t a s of our 
p h y s i c a l world through the f o l l o w i n g chapters. For 
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indeed we are a l l stewards of the u t i l i z a t i o n of mater­
i a l s on t h i s scene i n service to a l l . May the mastery 
of corros ion extend the resources ava i l ab le to a l l 
those who w i l l celebrate the t r i c e n t e n n i a l , for few of 
us w i l l have t h i s p r i v i l e g e . 
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Electrochemical Techniques in Cor ros ion 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 s tructure or part of a s tructure due 
to the ac t ion of th
environmental agents
the structure is assumed to be me ta l l i c and the en­
vironment is assumed to be aqueous. Using t h i s defini­
tion and the constra ints noted, t h i s 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 react ion for which the free enthalpy 
change, ∆G, is negative. Therefore, one can ascer ta in 
whether a postulated corrosion reac t ion can lead to 
corrosion by determining the s ign of the free enthalpy 
change of the reac t ion . 

The free enthalpy change for a chemical reac t ion 
at a temperature, T, is given by 

AG T = AG° + RT £ n ( n ( a y ) x ) (1) 

where AG° is the standard free enthalpy change for the 
reac t ion at the prescribed temperature, Π is the m u l t i ­
p l i c a t i o n operator, a Y and ν γ are the a c t i v i t y (fuga-
c i t y , for gaseous species) and s to ichiometr ic c o e f f i c ­
i en t , r e spec t ive ly , for a species, Y, in the chemical 
react ion and R is the gas constant. By convention, 

0-8412-0471-3/79/47-089-035$10.25/0 
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s t o i c h i o m e t r i c c o e f f i c i e n t s f o r reactants are negative 
while those f o r products are p o s i t i v e . 

The standard free enthalpy change f o r a chemical 
r e a c t i o n can be c a l c u l a t e d from tabulated values of 
various thermodynamic functions (1-3J. For aqueous 
chemical reactions at 25°C., the standard free enthalpy 
change is computed from 

A G298 = Σ ν Υ μ Υ ( 2 ) 

where Σ is the summation operator and μ γ is the stand­
ard chemical p o t e n t i a l of a species, Y, at 25°C. 
Pourbaix {!_) has tabulated the standard chemical poten­
t i a l s of most species of i n t e r e s t in corrosion studies. 
At other temperatures, the standard free enthalpy 
change is 

AG* = Σ ( ν γ Δ Η £ γ ^ 9 8 ) + T E v Y ( ( G ° - H - 9 8 ) / T ) Y (3) 

where H° is the standard enthalpy of formation 
of a species, Y, at 25°C and ((G°-H° 8)/T) is a 
thermodynamic function which depends on the species, Y, 
and the temperature, T. These thermodynamic q u a n t i t i e s 
are tabulated in some reference books (2^3J . 

Equation 1 is u s e f u l as a c r i t e r i o n of corrosion 
fo r postulated c orrosio n r e a c t i o n s . I t s main u t i l i t y 
is that i t permits one to a s c e r t a i n whether a p a r t i c u ­
l a r environmental agent (dissolved species) or the 
solvent can i n t e r a c t chemically with the m e t a l l i c 
structure to cause corrosion of the st r u c t u r e . I f the 
computed free enthalpy change is p o s i t i v e , i t i n d i c a t e s 
that corrosion cannot occur by the postulated r e a c t i o n . 
However, i t does not mean that corrosion cannot occur 
due to the ac t i o n of another environmental agent. 
Therefore, computations of t h i s s o r t should be exhaust­
ive and account f o r a l l environmental agents. I f the 
computed free enthalpy change is negative, i t i n d i c a t e s 
that corrosion by the postulated r e a c t i o n is p o s s i b l e . 
The computation provides no information about the rate 
of the corrosion r e a c t i o n . 

Many corrosion processes, e.g., st r e s s corrosion 
cracking and other c o r r o s i o n - f r a c t u r e processes, cannot 
be described completely by a chemical r e a c t i o n . These 
processes are complex i n t e r a c t i o n s among chemistry, 
p h y s i c a l properties of the metal and mechanical s t r e s s . 
Therefore, the co r r o s i o n tendency of the metal-environ­
ment i n t e r a c t i o n cannot be evaluated using Equation 1. 
At the present time, empirical c r i t e r i a (which are be­
yond the scope of t h i s chapter) are used. 
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I l l u s t r a t i o n 1. Chemical C r i t e r i o n of C o r r o s i o n . 
Copper metal is in c o n t a c t w i t h a strong a c i d 
s o l u t i o n at 25°C. 
a) I f the o n l y i n f o r m a t i o n a v a i l a b l e are the 

a c t i v i t i e s of-hydrogen i o n (10 ) and cu-
p r i c i o n (10~ ), can c o r r o s i o n occur? 

b) I f oxygen at a f u g a c i t y of 0.2 is in e q u i ­
l i b r i u m w i t h the s o l u t i o n in p a r t "a", 
can c o r r o s i o n occgr? _η 

c) I f f e r r o u s (a=10 ) and f e r r i c (a=10 ) 
ions are contaminants of the s o l u t i o n in 
p a r t "a", can c o r r o s i o n occur? 

S o l u t i o n s : 
a) Assume a c o r r o s i o  r e a c t i o n

Cu + 2H + ·>
From Pourbaix (1) and i n s p e c t i o n of the 
chemical r e a c t i o n , ο 

yY 
Species (kcal/mole) Y 

Cu 0 -1 
H + 0 -2 
C u 2 + 15.53 +1 
H 2 0 +1 

Using Equations 1 and 2 and the a v a i l a b l e 
data (assuming u n i t f u g a c i t y f o r hydrogen 
gas) , 
AG = (-1) (0) + (-2) (0) + (1) (15530) + (1) (0) 

+ (1.987) (298) £n( ( 1 0 - 4 ) / ( 1 0 ~ 2 ) 2 ) 
= +1.553X10 4 cal/mole of Cu 

Therefore, c o r r o s i o n cannot occur by the 
p o s t u l a t e d r e a c t i o n . 

b) Assume a c o r r o s i o n r e a c t i o n , 
2Cu + 4H + + 0 2 -> 2 C u 2 + + 2H 20 
From Pourbaix (1) and i n s p e c t i o n of the 
chemical r e a c t i o n , 0 

Species (kcal/mole) VY 
Cu 0 -2 
H + 0 -4 
°2 0 - 1 

C u 2 + 15.53 +2 
H 20 -56.69 +2 
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Using Equations 1 and 2 and the a v a i l a b l e 
data (assuming u n i t a c t i v i t y f o r w a t e r ) , 
AG = (-2) (0) + (-4) (0) + (-1) (0) + 

(2) (15530) + (2) (-56690) + 
(1.987) (298) £n((10~ 4) 2/(10~ 2) 4(0.2) 

= -8.14X10 4 c a l / 2 mole of Cu 
Therefore, c o r r o s i o n can occur as a r e s u l t 
of the p o s t u l a t e d r e a c t i o n . 

c) Assume a c o r r o s i o n r e a c t i o n , 
3+ 2+ 2+ Cu + 2Fe° + Cu + 2Fe z 

From Pourbaix (1) and i n s p e c t i o n of the 
chemical r e a c t i o n , 0 

Species (kcal/mole) VY 
Cu 0 1 

3 + 
Fe -2.5
C u 2 + 15.53 +1 
F e 2 + -20.30 +2 

Using Equations 1 and 2 and the a v a i l a b l e 
d a ta, 
AG = (-1) (0) + (-2) (-2530) + (1) (15530) 

+ (2) (-20300) + (1.987) (298) £n(10"2) 
= -2.27X10 4 cal/mole of Cu 

Therefore, c o r r o s i o n can occur by the post-
u l a t e d r e a c t i o n . 

E l e c t r o c h e m i c a l Thermodynamics 

E l e c t r o d e P o t e n t i a l Measurements. 

E l e c t r o c h e m i c a l r e a c t i o n s can be w r i t t e n in the 
g e n e r a l form 

Red = Ox + ne" (4) 
where Red represents the reduced form of a chemical 
species (and any other species w i t h which i t r e a c t s in 
the e l e c t r o c h e m i c a l r e a c t i o n ) , Ox r e presents the o x i ­
d i z e d form of the same chemical species (and any other 
species w i t h which i t r e a c t s ) and η is the s t o i c h i o ­
m e t r i c c o e f f i c i e n t of the e l e c t r o n , e~. E l e c t r o c h e m i c a l 
r e a c t i o n s take place at the i n t e r f a c e between a metal 
(or other e l e c t r i c a l l y conductive substrate) and a 
s o l u t i o n . An e l e c t r i c f i e l d e x i s t s across t h i s metal-
s o l u t i o n i n t e r f a c e due t o the nature of the r e a c t i o n 
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and the d i s p o s i t i o n of i o n i c and d i p o l a r species on 
the s o l u t i o n s i d e of the i n t e r f a c e . Although t h i s 
e l e c t r i c f i e l d is present, i t cannot be measured d i ­
r e c t l y . I nstead, a r e l a t i v e measurement is made which 
provides u s e f u l i n f o r m a t i o n . 

The c i r c u i t used in t h i s measurement is shown in 
Fi g u r e 1. The e l e c t r o d e under i n v e s t i g a t i o n , TE, is 
connected t o a second e l e c t r o d e , RE, by means of a 
voltage-measuring d e v i c e , E. Since i t is necessary t o 
make these measurements in the v i r t u a l absence of a 
c u r r e n t f l o w i n g in the c i r c u i t , the voltage-measuring 
device should possess a l a r g e (>10^ ohms) i n p u t imped­
ance. In a d d i t i o n , i t is u s u a l l y necessary to make 
measurements over the range of ±2.0V w i t h an accuracy 
on the order of ±lmV. 

The r e f e r e n c e e l e c t r o d e , RE, should possess a 
s t a b l e , known e l e c t r o d
the e l e c t r i c f i e l d at
Since a l l e l e c t r o d e p o t e n t i a l measurements are r e l a t i v e , 
i t is convenient t o have an " u l t i m a t e r e f e r e n c e p o i n t " . 
By convention, the e l e c t r o d e p o t e n t i a l of the hydrogen-
hydrogen i o n e l e c t r o c h e m i c a l r e a c t i o n , i . e . , 

H 2 = 2H + + 2e"~ (5) 

is assumed to have a value o f 0.000V when hydrogen gas 
is at u n i t f u g a c i t y and the hydrogen i o n is at u n i t 
a c t i v i t y . T his is the s o - c a l l e d standard hydrogen 
e l e c t r o d e (SHE). The e l e c t r o d e p o t e n t i a l s of some 
common refer e n c e e l e c t r o d e s ( r e l a t i v e t o the e l e c t r o d e 
p o t e n t i a l of SHE) are given in Table I . 

The e l e c t r o d e p o t e n t i a l of the t e s t e l e c t r o d e , TE, 
shown in F i g u r e 1 is the v o l t a g e measured on the 
de v i c e , Ε, and is rep o r t e d as "x.xxxV vs. RE". I f i t 
is necessary to convert the value of the e l e c t r o d e 
p o t e n t i a l of a t e s t e l e c t r o d e from one re f e r e n c e 
e l e c t r o d e s c a l e to another, t h i s is accomplished by 

φ2 = φ 1 + *RE1,2 ( 6 ) 

where Φ 2 is the e l e c t r o d e p o t e n t i a l r e l a t i v e to the 
second r e f e r e n c e e l e c t r o d e (the d e s i r e d q u a n t i t y ) , 
Φ 1 is the e l e c t r o d e p o t e n t i a l r e l a t i v e t o the f i r s t 
r e f e rence e l e c t r o d e (the measured q u a n t i t y ) and 2 
is the e l e c t r o d e p o t e n t i a l of the f i r s t r e f e r e n c e ' 
e l e c t r o d e r e l a t i v e t o the second r e f e r e n c e e l e c t r o d e . 
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Table I . E l e c t r o d e p o t e n t i a l s of some common 
reference e l e c t r o d e s at 25°C. (4) 
El e c t r o d e R e a c t i o n / E l e c t r o d e 
Name of Reference P o t e n t i a l 
E l e c t r o d e E l e c t r o l y t e (V vs. SHE) 
2Hg + 2C1~ = H g 0 C l 0 0.01 M KC1 0.389 

Ζ Δ 0.10 M 11 0.333 + 2e~ / Calomel 1.0 M " 0.280 
Satd. 0.241 

Cu = C u 2 + + 2e~ / 0.1 M CuSO, 0.284 
Copper-Copper 0.5 M " * 0.294 
S u l f a t e Satd. 0.298 

Ag + C l ~ = AgCl + e" 0.001 M KC1 0.400 
S i l v e r - S i l v e r 0.01 M " 0.343 
C h l o r i d e 

I l l u s t r a t i o n 2. Conversion of Reference E l e c t r o d e 
S c a l e . 
I f the e l e c t r o d e p o t e n t i a l of an i r o n e l e c t r o d e 
is -0.528 V vs. s a t u r a t e d calomel r e f e r e n c e 
e l e c t r o d e (SCE), what is i t s value r e l a t i v e t o 
SHE? 
S o l u t i o n : 
I n s e r t i n g the measured e l e c t r o d e p o t e n t i a l and 
the e l e c t r o d e p o t e n t i a l of the refe r e n c e e l e c t r o d e 
from Table I ( φ „ π 0 = 0.241 V vs. SHE) in 
Equation 6, 
φ 9 = -0.287 V vs. SHE. 

E q u i l i b r i u m E l e c t r o d e P o t e n t i a l s . 

The c o n d i t i o n f o r e q u i l i b r i u m f o r the electrochem­
i c a l r e a c t i o n given in Equation 4 is 

v e y e o + Σ ν Υ μ Υ = 0 ( 7 ) 

where the "chemical" p o t e n t i a l of the e l e c t r o n at 
e q u i l i b r i u m , y e o / is r e l a t e d t o the e q u i l i b r i u m e l e c ­
trode p o t e n t i a l of the r e a c t i o n , φ , by 

y e o = - ρ φ 0 (8) 

where F is the Faraday constant. The chemical p o t e n t i a l 
of a s p e c i e s , Y, is 
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μ γ = μ£ + RT £n a y (9) 

I n s e r t i n g Equations 8 and 9 in 7 and r e a r r a n g i n g 

Φ ο = (1/ν^)Σν γμ£ + (RT/veF)£n(n(ay) Y ) (10) 

I t can be shown t h a t 
φ° = (l/v eF)Zv y y° (11) 

where φ° is the standard e l e c t r o d e p o t e n t i a l of the 
r e a c t i o n . Tabulated values of standard e l e c t r o d e poten­
t i a l s r e l a t i v e t o SHE f o r many e l e c t r o c h e m i c a l r e a c t ­
ions of i n t e r e s t in c o r r o s i o n are a v a i l a b l e (£)  I n ­
s e r t i n g Equation 1

Equation 12 may be used t o compute e q u i l i b r i u m 
e l e c t r o d e p o t e n t i a l s f o r e l e c t r o c h e m i c a l r e a c t i o n s . 
In order f o r such c a l c u l a t i o n s to be c o n s i s t e n t w i t h 
r e s p e c t to the s i g n of the p o t e n t i a l , the standard 
e l e c t r o d e p o t e n t i a l s should have signs c o n s i s t e n t w i t h 
those of de Bethune (4) and the s t o i c h i o m e t r i c c o e f f i ­
c i e n t s should be i n s e r t e d c o n s i s t e n t w i t h Equation 4 
as w r i t t e n . 

A c t i v i t i e s and/or a c t i v i t y c o e f f i c i e n t s are not 
a v a i l a b l e f o r i o n i c s p e cies in most c o r r o s i o n s o l u t i o n s . 
Therefore, as a p r a c t i c a l expedient, the co n c e n t r a t i o n s 
of the species are used in place of the r e s p e c t i v e 
a c t i v i t i e s when computing e q u i l i b r i u m e l e c t r o d e poten­
t i a l s . 

Pourbaix Diagrams. 

I f an e l e c t r o c h e m i c a l r e a c t i o n is perturbed from 
the e q u i l i b r i u m s t a t e , the r e l a t i v e s t a b i l i t i e s of the 
species in the r e a c t i o n are changed. The m a n i f e s t a t i o n 
of the p e r t u r b a t i o n is the measured e l e c t r o d e p o t e n t i a l , 
which d i f f e r s from the e q u i l i b r i u m e l e c t r o d e p o t e n t i a l 
f o r the r e a c t i o n . I f the measured e l e c t r o d e p o t e n t i a l 
is p o s i t i v e w i t h r e s p e c t t o the e q u i l i b r i u m p o t e n t i a l , 
the r e a c t i o n given by Equation 4 proceeds i r r e v e r s i b l y 
from l e f t t o r i g h t , i . e . , the reduced form of the 
chemical species is unstable w h i l e the o x i d i z e d form 
of the species is s t a b l e . The converse is t r u e when the 

Φ ο = φ° + (RT/veF)£n(II(aY) Y ) (12) 
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measured p o t e n t i a l is negative w i t h r e s p e c t to the 
e q u i l i b r i u m p o t e n t i a l . 

Water is an e l e c t r o c h e m i c a l l y a c t i v e chemical 
s p e c i e s . The e l e c t r o c h e m i c a l r e a c t i o n s in which water 
is the primary r e a c t a n t or product are 

2H 20 = 4H + + 0 2 + 4e~ (13) 
and 

H 2 + 20H~ = 2H 20 + 2e~ (14) 

For s o l u t i o n s where the a c t i v i t y of water is u n i t y and 
the f u g a c i t i e s of oxygen and hydrogen gases are u n i t y , 
the e q u i l i b r i u m e l e c t r o d e p o t e n t i a l s f o r the r e a c t i o n s 
given by Equations 13 and 14 at 25°C are  r e s p e c t i v e l y

* O , H 2 0 / 0 2
 = + 1  " ° · ?

and 

* O /H 2/H 20 = -0-059PH (16) 

where these e l e c t r o d e p o t e n t i a l s are V vs. SHE. 
Pourbaix (1) has shown t h a t p l o t t i n g e l e c t r o d e 

p o t e n t i a l s of e l e c t r o c h e m i c a l r e a c t i o n s a g a i n s t s o l u ­
t i o n pH is u s e f u l in d e l i n e a t i n g regions of s t a b i l i t y 
o f v a r i o u s chemical species in and in conta c t w i t h 
aqueous s o l u t i o n s . These p l o t s are commonly c a l l e d 
Pourbaix Diagrams. The u t i l i t y of t h i s approach w i l l 
become evident in the subsequent p r e s e n t a t i o n . + 

The Pourbaix Diagram f o r the system, H 20-H 2-0 2-H -
OH", is given in Fi g u r e 2. The l i n e s "15" 4and "16" 
represent p l o t s of the data f o r Equations 15 and 16, 
r e s p e c t i v e l y . I n s p e c t i o n of Equation 13 and l i n e "15", 
in c o n j u n c t i o n w i t h the previous d i s c u s s i o n of species 
s t a b i l i t y , i n d i c a t e s t h a t the s o l v e n t , water, is 
s t a b l e (with r e s p e c t t o Equation 13) at e l e c t r o d e 
p o t e n t i a l s below t h i s l i n e w h i l e water is unstable at 
p o t e n t i a l s above t h i s l i n e . S i m i l a r l y , i n s p e c t i o n of 
Equation 14 and l i n e "16" i n d i c a t e s t h a t water is 
s t a b l e at e l e c t r o d e p o t e n t i a l s above l i n e "16" and 
unstable below the l i n e . F i g u r e 2 is analogous t o a 
phase diagram; i t represents a form of e l e c t r o c h e m i c a l 
phase diagram. S i m i l a r t o a phase diagram, the r e g i o n 
where a species is s t a b l e is i d e n t i f i e d w i t h the chem­
i c a l symbol f o r the s p e c i e s . 

The Pourbaix Diagram is p a r t i c u l a r l y u s e f u l in 
determining the s t a b l e species f o r m e t a l l i c systems in 
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Figure 2. Pourbaix diagram for the system H20-H2-02-H+-OH~. Activity of 
water is unity; fugacities of hydrogen and oxygen are unity. Temperature is 25°C. 

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



44 C O R R O S I O N C H E M I S T R Y 

c o n t a c t w i t h aqueous s o l u t i o n s . Two general c l a s s e s of 
metals are found when Fi g u r e 2 and the Pourbaix Diagram 
f o r a metal are superimposed. This c l a s s i f i c a t i o n is 
based on the r e l a t i o n s h i p between the m e t a l - m e t a l l i o n 
e q u i l i b r i u m r e a c t i o n and the r e g i o n of s t a b i l i t y of 
water. In the f i r s t case, the m e t a l - m e t a l l i o n e q u i l i ­
brium p o t e n t i a l f a l l s w i t h i n the r e g i o n of s t a b i l i t y 
of water. In these i n s t a n c e s , i t is p o s s i b l e to meas­
ure the e q u i l i b r i u m e l e c t r o d e p o t e n t i a l of the metal-
m e t a l l i o n r e a c t i o n in aqueous s o l u t i o n s and to devise 
a means whereby the k i n e t i c p r o p e r t i e s of t h i s r e a c t i o n 
may be obtained w i t h minimal k i n e t i c complexity. The 
second c l a s s of metals has m e t a l - m e t a l l i o n e q u i l i b r i u m 
e l e c t r o d e p o t e n t i a l s which f a l l below the r e g i o n of 
s t a b i l i t y of water. Since these metals form mixed 
p o t e n t i a l systems w i t h the s o l v e n t (see below), the 
e q u i l i b r i u m e l e c t r o d
r e a c t i o n cannot be
the k i n e t i c s of the complete r e a c t i o n can be determined 
on l y w i t h g r e a t d i f f i c u l t y . Copper and i r o n are ex­
amples of these two c l a s s e s of metals and w i l l be d i s ­
cussed below. 

F i g u r e 3 is the Pourbaix Diagram f o r copper and 
some of i t s i o n i c s p e cies and compounds in c o n t a c t 
w i t h water at 25°C. The e q u i l i b r i u m e l e c t r o d e p o t e n t i a l 
f o r the copper-cupric i o n r e a c t i o n is l o c a t e d w i t h i n 
the r e g i o n of water s t a b i l i t y (dashed l i n e s ) . There­
f o r e , the measurement of the e q u i l i b r i u m p o t e n t i a l is 
p o s s i b l e , and the k i n e t i c s of the copper-cupric i o n 
system can be s t u d i e d without i n t e r f e r e n c e from r e ­
a c t i o n s i n v o l v i n g decomposition of the s o l v e n t . With 
the exception of Equation 21, which is a chemical r e ­
a c t i o n i n v o l v i n g the h y d r o l y s i s of c u p r i c i o n ( r e ­
a c t i o n s which are p u r e l y chemical, s i n c e they bear no 
r e l a t i o n to e l e c t r o c h e m i c a l r e a c t i o n s , per se, appear 
as v e r t i c a l l i n e s on Pourbaix Diagrams), a l l of the 
r e a c t i o n s considered in F i g u r e 3 are e l e c t r o c h e m i c a l 
and may be s t u d i e d u s i n g the techniques o u t l i n e d in 
t h i s chapter. I f the measured e l e c t r o d e p o t e n t i a l (with 
r e s p e c t to SHE) and the s o l u t i o n pH are known, F i g u r e 3 
may be used to determine the s t a b l e form of copper or 
i t s compounds which can be expected under those con­
d i t i o n s . 

F i g u r e 4 is the Pourbaix Diagram f o r i r o n and 
some of i t s i o n i c s p e cies and compounds in co n t a c t 
w i t h water at 25°C. The e q u i l i b r i u m p o t e n t i a l of the 
i r o n - f e r r o u s i o n r e a c t i o n f a l l s o u t s i d e the r e g i o n of 
s t a b i l i t y of water (dashed l i n e s ) . Therefore, any at­
tempt to measure the e q u i l i b r i u m p o t e n t i a l w i l l f a i l 
s i n c e the s o l v e n t w i l l undergo e l e c t r o c h e m i c a l reduc-
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Figure 3. Pourbaix diagram for the system Cu-Cu2+-Cu20-H20. 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 = Cu2+ + 2e (17) 
Cu20 + 2H+ = 2Cu2+ + H20 + 2e~ (18) 

Cu20 + H20 = 2CuO + 2H+ + 2e (19) 
2Cu + H20 = Cu20 + 2H+ + 2e~ (20) 
Cu2* + H20 = CuO + 2H+ (21) 
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Figure 4. Pourbaîx diagram for the system Fe-Fe2+-Fe3+-FesOl4-Fes03. Activi­
ties of ferrous and ferric ions are JO"6. Temperature is 25°C. The reactions con­

sidered; 

Pe = Pe2+Jr2e (22) 
3Fe + 4H20 = Fe3Ou + 8ΙΓ + 8e~ (23) 

3Fe2+ + 4HtO = FesOi + 8H+ + 2e~ (24) 
2Pe2+ + 3HêO = FetOa + 6H+ + 2e~ (25) 

Pe2+ = Pé+ + e (26) 
2Pé* + 3HsO = Fe2Os + GIF (27) 

2FesOk + H20 = 3Fe203 + 2H+ + 2e~ ^ (28) 
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t i o n w h i l e the i r o n w i l l undergo e l e c t r o c h e m i c a l o x i d a ­
t i o n . This type of process is a form of c o r r o s i o n and 
is the b a s i s f o r an e l e c t r o c h e m i c a l model of c o r r o s i o n 
c a l l e d the theory of mixed p o t e n t i a l s (to be dis c u s s e d 
below). 

In the p o t e n t i a l - p H r e g i o n where i r o n metal is the 
s t a b l e s p e c i e s , c o r r o s i o n - d e f i n e d as d i s s o l u t i o n or 
o x i d a t i o n - cannot occur s i n c e these r e a c t i o n s are not 
favored thermodynamically. Pourbaix (1) has designated 
these regions as "immune" t o c o r r o s i o n . However, in 
the broader sense of c o r r o s i o n (see d e f i n i t i o n of c o r ­
r o s i o n at the beginning of t h i s chapter) t h i s r e g i o n 
may be q u i t e conducive t o i r o n d e t e r i o r a t i o n . For ex­
ample, in t h i s r e g i o n hydrogen gas is s t a b l e (see F i g ­
ure 2 ) . Some i r o n a l l o y s are s u s c e p t i b l e t o f r a c t u r e 
in the presence of hydrogen (_5) . Therefore, i t is not 
s u f f i c i e n t f o r a s t r u c t u r
in order f o r i t to

When a c h e m i c a l l y s t a b l e oxide (or s a l t ) f i l m is 
present on the surfa c e of a metal (see the i r o n oxide 
s t a b l e r e g i o n s of Fi g u r e 4 ) , t h a t metal may be f r e e 
of subsequent c o r r o s i o n . The c o n d i t i o n s f o r t h i s form 
of c o r r o s i o n m i t i g a t i o n are t h a t the u n d e r l y i n g f i l m 
is adherent, coherent and po r e - f r e e . In essence, these 
c o n d i t i o n s merely s t i p u l a t e t h a t the f i l m must be an 
e f f e c t i v e b a r r i e r between the metal and the e n v i r o n ­
ment. This c o n d i t i o n is c a l l e d p a s s i v i t y and is char­
a c t e r i z e d by measured e l e c t r o d e p o t e n t i a l s in the r e ­
gions where the f i l m is s t a b l e . I r o n and i t s a l l o y s 
have been shown t o e x h i b i t p a s s i v e behavior (6) . 

F i g u r e 5 is a s i m p l i f i e d r e p r e s e n t a t i o n of the 
Pourbaix Diagram f o r i r o n . I t d e l i n e a t e s the regions 
where immunity, c o r r o s i o n and p a s s i v i t y can be expect­
ed. S i m i l a r diagrams (as w e l l as the more c h e m i c a l l y -
o r i e n t e d diagrams) are a v a i l a b l e in the monograph by 
Pourbaix (1). 

I l l u s t r a t i o n 3. Use of Pourbaix Diagrams. 
I d e n t i f y the s t a b l e species and whether c o r r o s i o n 
is p o s s i b l e in the f o l l o w i n g s i t u a t i o n s : 
a) copper metal at +0.150 V vs. SCE in an aqueous 

s o l u t i o n w i t h a pH of 2.5 and a c u p r i c i o n 
a c t i v i t y of 0.01 at 25°C. 

b) i r o n metal at -0.750 V vs . SCE in an aqueous 
s o l u t i o n w i t h a pH of 5.0 and a f e r r o u s i o n 
a c t i v i t y of 10~ 6 at 25°C. 

S o l u t i o n s : 
a) the e l e c t r o d e p o t e n t i a l (vs. SHE) is computed 

usin g Equation 6 and Table I , i . e . , φ = 0.391 V 
American Chemical 
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vs. SHE. R e f e r r i n g t o F i g u r e s 2 and 3 f the 
2+ + 

s t a b l e species are Cu , H and H 20. C o r r o s i o n 
is p o s s i b l e under these c o n d i t i o n s , 

b) the e l e c t r o d e p o t e n t i a l (vs. SHE) is computed 
usin g Equation 6 and Table I , i . e . , φ = -0.509 
V vs. SHE. R e f e r r i n g to F i g u r e s 2 and 4, the 
s t a b l e species are f e r r o u s ions and H^. Cor-
r o s i o n is p o s s i b l e under these c o n d i t i o n s . 

E l e c t r o c h e m i c a l K i n e t i c s 
P r o p e r t i e s of E l e c t r o d e Reactions. 

E l e c t r o c h e m i c a l (electrode) r e a c t i o n s are i n h e r ­
e n t l y heterogeneous  The e l e c t r o n t r a n s f e r r e a c t i o n 
occurs at a metal (o
s u b s t r a t e ) - s o l u t i o
f o l l o w i n g the e l e c t r o n t r a n s f e r r e a c t i o n , t r a n s p o r t of 
chemical species between the bulk of the s o l u t i o n and 
the i n t e r f a c e a l s o takes p l a c e . F i g u r e 6 is a r e p r e ­
s e n t a t i o n of these processes which c o n s t i t u t e the t o ­
t a l i t y of the e l e c t r o c h e m i c a l r e a c t i o n . 

The three steps a s s o c i a t e d w i t h e l e c t r o c h e m i c a l 
r e a c t i o n s , i . e . , t r a n s p o r t of r e a c t a n t ( s ) to the i n t e r ­
f a c e , the e l e c t r o n t r a n s f e r (surface) r e a c t i o n and 
t r a n s p o r t of product(s) from the i n t e r f a c e , are sequen­
t i a l . Therefore, the o v e r a l l r a t e of r e a c t i o n is con­
t r o l l e d by the slowest of the three s t e p s . When the 
t r a n s p o r t processes are capable of o p e r a t i n g at h i g h 
r a t e s r e l a t i v e to the e l e c t r o n t r a n s f e r r e a c t i o n , the 
r a t e of the o v e r a l l r e a c t i o n can be d e s c r i b e d by equa­
t i o n s of e l e c t r o d e k i n e t i c s . These types of e l e c t r o d e 
r e a c t i o n s are s a i d to be "under a c t i v a t i o n c o n t r o l " . 
On the other hand, when the e l e c t r o d e r e a c t i o n is 
capable of o p e r a t i n g at high r a t e s r e l a t i v e to the 
t r a n s p o r t p r o c e s s ( e s ) , the r a t e of the o v e r a l l r e a c t i o n 
can be d e s c r i b e d by equations of c o n v e c t i v e mass t r a n s ­
p o r t . These types of e l e c t r o d e r e a c t i o n s are s a i d to 
be "under t r a n s p o r t c o n t r o l " . In the d i s c u s s i o n t o 
f o l l o w , the equations of e l e c t r o d e k i n e t i c s and convect­
i v e mass t r a n s p o r t w i l l be presented w i t h the c o n d i ­
t i o n s under which the r e s p e c t i v e equations apply. 
Readers wish i n g a more d e t a i l e d p r e s e n t a t i o n than is 
p o s s i b l e here should r e f e r to the monograph by V e t t e r 
(7) . 

The r a t e of an e l e c t r o c h e m i c a l r e a c t i o n is u s u a l l y 
measured by a c u r r e n t , I , f l o w i n g in an e x t e r n a l e l e c ­
t r i c a l c i r c u i t (see below). This c u r r e n t is r e l a t e d to 
the f l u x of a r e a c t i n g s p e c i e s , N_, and the f l u x of a 
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Figure 6. Representation of transport and kinetic processes in electrode reactions 
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product s p e c i e s , N R, and the r a t e of the sur f a c e r e ­
a c t i o n (based on the r e a c t i n g s p e c i e s ) , rJf by 

I/nFA = Νj = ν σ Ν κ / ν κ = Tj (29) 

where η is the number of e l e c t r o n s t r a n s f e r r e d in the 
in the e l e c t r o c h e m i c a l r e a c t i o n , A is the sur f a c e area 
of the metal s u b s t r a t e in con t a c t w i t h the s o l u t i o n 
and V j and v R are the s t o i c h i o m e t r i c c o e f f i c i e n t s of 
the r e a c t a n t and product s p e c i e s , r e s p e c t i v e l y . 

The s i g n of the c u r r e n t is dependent on the sense 
of the e l e c t r o c h e m i c a l r e a c t i o n . For example, when 
Equation 4 operates from l e f t to r i g h t , i . e . , 

Red -> Ox + ne" (4a) 
an e l e c t r o c h e m i c a l o x i d a t i o
i c a l o x i d a t i o n s are o f t e n c a l l e d anodic r e a c t i o n s . In 
the convention used in t h i s chapter, anodic r e a c t i o n s 
are a s s o c i a t e d w i t h p o s i t i v e c u r r e n t s . When the d i ­
r e c t i o n of the r e a c t i o n is rev e r s e d , i . e . , 

Ox + ne" Red (4b) 
an e l e c t r o c h e m i c a l r e d u c t i o n (cathodic r e a c t i o n ) 
occurs. Cathodic r e a c t i o n s are a s s o c i a t e d w i t h negative 
c u r r e n t s . The signs of the r a t e and f l u x terms in 
Equation 29 should be adjusted to accomodate t h i s s i g n 
convention. 

The r a t e (current) of an e l e c t r o c h e m i c a l r e a c t i o n 
is d e s c r i b e d by the sum of the r a t e s (currents) of the 
anodic and cat h o d i c r e a c t i o n s which c o n s t i t u t e the 
e l e c t r o d e r e a c t i o n . The anodic and ca t h o d i c c u r r e n t s , 
r e p r e s e n t i n g " p a r t s " of the o v e r a l l c u r r e n t ( r a t e ) , are 
c a l l e d p a r t i a l c u r r e n t s . 

A c t i v a t i o n C o n t r o l l e d E l e c t r o d e Reactions. 

At e q u i l i b r i u m , the r a t e s of the anodic and c a t h ­
o d i c p a r t i a l r e a c t i o n s are equal, i . e . , there is no 
net change of the i n v e n t o r y of Red and Ox. When the 
system is perturbed such t h a t the e l e c t r o d e p o t e n t i a l 
is p o s i t i v e w i t h r e s p e c t t o the e q u i l i b r i u m p o t e n t i a l , 
the r a t e of the anodic p a r t i a l r e a c t i o n is g r e a t e r 
than t h a t of the ca t h o d i c p a r t i a l r e a c t i o n . The e l e c ­
trode r e a c t i o n e x h i b i t s a net anodic (oxidation) c u r ­
r e n t . L i k e w i s e , f o r p e r t u r b a t i o n s negative t o the 
e q u i l i b r i u m p o t e n t i a l , the e l e c t r o d e r e a c t i o n e x h i b i t s 
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a net ca t h o d i c (reduction) c u r r e n t . 
The equation which has been found to d e s c r i b e the 

c u r r e n t - e l e c t r o d e p o t e n t i a l behavior of a c t i v a t i o n 
c o n t r o l l e d r e a c t i o n s is 

I/A = i = i [exp(n / 6 )-exp(-n / 6 )] (30) 

where i is the net c u r r e n t d e n s i t y ( I / A ) , i is the 
exchange c u r r e n t d e n s i t y , η is the o v e r p o t e n t i a l and 
$ a and 3 C are s o - c a l l e d T a f e l constants ( s l o p e s ) . 

The exchange c u r r e n t d e n s i t y is a measure of the 
i n t r i n s i c r e a c t i v i t y of the e l e c t r o d e r e a c t i o n , i . e . , 
the r a t e s of the anodic and c a t h o d i c p a r t i a l r e a c t i o n s 
at the e q u i l i b r i u m p o t e n t i a l . The e m p i r i c a l equation 
which o f t e n d e s c r i b e s the exchange c u r r e n t d e n s i t y is 

i Q = nFk° [Red

where k° is a s p e c i f i c r a t e constant, [Red] and [Ox] 
are the c o n c e n t r a t i o n s of the o x i d i z e d and reduced 
forms of the chemical s p e c i e s , [Cat] is the concentra­
t i o n of a c a t a l y t i c s pecies and ρ, ω and γ are r e a c t ­
i o n o r d e r s . 

The o v e r p o t e n t i a l is d e f i n e d by 

η = φ ±-φ ο (32) 

where φ^ is the perturbed e l e c t r o d e p o t e n t i a l a s s o c i ­
ated w i t h a net c u r r e n t d e n s i t y , i . O v e r p o t e n t i a l s 
f o r anodic r e a c t i o n s are p o s i t i v e w h i l e those f o r 
cat h o d i c r e a c t i o n s are neg a t i v e . 

At l a r g e anodic o v e r p o t e n t i a l s , Equation 30 
becomes 

i = i Q e x p [ n / e a ] (33) 
or 

η = B a£n(i/i Q) (34) 

where β is the anodic T a f e l constant or slope (see 
above). Equation 34 i n d i c a t e s t h a t φ-£η i data f o r an 
e l e c t r o d e r e a c t i o n are l i n e a r over a s p e c i f i e d range. 
This l i n e a r r e g i o n provides access to two important 
e m p i r i c a l parameters in Equation 30, v i z . , the anodic 
T a f e l slope and the exchange c u r r e n t d e n s i t y . The form­
er is the slope of the l i n e in t h i s l i n e a r r e g i o n . The 
exchange c u r r e n t d e n s i t y is obtained by e x t r a p o l a t i n g 
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the l i n e f o r the l i n e a r r e g i o n data t o the e q u i l i b r i u m 
p o t e n t i a l , i . e . , η=0. I n s p e c t i o n of Equation 34 shows 
t h a t the c u r r e n t d e n s i t y obtained by t h i s e x t r a p o l a t i o n 
is n u m e r i c a l l y equal to the exchange c u r r e n t d e n s i t y . 

At l a r g e (negative) c a t h o d i c o v e r p o t e n t i a l s , 
Equation 30 becomes 

i = - i Q e x p [ - n / B c ] (35) 
or 

η = -B c£n(-i/i Q) (36) 

where 3 is the c a t h o d i c T a f e l constant or slo p e . The 
u t i l i t y c o f Equation 36 f o r the a n a l y s i s of e m p i r i c a l 
k i n e t i c parameters f o r c a t h o d i c p a r t i a l r e a c t i o n s is 
i d e n t i c a l t o t h a t f o
r e a c t i o n s . 

When e l e c t r o c h e m i c a l r a t e d a t a , i . e . , e l e c t r o d e 
p o t e n t i a l - c u r r e n t d e n s i t y data, are p l o t t e d , i t is 
o f t e n done on se m i - l o g a r i t h m i c paper. Since the l o g ­
a r i t h m i c s c a l e of t h i s paper is u s u a l l y "base 10", 
the T a f e l slopes which are measured are r e l a t e d t o 
the T a f e l constants in Equation 30 by 

β = b/2.30 (37) 

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

I l l u s t r a t i o n 4. A n a l y s i s of E l e c t r o c h e m i c a l Rate 
Data f o r A c t i v a t i o n C o n t r o l l e d Reactions. 
Estimate the exchange c u r r e n t d e n s i t y and T a f e l 
slopes f o r an e l e c t r o d e r e a c t i o n from the data 
given 

Φ 
below. 

i Φ i Φ i 
mV vs. mV vs. mV vs. 
SCE 2 

mA/cm 
SCE 2 

mA/cm 
SCE 2 

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 

155 
-2.10 
-2.30 

0 -47 
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S o l u t i o n : 
The data are p l o t t e d in F i g u r e 7. The anodic and 
cath o d i c T a f e l slopes ("base 10") are 40 and 120 
mV, r e s p e c t i v e l y , and the exchange c u r r e n t d e n s i t y 
is 1.0 mA/cm . Therefore, the c u r r e n t d e n s i t y -
e l e c t r o d e p o t e n t i a l behavior of t h i s a c t i v a t i o n 
c o n t r o l l e d e l e c t r o d e r e a c t i o n is de s c r i b e d by 

i = 1.0[exp(n/17.4)-exp(-n/52.2)] 
2 

where the c u r r e n t d e n s i t y is in mA/cm and the 
o v e r p o t e n t i a l is in mV. 
Transport C o n t r o l l e d E l e c t r o d e Reactions. 

As noted above
from the surface is
r e a c t i o n . The convective mass t r a n s p o r t equations 
which d e s c r i b e t h i s m a t e r i a l f l u x ( i n terms of c u r r e n t 
d e n s i t y and c o n s i s t e n t w i t h the s i g n convention pro­
posed in t h i s chapter) are 

i = ( n / | v R e d | ) F k c ( [ R e d ] b - [ R e d ] s ) (38) 
and 

i = - ( n / | v 0 x | ) F k c ( [ 0 x ] b - [ 0 x ] s ) (39) 

where kQ is the mass t r a n s f e r c o e f f i c i e n t and the sub­
s c r i p t s b and s represent the bulk and i n t e r f a c i a l 
c o n c e n t r a t i o n s , r e s p e c t i v e l y . To the extent t h a t the 
bulk and i n t e r f a c i a l c o n c e n t r a t i o n s are approximately 
the same order of magnitude, the k i n e t i c s of the 
e l e c t r o d e r e a c t i o n are adequately d e s c r i b e d by Equation 
30. However, when these c o n c e n t r a t i o n s d i f f e r by an 
order of magnitude or more, the r a t e of the e l e c t r o d e 
r e a c t i o n is c o n t r o l l e d by the r a t e of mass t r a n s p o r t . 

F i g u r e 8 shows the e l e c t r o d e p o t e n t i a l - c u r r e n t 
d e n s i t y behavior of a ca t h o d i c p a r t i a l process demon­
s t r a t i n g a c t i v a t i o n c o n t r o l , t r a n s p o r t c o n t r o l and the 
t r a n s i t i o n r e g i o n between them. The dashed l i n e r e ­
presents the e x t e n s i o n of the T a f e l l i n e , i . e . , Equa­
t i o n 36. This dashed l i n e p r e d i c t s c u r r e n t d e n s i t i e s 
which exceed the r a t e of mass t r a n s p o r t - an imp o s s i ­
b i l i t y . The v e r t i c a l ( e l e c t r o d e p o t e n t i a l independent) 
l i n e r e p r e sents the l i m i t i n g c u r r e n t d e n s i t y f o r the 
process. Although mathematical r e l a t i o n s h i p s have been 
proposed f o r the t r a n s i t i o n r e g i o n , t h e i r u t i l i t y is 
minimal s i n c e the l i m i t i n g cases of a c t i v a t i o n and 
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Figure 7. Plot of data for Figure 4 
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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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t r a n s p o r t c o n t r o l represent the p r o p e r t i e s of the v a s t 
m a j o r i t y of e l e c t r o d e r e a c t i o n s . 

Mass t r a n s p o r t c o n t r o l of e l e c t r o d e r e a c t i o n s can 
be caused by one of two p h y s i c a l processes. In the 
f i r s t case, the i n t e r f a c i a l c o n c e n t r a t i o n of the r e a c t -
ant drops t o zero, i . e . , the e l e c t r o n t r a n s f e r r e a c t i o n 
consumes the species as q u i c k l y as i t a r r i v e s at the 
i n t e r f a c e . In the second case, the i n t e r f a c i a l concen­
t r a t i o n of the product reaches s a t u r a t i o n . When these 
c o n d i t i o n s p r e v a i l , the r a t e of mass t r a n s p o r t is at 
i t s l i m i t i n g (maximum) v a l u e . L i m i t i n g c u r r e n t d e n s i ­
t i e s , i ^ a and i« , f o r anodic and c a t h o d i c p a r t i a l r e ­
a c t i o n s , r e s p e c t i v e l y , are 

la ( n / l V R e d l ) F k c [ R e d ] b (40) 

la = ( n / | v

le = - ( n / | v 0 x | ) F k c [ O x ] b (42) 

Ic (43) 

The value of the mass t r a n s f e r c o e f f i c i e n t depends 
on the p h y s i c a l system, the t r a n s p o r t i n g s p e c i e s , 
physicochemical p r o p e r t i e s of the f l u i d and the f l u i d 
f l o w r a t e . Methods of e s t i m a t i n g mass t r a n s f e r c o e f f ­
i c i e n t s are given elsewhere (8-10). 

I l l u s t r a t i o n 5. E s t i m a t i o n of L i m i t i n g Current 
Density. 
Estimate the l i m i t i n g c u r r e n t d e n s i t y f o r the 

-7 
r e d u c t i o n of oxygen ( c o n c e n t r a t i o n , [Ox], - 10 3 -5 2 mole/cm ; d i f f u s i v i t y , D, - 10 cm /sec) to a 
r o t a t i n g c y l i n d e r ( r o t a t i o n speed, ω, = 95 sec "S 
r a d i u s , r , = 1.27 cm) i f the kinematic v i s c o s i t y , 

-3 2 
v, of the s o l u t i o n is approximately 10 cm /sec. 
S o l u t i o n : 
The mass t r a n s p o r t c o r r e l a t i o n f o r a r o t a t i n g 
c y l i n d e r is (90 
Sh = 0.0627 R e 2 / 3 S c 1 / 3 

where, in t h i s case, 
Sh = Sherwood Number = k r/D 

c 2 
Re = Reynolds Number = wr /v 
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Sc = Schmidtr Number = v/D 
k = O.0627 (D/r) (air 2/v) 2 / 3 ( v / D ) 1 / 3 

-3 
= 6.58X10 cm/sec. 

The e l e c t r o c h e m i c a l r e a c t i o n f o r oxygen r e d u c t i o n 
is + 
0 2 + 4H + 4e -*· 2H 20 
Then, the l i m i t i n g c u r r e n t d e n s i t y , i . e . , Equation 
42, is 
he = - 4 F k c [ O x ] b 

= (-4 equiv/mole)(9.65X10 A-sec/equiv) 
(6.58X10" 3 cm/sec)(10~ 7 mole/cm 3) 

= -2.54X10" 4 A/cm 2. 
C r i t e r i a f o r C o n t r o

I t is u s e f u l to be able t o a s c e r t a i n a p r i o r i 
which type of c o n t r o l operates f o r an e l e c t r o d e r e ­
a c t i o n . In order t o demonstrate how t h i s may be 
achieved, c o n s i d e r a ca t h o d i c p a r t i a l r e a c t i o n . The 
key element in a s c e r t a i n i n g c o n t r o l is the r a t i o of 
the h y p o t h e t i c a l a c t i v a t i o n c o n t r o l l e d c u r r e n t den­
s i t y , Equation 35, to the l i m i t i n g c u r r e n t d e n s i t y , 
e.g., Equation 42. This r a t i o is 

i / i £ = ( | v 0 x | i o / n F k c [ O x ] b ) e x p ( - n / B c ) (44) 

For e l e c t r o d e r e a c t i o n s where t h i s r a t i o is 0.3 or 
l e s s , a c t i v a t i o n c o n t r o l operates. When the r a t i o is 
1.0 or g r e a t e r , the e l e c t r o d e r e a c t i o n is under 
t r a n s p o r t c o n t r o l . 

I n s p e c t i o n of Equation 44 u n d e r l i n e s the r e l a t i v e 
importance of v a r i o u s parameters in the study of 
e l e c t r o d e r e a c t i o n s . I t is ev i d e n t t h a t the a n a l y s i s 
of a c t i v a t i o n c o n t r o l l e d e l e c t r o c h e m i c a l data f o r 
r e a c t i o n s w i t h l a r g e exchange c u r r e n t d e n s i t i e s is 
r e s t r i c t e d t o a sma l l range of o v e r p o t e n t i a l unless 
the mass t r a n s f e r c o e f f i c i e n t is l a r g e . The mass t r a n s ­
f e r c o e f f i c i e n t is g e n e r a l l y l a r g e f o r experimental 
arrangements l i k e r o t a t i n g d i s k s , r o t a t i n g c y l i n d e r s 
and other systems capable of a c h i e v i n g h i g h f l u i d 
v e l o c i t y r a t e s (90 . On the other hand, i f one wants to 
study the r e g i o n of mass t r a n s p o r t c o n t r o l , i t is 
necessary to operate at l a r g e (negative, in the case 
of c a t h o d i c r e a c t i o n s ) o v e r p o t e n t i a l s and low concen­
t r a t i o n s of the r e a c t a n t s p e c i e s . However, t h i s 
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approach is not without i t s d i f f i c u l t i e s {9), e.g., 
the appearance of a second e l e c t r o d e r e a c t i o n may in­
flu e n c e the data. 
E l e c t r o c h e m i c a l K i n e t i c s of C o r r o s i o n Processes 

Mixed P o t e n t i a l Model of C o r r o s i o n . 

M e t a l l i c c o r r o s i o n processes which are chemical 
in nature (see above) can be w r i t t e n in the f o l l o w i n g 
general form 

M + 0 x e n v - M Z + + R e d e n v (45) 

where M represents th
d i z e d form of the metal ( f o r convenience, i t is w r i t
ten as a m e t a l l i c i o n ) , Ox represents the species 
in the aqueous s o l u t i o n n v which r e a c t s w i t h the 
metal in the c o r r o s i o n r e a c t i o n and Red n v is the 
mod i f i e d form of t h a t s p e c i e s . I n s p e c t i o n of Equation 
45 shows t h a t i t is composed of two e l e c t r o c h e m i c a l 
p a r t i a l r e a c t i o n s , i . e . , 

and 
M -> M z + + ze (46) 

0 χ ^ τ τ + ze" + R e d ^ r (47) env env 
The anodic p a r t i a l process, Equation 46, generates the 
e l e c t r o n s which are used in the ca t h o d i c p a r t i a l pro­
c e s s , Equation 47. This model of c o r r o s i o n processes 
is based on the theory of mixed p o t e n t i a l s (11) and is 
shown s c h e m a t i c a l l y in F i g u r e 9. The o r i g i n a l theory 
of mixed p o t e n t i a l s was based on the " s u p e r p o s i t i o n " 
of p o l a r i z a t i o n curves f o r the r e s p e c t i v e p a r t i a l pro­
cesses (11-13). However, s i n c e many mixed p o t e n t i a l 
systems ( p a r t i c u l a r l y c o r r o s i o n processes) i n v o l v e 
i n t e r a c t i o n s among the r e a c t a n t s , the p r e s e n t a t i o n 
of mixed p o t e n t i a l s given here w i l l c o nsider the more 
recent approach c o n s i d e r i n g these i n t e r a c t i o n s (14). 

Metals where c o r r o s i o n processes take place are 
u s u a l l y i s o l a t e d , i . e . , not in conta c t w i t h an e x t e r ­
n a l e l e c t r i c a l c i r c u i t . Charge c o n s e r v a t i o n is the 
necessary c o n d i t i o n f o r a mixed p o t e n t i a l process t o 
le a d t o c o r r o s i o n on an i s o l a t e d metal, i . e . , 

ΣΑ.i.(φ ) = 0 j j V M c o r r ' (48) 

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



2. D O N A H U E Electrochemical Techniques 59 

where A. is the surface area where the " j t h " p a r t i a l 
process^operates, ί.(φ ) is the c u r r e n t d e n s i t y of 
the " j t h " p a r t i a l 3 c o r r process at the e l e c t r o d e 
p o t e n t i a l f o r the i s o l a t e d e l e c t r o d e , i . e . , c o r r o s i o n 
p o t e n t i a l , Φ Ο Ο Γ Γ · Equation 48 represents an o p e r a t i o n a l 
d e f i n i t i o n of the c o r r o s i o n p o t e n t i a l , i . e . , 
t h a t e l e c t r o d e p o t e n t i a l where the sum of the p a r t i a l 
c u r r e n t s in a c o r r o s i o n process is zero. This d e f i n i ­
t i o n is s i m i l a r to t h a t f o r an e q u i l i b r i u m p o t e n t i a l . 
However, the e s s e n t i a l d i f f e r e n c e between e q u i l i b r i u m 
and mixed p o t e n t i a l s is t h a t of i n v e n t o r y of the r e -
acta n t and product species - mixed p o t e n t i a l systems 
n e c e s s a r i l y i n v o l v e changes in t h i s i n v e n t o r y . 

For uniform c o r r o s i o n , i . e . , the e n t i r e s u r f a c e 
is a c c e s s i b l e t o the metal o x i d a t i o n r e a c t i o n and 
the environmental r e a c t i o n ( s ) , Equation 48 becomes 

Σι. (φ ) =j r c o r r ' 

Equation 49 w i l l be used subsequently t o develop ex­
pr e s s i o n s f o r the c o r r o s i o n c u r r e n t d e n s i t y f o r spe­
c i f i c examples of c o r r o s i o n systems. 

When a metal e l e c t r o d e is made p a r t of an e l e c ­
t r i c a l c i r c u i t (see below), the net c u r r e n t d e n s i t y , 
i . e . , i=I/A, at a perturbed p o t e n t i a l , φ., in uniform 
c o r r o s i o n is 

i = Σΐ_. (φ±) (50) 

Equation 50 w i l l be used subsequently to develop 
e l e c t r o c h e m i c a l r a t e equations f o r s p e c i f i c examples 
of c o r r o s i o n systems. 

Two A c t i v a t i o n C o n t r o l l e d P a r t i a l Processes. 

When there are two p a r t i a l process in a mixed 
p o t e n t i a l system and both are under a c t i v a t i o n c o n t r o l , 
the most probable forms of the c u r r e n t d e n s i t i e s of 
the anodic and cat h o d i c p a r t i a l processes are Equations 
33 and 35, r e s p e c t i v e l y . For an i s o l a t e d metal, the 
o v e r p o t e n t i a l (since the c o r r o s i o n p o t e n t i a l represents 
the perturbed e l e c t r o d e p o t e n t i a l in t h i s case) is 

η = Φ -φ (51) 1 y c o r r ψο 

S u b s t i t u t i n g the ap p r o p r i a t e forms of the r e s p e c t i v e 
c u r r e n t d e n s i t i e s f o r the p a r t i a l processes and t h i s 
d e f i n i t i o n in Equation 49, one ob t a i n s 
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i o a e x P < ( * c o r r - * o a > / p a a > 

^ > c ^ < < W * c o r r > / * c c > = 0 ( 5 2 ) 

where the a d d i t i o n a l s u b s c r i p t s , a and c, denote the 
p r o p e r t i e s of the r e s p e c t i v e p a r t i a l processes. The 
exchange c u r r e n t d e n s i t i e s in Equation 52 have mathe­
m a t i c a l forms s i m i l a r t o Equation 31. I f i n t e r a c t i o n s 
among the r e a c t a n t s are present (14), the i n t e r a c t i n g 
species behave l i k e c a t a l y s t s . 

The f i r s t term in Equation 52 is p r o p o r t i o n a l to 
the r a t e of metal d i s s o l u t i o n at the c o r r o s i o n poten­
t i a l , i . e . , the c o r r o s i o n r a t e . Therefore, a measure 
of the c o r r o s i o n r a t e is the c o r r o s i o n c u r r e n t d e n s i t y , 
i c o r r , which is d e f i n e d f o r t h i s case as 

i = i exp((  ) / 3 ) c o r r oa
= i βχρ((φ -φ )/β ) (53) oc r Y o c Y c o r r " ce 

A mathematical r e l a t i o n s h i p s i m i l a r to Equation 31 can 
u s u a l l y be obtained e x p e r i m e n t a l l y f o r the c o r r o s i o n 
c u r r e n t d e n s i t y . 

For a c o r r o d i n g metal which is connected t o an 
e l e c t r i c a l c i r c u i t ( i n order t o study i t s e l e c t r o d e 
p o t e n t i a l - c u r r e n t d e n s i t y p r o p e r t i e s - see below), 
the o v e r p o t e n t i a l is 

η = φ.-φ = (φ.-φ ) + ( φ -φ ) (54) τ ι Ύο χ ψ ι Y c o r r ' V Y c o r r ψο' 
S u b s t i t u t i n g the a p p r o p r i a t e forms of the r e s p e c t i v e 
c u r r e n t d e n s i t i e s and t h i s d e f i n i t i o n in Equation 50, 
one o b t a i n s 

i = i βχρ((φ -φ ) / 3 )βχρ((φ.-φ ) / 3 ) oa ^ V V Y c o r r f o a ' aa ^ ν Ν ν*Ί r c o r r " M a a 
-ι o c e x p ( ( Φ ο α - Φ α θ Γ Γ ) / Ucc> exp ( (Φο Ο Γ Γ-Φι>/* c c) 

(55) 

Noting the d e f i n i t i o n of c o r r o s i o n c u r r e n t d e n s i t y , 
i . e . , Equation 53, Equation 55 becomes 

1 = W r [ e x p ( ( * i - * c o r r ) / 6 a a ) 

- ^ P ^ c o r r - ^ / f W 1 ( 5 6 ) 

For convenience, one may d e f i n e a parameter c a l l e d 
p o l a r i z a t i o n , ε, as 

ε = φ.-φ (57) Y i Y c o r r 
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w h i c h is t h e m i x e d p o t e n t i a l a n a l o g o f o v e r p o t e n t i a l . 
I n s e r t i n g E q u a t i o n 57 in 56 y i e l d s 

1 - i c o r r I e x P ( e / e a a , - e x P ( - e / 6 c c ) 1 ( 5 8 ) 

S i n c e E q u a t i o n 58 is i d e n t i c a l in f o r m t o E q u a t i o n 3 0 , 
t h e a n a l y s i s o f d a t a f o r m i x e d p o t e n t i a l s y s t e m s is 
t h e s a m e a s t h a t f o r s i m p l e e l e c t r o d e r e a c t i o n s . 

I n s t u d i e s o f r e a c t i o n m e c h a n i s m s o f t h e p a r t i a l 
p r o c e s s e s , t h e f o l l o w i n g f o r m o f E q u a t i o n 50 is 
u s e f u l ( 1 5 ) 

ρ ω 
i = n F { k ° [ R e d ] a [ O x ] a e x p ( ( Φ ± - φ ° ) / B a a ) 

-k£ [ R e d ]

W h e n d a t a a r e t a k e n at f i x e d p o t e n t i a l ( s ) in t h e r e ­
s p e c t i v e l i n e a r r e g i o n ( s ) ( t h e s o - c a l l e d T a f e l r e g i o n ) 
o f e l e c t r o d e p o t e n t i a l - c u r r e n t d e n s i t y e x p e r i m e n t s 
( s o - c a l l e d p o l a r i z a t i o n e x p e r i m e n t s ) w i t h a p p r o p r i a t e 

v a r i a t i o n o f c o n c e n t r a t i o n o f o n e o r m o r e o f t h e 
s p e c i e s , t h e r e a c t i o n o r d e r ( s ) o f t h e s p e c i e s m a y 
b e c o m p u t e d , e . g . , f o r c a t h o d i c d a t a , 

8 £n i 

8 inlOx] 
o) c ( 60 ) 

Φ · , [ R e d ] , T 

W i t h j u d i c i o u s c h o i c e o f e x p e r i m e n t a l c o n d i t i o n s a n d 
a p p r o p r i a t e a n a l y s i s o f t h e d a t a , t h e p a r a m e t e r s in 
E q u a t i o n 59 c a n b e o b t a i n e d w i t h r e l a t i v e e a s e . O n c e 
t h e s e p a r a m e t e r s a r e s p e c i f i e d , t h e e l u c i d a t i o n o f 
t h e r e a c t i o n m e c h a n i s m ( s ) c a n b e a t t e m p t e d . H o w e v e r , 
n o d i s c u s s i o n o f r e a c t i o n m e c h a n i s m s o r t h e m e t h o d s 
u s e d t o d e v e l o p t h e m w i l l b e g i v e n h e r e . 

I l l u s t r a t i o n 6 . A n a l y s i s o f A c t i v a t i o n C o n t r o l l e d 
M i x e d P o t e n t i a l D a t a . 
T h e d a t a g i v e n in t h e a c c o m p a n y i n g t a b l e s a r e 
f o r i r o n in s u l f u r i c a c i d . D e t e r m i n e : 
a ) t h e c o r r o s i o n p o t e n t i a l s a n d t h e c o r r o s i o n 

c u r r e n t d e n s i t i e s f o r t h e t h r e e s y s t e m s ; 
b ) t h e s p e c i f i c r a t e c o n s t a n t a n d t h e r e a c t i o n 

o r d e r f o r h y d r o g e n i o n f o r f r e e c o r r o s i o n ; 
c ) t h e s p e c i f i c r a t e c o n s t a n t s a n d t h e r e a c t i o n 

o r d e r s f o r h y d r o g e n i o n f o r t h e p a r t i a l 
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processes. 

System 
A 

[H +] 
M 

0.055 
Symbol 

Ο 
Β 0.100 Ο 
C 0.250 Δ 

Φ CURRENT DENSITY (A/cm2) 
mV vs. SHE System A System Β System C 

-300 6.88X10" 2 3.78X10" 2 1.51X10" 2 

-325 1.58X10""2 8.65X10" 3 3.35X10" 3 

-350 3.59X10" 3 1.91X10" 3 5.89X10" 4 

-375 7.60X10" 4 3.23X10" 4 -1.56X10" 4 

-400 
-425 -1.52X10" 4 -3.31X10" 4 -8.80X10" 4 

-450 -3.06X10" 4 -•5.70X10" 4 -1.44X10" 3 

-500 -8.27X10" 4 -•1.50X10" •3 -3.76X10" 3 

-550 -2.16X10" 3 -•3.94X10" •3 -9.84X10" 3 

-600 -5.66X10" 3 -•1.03X10" •2 -2.57X10" 2 

S o l u t i o n s : 
a) 

b) 

The data are p l o t t e d in F i g u r e 10. E x t r a p o l a t ­
i o n of the T a f e l r e g i o n data to the r e s p e c t i v e 
i n t e r s e c t i o n s y i e l d s : 

System 
A 
Β 

T c o r r 
-406 
-390 

c o r r 
1.33X10 
1.79X10 

-4 
-4 

*-4 C -367 2.85X10 
where the c o r r o s i o n p o t e n t i a l s are mV vs. SHE 2 

and the c o r r o s i o n c u r r e n t d e n s i t i e s are A/cm . 
In order t o determine the r e a c t i o n order of 
hydrogen i o n f o r f r e e c o r r o s i o n , p l o t l o g i c o r r 

vs. l o g (hydrogen i o n concentration) , i . e . , 
the lowest l i n e in F i g u r e 11. The slope of the 
l i n e , 0.5, is the r e a c t i o n order f o r hydrogen 
i o n under these c o n d i t i o n s . To compute the 
s p e c i f i c r a t e constant, one notes t h a t 
k 0 = i c o r r / n F [ H + l 0 , 5 

4 
where n=2 and F=9.65X10 A-sec/eguiv and k° 
"co n t a i n s " the terms a s s o c i a t e d w i t h "Red". 
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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 
A 2.94X10" 9 

Β 2.93X10" 9 

C 2.95X10~ 9 

mean value= 2.94X10""9 

c) In order t o determine the r e a c t i o n orders f o r 
hydrogen i o n f o r the p a r t i a l processes, choose 
Φ^=-325 mV f o r the anodic p a r t i a l process data 

and φ.=-500 mV f o r the ca t h o d i c p a r t i a l 
process data. P l o t the l o g ί(Φ^) vs. log[H ] , 
i . e . , the upper p a i r of l i n e s in F i g u r e 11. 
The slopes of these l i n e s are the r e s p e c t i v e 
r e a c t i o n o r d e r s  i . e .  =-1.0 d  =+1.0
The s p e c i f i
(see de Bethune (£) f o r the standard e l e c t r o d e 
p o t e n t i a l s and T a f e l slopes are from F i g u r e 10) 
k°=i [H +]/nF exp((-325-(-440))/17) a a 
and 
k£=-i c/nF[H +] exp ((0- (-500))/51) 
The data f o r these analyses : 

System A/ëni ^a A/Cnt c 
A 1.58X10" 2 5.46X10" 1 1 8.27X10*"4 4.30X10" 1 2 

Β 8.65X10" 3 5.44X10" 1 1 1.50X10" 3 4.29X10""12 

C 3.35X10*"3 5.27X10" 1 1 3.76X10" 3 4.30X10" 1 2 

The mean values of the constants are: 
k°=5.39X10"l:L and k°=4 . 30X10"" 1 2 . a c 

Two P a r t i a l Processes - One Under Transport 
C o n t r o l . 

Mixed p o t e n t i a l systems w i t h the c a t h o d i c p a r t i a l 
process under t r a n s p o r t c o n t r o l and the anodic p a r t i a l 
process under a c t i v a t i o n c o n t r o l is t y p i c a l of many 
c o r r o s i o n systems. For the cat h o d i c p a r t i a l process to 
be under t r a n s p o r t c o n t r o l , Equation 44 must be u n i t y 
or l a r g e r . This occurs when the absolute value of the 
d i f f e r e n c e between the e q u i l i b r i u m e l e c t r o d e p o t e n t i a l 
of the ca t h o d i c p a r t i a l process and the c o r r o s i o n is 
on the order of one v o l t . This c o n d i t i o n p r e v a i l s f o r 
most metals of i n t e r e s t in c o r r o s i o n s t u d i e s i f oxygen 
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is present in the s o l u t i o n and f o r many metals when 
contaminants l i k e f e r r i c and c u p r i c ions are present. 

The c o r r o s i o n c u r r e n t d e n s i t y f o r t h i s c l a s s of 
c o r r o s i o n sytems (assuming t h a t the l i m i t i n g c u r r e n t 
d e n s i t y f o r the c a t h o d i c p a r t i a l process is given by 
Equation 42) is 

i = i βχρ((Φ - Φ Λ ) / 3 c o r r oa ^ c o r r o a " aa 
= ( n / | v 0 x | ) F k c [ O x ] b (61) 

Equation 61 demonstrates t h a t the c o r r o s i o n r a t e f o r 
t h i s c l a s s of systems is c o n t r o l l e d u n i q u e l y by the 
by the r a t e of mass t r a n s p o r t . Comparing Equation 61 
w i t h Equation 53 r e v e a l s t h a t the c o r r o s i o n p o t e n t i a l 
is d e f i n e d by the natures of the anodic and c a t h o d i c 
p a r t i a l processes f o
at hand, the c o r r o s i o
magnitude of the mass t r a n s f e r c o e f f i c i e n t - a p r o p e r t y 
of the c o n v e c t i v e mass t r a n s p o r t c o n d i t i o n . 

The e l e c t r o d e p o t e n t i a l - c u r r e n t d e n s i t y behavior 
of t h i s type of c o r r o s i o n system is 

i - i c o r r ^ P t e / ' W - 1 1 ( 6 2 ) 

Equation 62 p r e d i c t s T a f e l behavior o n l y f o r anodic 
( p o s i t i v e ) p o l a r i z a t i o n . Cathodic p o l a r i z a t i o n is 
p r e d i c t e d to be p o t e n t i a l independent at l a r g e negative 
p o l a r i z a t i o n s . However, f o r most c o r r o s i o n systems, 
t h i s r e g i o n of p o t e n t i a l independence is s m a l l due 
to the presence of other c a t h o d i c p a r t i a l processes, 
e.g., s o l v e n t decomposition to form hydrogen gas. 
While these other c a t h o d i c p a r t i a l processes u s u a l l y 
do not p a r t i c i p a t e in the c o r r o s i o n system per se, 
they are manifested in the experimental data and can 
cause d i f f i c u l t y in a n a l y z i n g the data. Methods of 
compensating f o r these e f f e c t s have been employed 
w i t h success (16_, 17) . 

I l l u s t r a t i o n 7. E v a l u a t i o n of Mass Transport 
C o n t r o l l e d Data. 
The data given below are f o r c a t h o d i c p o l a r i z a t i o n 
of i r o n in 0.01 M s u l f u r i c a c i d in the presence 
of 0.53 M f e r r i c i o n . Estimate the l i m i t i n g c u r ­
r e n t d e n s i t y and mass t r a n s f e r c o e f f i c i e n t f o r 
the r e d u c t i o n of f e r r i c i o n under these c o n d i t i o n s . 
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-Φ 
mV vs. SHE mA/cm' 

0 360 
380 
400 
450 
500 
550 
600 
650 
700 

1.30 
4.54 
4.89 
5.37 
5.96 
7.57 

11.6 
22.0 

S o l u t i o n : 
The data are p l o t t e d in Fi g u r e 12. Although there 
is no u n e q u i v o c a l l y p o t e n t i a l independent r e g i o n , 
the data between -400 and -550 mV approximate 
t h a t behavior. Th
d e n s i t y over t h i
to be the best estimate of the l i m i t i n g c u r r e n t 
d e n s i t y . 
The e l e c t r o d e r e a c t i o n f o r f e r r i c i o n r e d u c t i o n is 

=(5.2X10" 3)/(9,65X10 4)(5.3X10~ 4 mole/cm 3) 
= 1.02X10" 4 cm/sec 

M u l t i p l e P a r t i a l Process C o r r o s i o n Systems. 

Although most c o r r o s i o n systems can be de s c r i b e d 
by the l i m i t i n g models presented above, there are in­
stances where c o n t r o l of the c o r r o s i o n system is a 
combination of both types, v i z . , a c t i v a t i o n c o n t r o l l e d 
anodic p a r t i a l process w i t h two ca t h o d i c p a r t i a l pro­
cesses - one under a c t i v a t i o n c o n t r o l and another 
under t r a n s p o r t c o n t r o l . Examples are i r o n c o r r o s i o n 
in a c i d s o l u t i o n w i t h i n o r g a n i c contaminants (16_, 18) 
and oxygen (Γ7) . The c o r r o s i o n c u r r e n t d e n s i t y in 
such systems is 

c o r r 
c o r r ' cc 
) P k c [ O x ] b (63) 

where [Ox], is the bulk c o n c e n t r a t i o n of the "contam-
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Figure 12. Pohrization diagram for data in Figure 7 
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i n a n t " . I t is evid e n t from Equation 63 t h a t such mul­
t i p l e c o n t r o l is a f o r t u i t o u s combination of p r o p e r t i e s 
of the r e s p e c t i v e c a t h o d i c p a r t i a l processes and, w h i l e 
observed, probably represents a " s p e c i a l case" of the 
other types of c o r r o s i o n systems. 

Experimental Techniques 
Although the other authors in t h i s monograph have 

d e s c r i b e d t h e i r experimental systems in d e t a i l , i t is 
worthwhile t o o u t l i n e the e s s e n t i a l f e a t u r e s of the 
experimental e l e c t r o c h e m i c a l techniques which are 
used t o measure and evaluate the v a r i o u s parameters 
d i s c u s s e d in t h i s chapter. 

E l e c t r o d e P o t e n t i a l Measurements

The methods of measuring e l e c t r o d e p o t e n t i a l s in 
the absence of an e x t e r n a l l y a p p l i e d c u r r e n t have 
been given above. In g e n e r a l , these comments are 
a p p l i c a b l e t o p o l a r i z a t i o n experiments, as w e l l . The 
major d i f f e r e n c e between " e q u i l i b r i u m " and p o l a r i z a ­
t i o n measurements is t h a t , in the l a t t e r case, an 
ohmic v o l t a g e drop is present between the t e s t and 
refe r e n c e e l e c t r o d e s due to the flow of c u r r e n t 
through the r e s i s t i v e e l e c t r o l y t e (between the t e s t 
and a u x i l i a r y - see below- e l e c t r o d e s ) . In order t o 
minimize t h i s e f f e c t ( i t i n t r o d u c e s an e r r o r in the 
measurements which v i r t u a l l y precludes the c o r r e c t 
a p p l i c a t i o n o f , f o r example, Equation 58), one uses 
a Luggin c a p i l l a r y (shown s c h e m a t i c a l l y in F i g u r e 13). 
Since no c u r r e n t flows in the v o l t a g e measuring c i r c u i t 
(between the t e s t and ref e r e n c e e l e c t r o d e s ) , the po­
t e n t i a l of the s o l u t i o n at the t i p of the c a p i l l a r y 
is equal to the s o l u t i o n p o t e n t i a l at the re f e r e n c e 
e l e c t r o d e . Therefore, i f the c a p i l l a r y t i p is l o c a t e d 
c l o s e to the t e s t e l e c t r o d e , the a c t u a l i n t e r f a c i a l 
p o t e n t i a l d i f f e r e n c e can be measured. B a r n a r t t (19) 
has given a detail, ed a n a l y s i s of the e f f e c t s of such 
c a p i l l a r i e s . 

E l e c t r o c h e m i c a l P o l a r i z a t i o n Systems. 

F i g u r e 13 is a schematic r e p r e s e n t a t i o n of the 
three e l e c t r o d e system normally used in e l e c t r o c h e m i c a l 
p o l a r i z a t i o n s t u d i e s . This system i n c l u d e s two separate 
e l e c t r i c a l c i r c u i t s . One of these, between the t e s t 
and r e f e r e n c e e l e c t r o d e s , is a v o l t a g e measuring 
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Figure IS. Schematic of electrochemical polarization system 
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c i r c u i t and has been d i s c u s s e d above. The other c i r c u i t 
passes c u r r e n t between the t e s t e l e c t r o d e and an aux­
i l i a r y e l e c t r o d e (AE). Since the product(s) formed at 
the a u x i l i a r y e l e c t r o d e are e l e c t r o c h e m i c a l l y a c t i v e 
and c o u l d be t r a n s p o r t e d to the t e s t e l e c t r o d e , the 
t e s t and a u x i l i a r y e l e c t r o d e s are u s u a l l y maintained 
in separate compartments w i t h a porous f r i t t e d g l a s s 
d i s k or i o n exchange membrane used to ma i n t a i n e l e c t r o ­
l y t i c t r a n s p o r t between the compartments. Normally, 
the a u x i l i a r y e l e c t r o d e is e l e c t r o c h e m i c a l l y i n e r t , 
e.g., platinum, but, on o c c a s i o n , the a u x i l i a r y 
e l e c t r o d e is the same m a t e r i a l as the t e s t e l e c t r o d e . 
The c o n t a i n e r used f o r these s t u d i e s should be i n e r t , 
e.g., g l a s s , t e f l o n , e t c . Since the designs f o r such 
c o n t a i n e r s are as d i v e r s e as the number of r e s e a r c h e r s , 
no recommendations w i t h r e s p e c t t o design w i l l be 
given here. 

Two methods ar
between the t e s t and a u x i l i a r y e l e c t r o d e s . These are 
the constant c u r r e n t ( g a l v a n o s t a t i c ) and constant 
e l e c t r o d e p o t e n t i a l ( p o t e n t i o s t a t i c ) methods. The 
former u t i l i z e s a constant v o l t a g e source w i t h a 
v a r i a b l e r e s i s t a n c e and ammeter in s e r i e s between the 
t e s t and a u x i l i a r y e l e c t r o d e s . This type of arrange­
ment is simple and can be used f o r most electrochem­
i c a l s t u d i e s . The p o t e n t i o s t a t i c method is more 
complex, but is e s s e n t i a l f o r s t u d i e s where mass t r a n s ­
p o r t e f f e c t s or p a s s i v i t y phenomena are to be s t u d i e d . 
P o t e n t i o s t a t s ( a v a i l a b l e commercially) operate by 
comparing the a c t u a l p o t e n t i a l d i f f e r e n c e between the 
t e s t and ref e r e n c e e l e c t r o d e s w i t h a " d e s i r e d " poten­
t i a l d i f f e r e n c e and by passing a c u r r e n t between the 
t e s t and a u x i l i a r y e l e c t r o d e s which makes the " d i f f e r ­
ence" zero. Large impedances, p a r t i c u l a r l y in the 
v o l t a g e measuring c i r c u i t , should be avoided in systems 
us i n g p o t e n t i o s t a t s . 

As noted above, p o t e n t i o s t a t s are p a r t i c u l a r l y 
s u i t e d t o the study of mass t r a n s p o r t processes and 
p a s s i v i t y phenomena. In the case of t r a n s p o r t pro­
cesses, the instantaneous f l u x (current d e n s i t y ) of 
the process can be measured e a s i l y in the r e g i o n of 
mass t r a n s p o r t c o n t r o l w h i l e , w i t h g a l v a n o s t a t i c 
experiments, the e l e c t r o d e p o t e n t i a l at the l i m i t i n g 
c u r r e n t d e n s i t y is unstable and e i t h e r d r i f t s s l o w l y 
or o s c i l l a t e s . The u t i l i t y of p o t e n t i o s t a t s in p a s s i v ­
i t y s t u d i e s is demonstrated in F i g u r e 14. The s o l i d 
curve represents t y p i c a l data obtained at p a s s i v a t i n g 
metals u s i n g a p o t e n t i o s t a t w h i l e the dashed l i n e 
r e presents the data in the p a s s i v e r e g i o n which one 
obta i n s u s i n g a g a l v a n o s t a t . I t is evid e n t t h a t i t 
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LOG CURRENT DENSITY 
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 onl y w i t h a p o t e n t i o s t a t t h a t one can measure the 
pass i v e c u r r e n t d e n s i t y , i , (which provides a b a s i s 
f o r determining whether p a anodic p r o t e c t i o n of a 
s t r u c t u r e is a d v i s a b l e ) . 

Symbols/Nomenclature 
Symbol S i g n i f i c a n c e U n i t s 
A Surface area 2 

cm a A c t i v i t y -
b T a f e l slope (base "10" V 

Cat C a t a l y s t in r e a c t i o n -
e" E l e c t r o n -F Faraday constant 

Thermodynami
l a t i o n
K i n e t i c / T r a n s p o r t calcu­
l a t i o n s (=9.65X10 4) A-sec/equiv 

G Free Enthalpy cal/mole 
H Enthalpy cal/mole 
I Current A 2 i C urrent d e n s i t y A/cm 
k S p e c i f i c r a t e constant ( v a r i a b l e ) 
k 
c 

Mass t r a n s f e r c o e f f i c i e n t cm/sec 
£n N a t u r a l l o g a r i t h m -
M Metal 
Ν Fl u x mole/cm sec 
η Number of e l e c t r o n s in 

r e a c t i o n equiv 
Ox Oxi d i z e d form of chemical 

species -
R Gas constant (=1.99) cal/mole-°K 

Red Reduced form of chemical 
species -

Τ Temperature °K 
ζ Number of e l e c t r o n s in 

metal o x i d a t i o n r e a c t i o n - -D 
[ ] Concentration mole/cm 

β T a f e l slope (base "e") V 
Ύ Reaction order of Cat -ε P o l a r i z a t i o n V 
Φ E l e c t r o d e p o t e n t i a l V 
η O v e r p o t e n t i a l V 
y Chemical p o t e n t i a l cal/mole 
ν S t o i c h i o m e t r i c c o e f f i c i e n t mole 
Ρ Reaction order of Red -
ω Reaction order of Ox -
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Symbol S i g n i f i c a n c e U n i t s 
S u p e r s c r i p t s . 

° Standard p r o p e r t y 
z+ I o n i c charge on m e t a l l i o n -

S u b s c r i p t s . 
a Property of anode or 

anodic r e a c t i o n -
b Property o f bulk 

s o l u t i o n 
c Property of cathode or 

cat h o d i c r e a c t i o n 
c o r r Property at f r e e c o r r o s i o n -
e Property of e l e c t r o n 

env Propert
J P ropert

species 
j Property of " j t h " par­

t i a l process 
Κ Property of product 

species 
I L i m i t i n g (maximum) prop­

e r t y 
ο E q u i l i b r i u m p r o p e r t y 

satn Property at s a t u r a t i o n 
Y Property of any chemical 

species 
298 Property at 298°K 
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High-Temperature Corrosion 

J. B R U C E W A G N E R , JR. 

Center for Solid State Science, Arizona State University, Tempe, AZ 85281 

The purpose of th is review paper is to s u r v e y the princi­
ples of h igh t empera tu re ox ida t ion or h igh t empera tu re corro­
s i o n . A typical s i tua t io
w h i c h can act as an oxidant
duct f o r m s a layer w h i c h separa tes the r eac t an t s , the m e t a l and 
the gas a tmosphe re . Under special cond i t ions , the k i n e t i c s a re 
d i f fus ion c o n t r o l l e d , i.e., the ra te of the reaction (the ra te of 
oxide th ickness g rowth) depends on the di f fus ion of s p e c i e s , 
ions and e l e c t r o n s , through the layer ( s o m e t i m e s c a l l e d a tar­
nish layer). Actually when a m e t a l o r alloy is exposed to a cor­
rosive gas , the r e a c t i o n k i n e t i c s m a y be c o n t r o l l e d by one or 
m o r e of the f o l l o w i n g steps: 
1. T r a n s p o r t of reac tan t gases to the su r face . 
2. T r a n s p o r t of reac tan ts (o r p roduc t s ) through a boundary 

layer adjacent to the su r face . 
3. A su r face c o n t r o l l e d reaction (phase boundary r e a c t i o n ) at 

the g a s - m e t a l in te r face . 
4. T r a n s p o r t of reac tan ts through a corrosion product l a y e r 

e i ther by bu lk di f fus ion or by migration through cracks and 
p o r e s . 

In the p resen t pape r , a t tent ion will be focused on the four th step 
i n v o l v i n g bulk d i f fus ion . T h i s is a classical electrochemical 
s i t ua t ion i n v o l v i n g an anode (the m e t a l ) where ox ida t ion o c c u r s 
and a cathode (the oxide at the ox ide -gas i n t e r f ace ) where r e d u c ­
t ion of oxygen occurs. The oxide layer acts as the so lven t fo r 
point defects wh ich diffuse through i t as will be d i s c u s s e d be low. 
C o n s i d e r the d i a g r a m shown in Figure 1. The oxide layer 
th ickens wi th t i m e and so the r a t e of ox ida t ion (governed by d i f ­
fus ion through the oxide l a y e r ) dec rea se s wi th t i m e , t . T h i s s p e c -
c i a l s i tua t ion y i e l d s the p a r a b o l i c r a t e l a w f i r s t r e p o r t e d by 
T a m m a n (j_) and by P i l l i n g and B e d w o r t h (2). T a m m a n ' s ra te 
equat ion was s tated in t e r m s of t a r n i s h l a y e r t h i c k n e s s , ΔΧ, 
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and is 

whence 
(ΔΧ) 2 = 2k.pt (2) 

where k^ is the Tamman rate constant with dimensions of cm 2 / 
sec. The Pilling-Bedworth rate equation was expressed in 
terms of weight change per unit area, Am/A. It is 

i ^ ) 2 = V (3) 

where k p is the Pilling-Bedworth rate constant with dimensions 
of gm 2 /cm 4 sec. Thes
is shown schematicall

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 P f e i l (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 ) 
Pf e i l 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 

Ο 

where Z Q denotes the valence of the oxidant (oxygen in the 
example), ν the equivalent volume of the oxide, and A Q the 
atomic weight of the oxidant. 

In Corrosion Chemistry; Brubaker, G., et al.; 
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film thickness, 
Δ χ or weight 
go in 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. 

time > 

Figure 2. Schematic of parabolic oxidation kinetics replotted from data of Fig­
ure 1 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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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
a l l reaction he studied was 

His set-up provided an a r t i f i c i a l 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 a l l 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 pellet
the silver sulfide-sulfu

The mechanism of diffusion through the corrosion product 
was s t i l l 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 not usual in most inorganic compounds and the 
attainment of this state occurs only at well-defined temperatures 
and chemical potentials of the constituents. Krftger and Vink 
(5_) developed a notation for point defects whereby a l l 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 

2. Frenkel Disorder: Equal concentrations of cation vacan 
cies and interstitial cations 

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

K s = ^ V M ^ V 0 ^ (4) 

K F = ^ ^ (5) 

3. Anti-Schottky Disorder: Equal concentrations of cation 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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inert 
AFTER markers 

METAL OXIDE 

inert 
BEFORE M A « 

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. 

Figure 4. Schematic of the experimental setup used by C. Wagner (4) to deter­
mine the location of the reaction 2kg + S = Ag2S and the migrating species (sil­
ver) through the artificially prepared tarnish layer of Ag2S separating the reactants, 

silver and liquid sulfur 

S (liquid) R -
+ 2Ag+-2e-=Ag2S •===• S 

2Ag+ 2e~ 

] Ag -108 mg 

In Corrosion Chemistry; Brubaker, G., et al.; 
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a n d a n i o n i n t e r s t i t i a l s 

K A - S = t ° i ^ M i ^ (*> 

4 . A n t i - F r e n k e l D i s o r d e r : E q u a l c o n c e n t r a t i o n s o f a n i o n 
v a c a n c i e s a n d a n i o n i n t e r s t i t i a l s 

K A _ F = [ O ' ; ] [ O : ' ] ( 7 ) 

5. A n t i - S t r u c t u r a l D i s o r d e r : C a t i o n s l o c a t e d o n a n i o n s i t e s 
a n d a n i o n s o n c a t i o n s i t e s 

K A n t i - S t r . = ^ M 0 ^ ° M ^ ( 8 ) 

T h e a b o v e c o n s i d e r a t i o n s a p p l y t o s t o i c h i o m e t r y . F o r n o n -
s t o i c h i o m e t r i c c o m p o u n d s , t h e e x c e s s o r d e f i c i t o f a c o m p o n e n t 
m a y a l s o be e x p r e s s e d
e q u a t i o n s . 

I n v i e w o f t h e l i m i t a t i o n s o f s p a c e , c o n s i d e r a f e w s e l e c t e d 
e x a m p l e s . T h e o x i d a t i o n o f c o b a l t is o n e o f t h e b e t t e r s t u d i e d 
s y s t e m s . C o b a l t o u s o x i d e is a m e t a l d e f i c i t c o m p o u n d . T h e 
r a t i o o f C o t o Ο is l e s s t h a n o n e . A t a g i v e n t e m p e r a t u r e the 
e q u a t i o n f o r t h i s s i t u a t i o n m a y be w r i t t e n a s 

i o 2 ( g ) = o 0 + v ^ o + h * ( 9 ) 

w h e r e t h e n o t a t i o n o f K r 8 g e r a n d V i n k is a g a i n u s e d . 
S u p e r i o r p r i m e s a n d h e a v y d o t s d e n o t e e f f e c t i v e n e g a t i v e 

a n d p o s i t i v e c h a r g e s , r e s p e c t i v e l y . I o n s o n n o r m a l l a t t i c e s i t e s 
a r e d e s i g n a t e d w i t h n o e f f e c t i v e c h a r g e w h i l e d e f e c t s a r e d e s i g ­
n a t e d w i t h e f f e c t i v e c h a r g e s r e l a t i v e to t h e n o r m a l i o n s . T h u s a 
n i c k e l o u s i o n o n a n o r m a l s i t e in n i c k e l o x i d e is d e n o t e d a s N i - ^ 
a n d a n i c k e l i c i o n in N i O w o u l d be d e n o t e d a s N i j ^ . T h e 
" e x t r a " o x y g e n is a c c o m o d a t e d o n a n o r m a l l a t t i c e s i t e a n d a 
c o b a l t i o n v a c a n c y ( w i t h a s i n g l e e f f e c t i v e n e g a t i v e c h a r g e ) p l u s 
one c o m p e n s a t i n g e l e c t r o n h o l e is f o r m e d . A n a l t e r n a t i v e 
d e s c r i p t i o n o f the e l e c t r o n h o l e is a c o b a l t i c i o n ( C o + + + o r C o ) 
s i t u a t e d in a s u b l a t t i c e o f n o r m a l l y c o b a l t o u s i o n s . T h e e q u i l i ­
b r i u m c o n s t a n t f o r E q . ( 9 ) is w r i t t e n a s 

Κio = [ v £ o ] [ h * ] / p* 2 (10) 

K 1 0 = exp(-AG^Q2/RT) 
= e x p C f - Δ Ϊ ^ +TAS^)/RT] (11) 

In Corrosion Chemistry; Brubaker, G., et al.; 
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w h e r e A G | O 2 > Δ Η | Ο 2 a n d A s | o 2 d e n o t e t h e p a r t i a l m o l a r f r e e 
e n e r g y , e n t h a l p y a n d e n t r o p y o f d i s s o l u t i o n o f o n e - h a l f m o l e 
o x y g e n i n t o c o b a l t o u s o x i d e . I n v i e w o f the r e q u i r e m e n t o f e l e c ­
t r i c a l n e u t r a l i t y in the o x i d e [ ν £ 0 ] = Ρ 1 " ] · C o n s e q u e n t l y , 

κ 1 0 = C v ^ 2 / P 0 2
l = C h ' ] 2 / 4 ( 1 2 ) 

T h u s i f one s o l v e s e x p l i c i t l y f o r t h e c a t i o n v a c a n c y c o n c e n t r a t i o n 
o r t h e e l e c t r o n h o l e c o n c e n t r a t i o n , 

- ^ « • " - - S ^

B e c a u s e D ç Q ce [ V < ^ 0 ] t h e n i f o n e m e a s u r e d the r a d i o t r a c e r d i f ­
f u s i o n o f c o b a l t in C o O , t h e i s o t h e r m a l o x y g e n p r e s s u r e d e p e n ­
d e n c e s h o u l d e x h i b i t a o n e - q u a r t e r d e p e n d e n c e . T h i s is e x a c t l y 
w h a t C a r t e r a n d R i c h a r d s o n (6_) d i d . T h e i r r e s u l t s a r e s h o w n 
in F i g u r e 5. T h e e l e c t r o n i c c o n d u c t i v i t y , σ , is 

a = [ h ] u h q (14) 

w h e r e the s y m b o l u , d e n o t e s t h e m o b i l i t y o f a n e l e c t r o n h o l e 
a n d is h e r e a s s u m e d not to be d e p e n d e n t o n c o m p o s i t i o n . B e ­
c a u s e [ h ] cc p o f t h e n t h e i s o t h e r m a l e l e c t r o n i c c o n d u c t i v i t y 
s h o u l d a l s o be d e p e n d e n t u p o n t h e o n e - q u a r t e r p o w e r o f the 
o x y g e n p r e s s u r e . T h i s b e h a v i o r w a s r e p o r t e d b y E r o r a n d 
W a g n e r (7_) ( s e e F i g u r e 6 ) . T h e d i f f u s i v i t y o f o x y g e n is n e g l i ­
g i b l e c o m p a r e d to c o b a l t a c c o r d i n g to m a r k e r s t u d i e s a n d 
to s t a b l e o x y g e n i s o t o p e d i f f u s i o n s t u d i e s ( Ĵ O » JJL) · T h u s 
w h e n c o b a l t is o x i d i z e d , the m i g r a t i n g s p e c i e s s h o u l d b e 
c o b a l t v i a c a t i o n v a c a n c i e s a n d e l e c t r o n s ( a s e l e c t r o n 
h o l e s ) . 

F o r a n o x i d e g r o w i n g o n a m e t a l b y a b u l k d i f f u s i o n c o n ­
t r o l l e d p r o c e s s , C . W a g n e r ( 4 ) d e r i v e d a n e x p r e s s i o n f o r t h e 
f l u x a s 

η e q _ R T 
A c m z s e c ΔΧ F 2 2 

u 

f P ° 2 ( t 1 + t 2 ) t 3 q ffOj 
| £ 2 | P Q 2 < 1 5 ) 

p o 2 

In Corrosion Chemistry; Brubaker, G., et al.; 
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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 (Φ) 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). 

Journal of Physics and Chemistry of Solids 

Figure 6. Electronic conductivity of cobaltous oxide single cry stab 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). 

In Corrosion Chemistry; Brubaker, G., et al.; 
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w h e r e the f l u x n / A is t h e r a t e o f o x i d e f o r m a t i o n p e r u n i t a r e a , 
F is F a r a d a y ' s c o n s t a n t , N Q is A v o g a d r o s n u m b e r , q is the 
e l e c t r o n i c c h a r g e , t d e n o t e s a t r a n s f e r e n c e n u m b e r a n d the s u b ­
s c r i p t s 1, 2 a n d 3 d e n o t e t h e m e t a l i o n , t h e o x y g e n i o n a n d 
e l e c t r o n , r e s p e c t i v e l y . T h e t o t a l e l e c t r i c a l c o n d u c t i v i t y is σ . 
L o c a l e q u i l i b r i u m is a s s u m e d to o c c u r at t h e m e t a l - o x i d e i n t e r ­
f a c e a n d a l s o at t h e o x i d e - g a s i n t e r f a c e . T h e r e f o r e , t h e c h e m i ­
c a l p o t e n t i a l o f o x y g e n is f i x e d at e a c h i n t e r f a c e . T h e o x y g e n 
p r e s s u r e at the m e t a l - o x i d e i n t e r f a c e is f i x e d a s the d i s s o c i a ­
t i o n p r e s s u r e o f the o x i d e a n d d e n o t e d a s P o 2 · T h e o x y g e n 
p a r t i a l p r e s s u r e in the g a s p h a s e , p 5 2 > is at e q u i l i b r i u m at t h e 
o x i d e - g a s i n t e r f a c e . ( S e e F i g u r e 7 ) T h i s e q u a t i o n m a y be 
w r i t t e n a s 

k 
η _ r 
A " ΔΧ 

w h e r e k r is t h e r a t i o n a l r a t e c o n s t a n t * e x p r e s s e d a s e q / c m - s e c . 
I n o t h e r w o r d s , the f l u x is i n v e r s e l y p r o p o r t i o n a l the f i l m 
t h i c k n e s s - - j u s t the r e q u i r e m e n t o f the p a r a b o l i c r a t e l a w . 
W h e n t 3 » t i o r t 2 , ( t h e o x i d e is p r i m a r i l y a n e l e c t r o n i c c o n ­
d u c t o r ) t h e e q u a t i o n m a y be r e w r i t t e n u s i n g the N e r n s t - E i n s t e i n 
e q u a t i o n , 

u . 
D S = B . k T = i — V - k T . ( 1 7 ) 

ι ι |z .|q 

H e r e B ^ is t h e a b s o l u t e m o b i l i t y o f t h e i t h s p e c i e s , u^ the d r i f t 
m o b i l i t y , D f t h e s e l f d i f f u s i o n c o e f f i c i e n t a n d t h e o t h e r t e r m s 
h a v e t h e i r u s u a l s i g n i f i c a n c e . It f o l l o w s t h a t 

• C P ° 2 d P o k 

w h e r e C e q d e n o t e s the n u m b e r o f e q u i v a l e n t s o f o x i d e p e r c c . 
P a r t i c u l a r n o t e is m a d e o f t h e f a c t t h a t t h e t r a n s p o r t n u m b e r s 
a n d t h e d i f f u s i o n c o e f f i c i e n t s a r e b e h i n d the i n t e g r a l b e c a u s e 
t h e p a r a m e t e r s d e p e n d d e c i s i v e l y o n the m e t a l - t o - o x y g e n r a t i o 
a n d h e n c e o n t h e e f f e c t i v e v a l u e o f the o x y g e n p o t e n t i a l . T h e 
v a l e n c e o f the c a t i o n a n d a n i o n , z 2 a n d z 2 a r e b e h i n d the i n t e ­
g r a l . 

T h e r a t i o n a l r a t e c o n s t a n t , 1^ , is r e l a t e d t o t h e T a m m a n 
r a t e c o n s t a n t , 

k = k ^ / v . ( S e e f o o t n o t e o n P a g e 2 ) 
r 1 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



3. W A G N E R High-Temperature Corrosion 85 

F r e q u e n t l y , t h e v a l u e s of Όι a n d D 2 a r e v e r y d i s s i m i l a r 
a n d one t e r m in b r a c k e t s E q . ( 1 8 ) m a y be n e g l e c t e d . F o r 
e x a m p l e , in t h e c a s e o f t h e o x i d a t i o n o f c o b a l t , i t w a s n o t e d 
e a r l i e r t h a t D ç 0 » D Q in C o O . C o n s e q u e n t l y , t h e s e c o n d t e r m 
in b r a c k e t s m a y be n e g l e c t e d a n d 

(19) 

O f t e n a u t h o r s p l o t t h e l o g a r i t h m o f the p a r a b o l i c r a t e c o n ­
s t a n t ( u s u a l l y k p o r fop) v e r s u s l o g P Q 2 a n d i n f e r f r o m t h e 
o x y g e n p r e s s u r e d e p e n d e n c e ( ± 1 / n ) a m e c h a n i s m . If o n e m e c h ­
a n i s m d o m i n a t e s a c r o s s t h e o x i d e l a y e r , t h a t is, o n e m e c h a n i s m 
is p r e d o m i n a t e b e t w e e n P Q ' a n d the u p p e r l i m i t f o r P Q ^ , t h e n 

1_ J_ 
\ œ [ ρ

0 ; ± η - ρ θ 2
± η ] ( 2 0 ) 

w h e r e the v a l u e of η a n d i t s s i g n w i l l d e p e n d o n t h e t y p e o f d e ­
f e c t s in t h e o x i d e . F o r p - t y p e o x i d e s s u c h a s c o b a l t o u s o x i d e , 
1 / n = + 1 / 4 , f o r c u p r o u s o x i d e 1 / n = + 1 / 8 , e t c . F o r a n n - t y p e 
o x i d e s u c h a s Z n O , P Q = ~ 1 / 4 · D e t a i l s o f t h e d e f e c t s t r u c t u r e 
o f m a n y c o m p o u n d s m a y be f o u n d , f o r e x a m p l e , in t h e b o o k b y 
K r o g e r ( 1 2 ) . 

N o t e t h a t a n I n c r e a s e in o x y g e n p r e s s u r e (po2 ) r e s u l t s in 
a n i n c r e a s e in o x i d a t i o n r a t e . H o w e v e r the s i g n of t h e e x p o n e n t 
o n t h e o x y g e n p r e s s u r e in E q . ( 2 0 ) e x e r t s a l a r g e e f f e c t . F o r 
c o b a l t o u s o x i d e , 1 / n = + 1 /4 . A n i n c r e a s e in o x y g e n r e s u l t s in 
a n i n c r e a s e in the c o n c e n t r a t i o n o f c a t i o n v a c a n c i e s a n d a c o n ­
s e q u e n t i n c r e a s e in o x i d a t i o n r a t e . B u t f o r s o m e m e t a l s , t h e 
c h a n g e in o x i d a t i o n r a t e w i t h o x y g e n p r e s s u r e is s m a l l . F o r 
e x a m p l e , z i n c o x i d e g r o w i n g o n z i n c m e t a l . T h e d o m i n a n t d e ­
f e c t s in z i n c o x i d e a r e s i n g l y i o n i z e d z i n c i n t e r s t i t i a l s a n d c o m ­
p e n s a t i n g e l e c t r o n s ( i . e . , Z n / O > 1 ) . T h e e q u a t i o n m a y be 
w r i t t e n a s 

Z n O = Z n * + e ' + 1 /2 0 2 . ( 2 1 ) 

T h e c o r r e s p o n d i n g e q u i l i b r i u m c o n s t a n t is 

K 2 2 = [ Z n ! ] [ e ' ] · p i ( 2 2 ) ι u 2 

a n d e l e c t r o n e u t r a l i t y c o n d i t i o n is 

[ Z n : ] = [ e ' ] (.23) 
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s o t h a t 

[ Ζ η ' ] = / K 2 2 p ( 2 4 ) 1 u 2 

H e n c e , i n c r e a s i n g the o x y g e n p r e s s u r e o v e r z i n c o x i d e g r o w i n g 
o n z i n c m e t a l a f f e c t s the o x i d a t i o n r a t e v e r y l i t t l e b e c a u s e d i s -
f u s i o n t h r o u g h z i n c o x i d e is v i a i n t e r s t i t i a l z i n c i o n s . T h e s e 
l i m i t i n g c a s e s a r e s h o w n s c h e m a t i c a l l y in F i g u r e 8 ( 1 3 ) , 

T h e t e m p e r a t u r e d e p e n d e n c e o f the k i n e t i c s at c o n s t a n t 
o x y g e n p r e s s u r e is o f t e n p l o t t e d a s l o g k p o r l o g krp v e r s u s 1 / T . 
I n a d d i t i o n t o t h e m i g r a t i o n e n t h a l p y o f t h e m o b i l e s p e c i e s , the 
s l o p e o f s u c h a n A r r h e n i u s p l o t m a y r e f l e c t a n e n t h a l p y f o r t h e 
c h a n g e in c o m p o s i t i o n o f t h e o x i d e w i t h t e m p e r a t u r e . 

T h e o x i d a t i o n r a t
s e l f d i f f u s i o n d a t a . C o n v e r s e l y
to c a l c u l a t e s e l f d i f f u s i o n d a t a . E q . ( 18 ) m a y be r e a r r a n g e d 
a n d the r a t e c o n s t a n t d i f f e r e n t i a t e d w i t h r e s p e c t t o l o g o x y g e n 
p r e s s u r e to y i e l d 

C r f h D ? + D S
2 } = C f ^ ( 2 5 ) 

' 2 I C e q d l n P < D 2 

S s 
W h e n D i » D 2 a n d z i = z 2 , t h e e q u a t i o n m a y be s i m p l i f i e d . 
M o r e o v e r t h e p r a c t i c a l s c a l i n g c o n s t a n t s m a y be i n t r o d u c e d 
i n t o E q . ( 2 5 ) t o y i e l d 

s d k P D x = c o n s t a n t — . ( 2 6 ) d l o g ρ 

T h u s i f o n e m e a s u r e s k p ( o r k-p ) a s a f u n c t i o n o f o x y g e n p r e s ­
s u r e a n d p l o t s t h e d a t a a s k p ( o r krp) v e r s u s l o g P Q * , t h e t a n ­
g e n t to t h e c u r v e g e n e r a t e d y i e l d s a v a l u e o f D x at a n y f i x e d 
P Q 7 7 - S u c h p r o c e d u r e s h a v e b e e n u s e d b y F . S . P e t t i t [ F e O 
( l l ) ] , K . F u e k i a n d J. B . W a g n e r [ N i O (15_), M n O ( 1 6 ) ] a n d 
b y S . M r o w e c a n d c o w o r k e r s [ C o O (17_, 1 8 ) , C u 2 Ο ( 1 9 ) ] . T h e 
a g r e e m e n t b e t w e e n s e l f d i f f u s i o n d a t a c a l c u l a t e d f r o m d i r e c t 
r a d i o t r a c e r d i f f u s i o n d a t a a n d t h o s e c a l c u l a t e d f r o m o x i d a t i o n 
k i n e t i c s is r e m a r k a b l y g o o d i n d i c a t i n g t h e v a l i d i t y o f C . 
W a g n e r ' s t h e o r y . 

S o m e m e t a l - o x y g e n s y s t e m s e x i s t w i t h m o r e t h a n o n e 
s t a b l e o x i d e c o m p o u n d . E x a m p l e s a r e C o O a n d C o 3 0 4 ; F e O , 
F e 3 0 4 a n d F e 2 0 3 ; a n d C u 2 0 a n d C u O . W h e n o x y g e n p r e s s u r e s 
h i g h e n o u g h t o n u c l e a t e a s e c o n d p h a s e a r e e n c o u n t e r e d , the 
r a t e o f o x i d a t i o n m a y be a l t e r e d d r a m a t i c a l l y . A s a n e x a m p l e , 

In Corrosion Chemistry; Brubaker, G., et al.; 
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METAL OXIDE 

-oxygen ons-

02GAS 

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
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 interface. The former is fixed by the dissociation pressure of the 

oxide, po2', and the htter by the ambient oxygen partial présure, po2"-

METAL 

metal deficit 

GAS 

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
creasing oxygen pressure on a metal deficit 
oxide, e.g., cobaltous oxide. See Equations 
9, 10, 11, 12, and 13. The lattice defects in 
CoO are VCo'. Parabolic oxidation proceeds 
via diffusion of cobalt ions migrating by 
means of VVo'. Thus increasing p02" exerts 
a large influence on the oxidation rate of 
cobalt. The lower figure shows the effect of 
oxygen partial 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). 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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c o n s i d e r the o x i d a t i o n o f p u r e c o p p e r t o c u p r o u s o x i d e . T h e 
r a t e o f o x i d a t i o n i n c r e a s e s w i t h i n c r e a s i n g o x y g e n p r e s s u r e 
u n t i l the c u p r i c o x i d e p h a s e is f o r m e d o n top of the g r o w i n g 
c u p r o u s o x i d e . I n t h i s e x a m p l e o x i d a t i o n p r o c e e d s v i a d i f f u s i o n 
o f c o p p e r ( v i a s i n g l y i o n i z e d c o p p e r i o n v a c a n c i e s ) t h r o u g h t h e 
i n n e r o x i d e . W h e n P Q 2 a t t a i n s the v a l u e f o r the c o e x i s t e n c e o f 
C u z O a n d C u O , t h e g r a d i e n t in o x y g e n a c t i v i t y a n d c a t i o n v a c a n ­
c y c o n c e n t r a t i o n is f i x e d ( P Q ' e q u a l s t h e d i s s o c i a t i o n p r e s s u r e 
f o r C u 2 0 o r the c o e x i s t e n c e o x y g e n p r e s s u r e f o r C u a n d C u 2 0 ) . 
T h e v a l u e of the o x y g e n p r e s s u r e at t h e C u 2 0 - C u O b o u n d a r y is 
f i x e d a n d b e c a u s e d i f f u s i o n o f c o p p e r t h r o u g h the C u 2 0 is r a t e 
l i m i t i n g , t h e k i n e t i c s b e c o m e i n d e p e n d e n t o f o x y g e n p r e s s u r e at 
t h i s p o i n t . T h i s s i t u a t i o n is s h o w n s c h e m a t i c a l l y in F i g u r e 9 . 

O x i d a t i o n o f a l l o y s i n t r o d u c e s a h i g h e r d e g r e e o f c o m ­
p l e x i t y . W h e n t w o c o m p o n e n t s a r e p r e s e n t , e a c h is c o m p e t i n g 
f o r t h e o x y g e n in a c c o r
o x i d e p e r g r a m a t o m o f o x y g e n . F o r i l l u s t r a t i v e p u r p o s e s , c o n ­
s i d e r a g a i n l i m i t i n g c a s e s . T h e f i r s t is a b i n a r y a l l o y , A B , 
w h i c h is v e r y d i l u t e in one c o m p o n e n t , e . g . , 9 9 . 5 at $ A a n d 
0 . 5 at $ B . F u r t h e r m o r e , a s s u m e t h e r e s p e c t i v e o x i d e s , A O v 

a n d B O v f o r m s o l i d s o l u t i o n s . S u c h a l l o y s o f n i c k e l h a v e b e e n 
e x t e n s i v e l y s t u d i e d . W h e n n i c k e l c o n t a i n i n g s m a l l a m o u n t s o f 
c h r o m i u m is o x i d i z e d , t h e o x i d a t i o n k i n e t i c s a r e m o r e r a p i d t h a n 
f o r p u r e n i c k e l . T h e r e a s o n is t h a t t h e s m a l l a m o u n t o f c h r o m ­
i u m e n t e r s the n i c k e l o x i d e c r e a t i n g a g r e a t e r c o n c e n t r a t i o n o f 
n i c k e l i o n v a c a n c i e s w h i c h in t u r n i n c r e a s e s the d i f f u s i o n o f 
n i c k e l a n d h e n c e the p a r a b o l i c o x i d a t i o n k i n e t i c s (20_). T h e 
r e l e v a n t e q u a t i o n s a r e a s f o l l o w s . F o r p u r e n i c k e l o x i d e the 
d e v i a t i o n f r o m s t o i c h i o m e t r y is s i m i l a r t o t h a t f o r c o b a l t o u s 
o x i d e e x c e p t t h a t d o u b l y i o n i z e d c a t i o n v a c a n c i e s f o r m in p u r e 
N i Ο at e l e v a t e d t e m p e r a t u r e s . 

+ 2 h \ ( 2 7 ) 

; ] * / p 0 f . ( 2 8 ) 

T h e e l e c t r o n e u t r a l i t y c o n d i t i o n is 

( 2 9 ) 

s o t h a t 
•t (30) 

o 2 
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î CUgO Cu 0 + CuO 
kT 
or 
kp 

< dissoc. pressure 
of CuO - Cû P 

log R" > 
υ 2 

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-Cu20 and at the Cu20-CuO interface, 

and the kinetics become independent of external oxygen pressure (13). 

In Corrosion Chemistry; Brubaker, G., et al.; 
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F o r a f i x e d o x y g e n p r e s s u r e , a d d i n g a d o n o r ( C r ^ ) i n c r e a s e s 
the c o n c e n t r a t i o n o f c a t i o n v a c a n c i e s a c c o r d i n g t o 

C ^ ° 3 = 2 C r N i + 3 ° 0 + V N i ( 3 1 ) 

a c c o r d i n g l y t h e o x i d a t i o n r a t e i n c r e a s e s ( 2 £ ) . C o n v e r s e l y * 
a d d i n g a n a c c e p t o r ( L i ^ ) d e c r e a s e s the c o n c e n t r a t i o n o f c a t i o n 
v a c a n c i e s a n d the r a t e d e c r e a s e s ' * ( 2 Ό ) . S u c h m o d i f i c a t i o n o f 
o x i d a t i o n k i n e t i c s h a s b e e n t e r m e d the d o p i n g e f f e c t b y a l i o -
v a l e n t a d d i t i o n s . T h e d e f e c t c h e m i s t r y ( n u m b e r a n d t y p e s o f 
l a t t i c e a n d e l e c t r o n i c d e f e c t s ) h a s b e e n t e s t e d u s i n g c h i e f l y e l e c ­
t r i c a l c o n d u c t i v i t y but a l s o t h e r m o g r a v i m e t r y a n d d i f f u s i o n 
s t u d i e s o n d o p e d c r y s t a l s . T h e t e c h n i q u e h a s b e e n u s e d e x t e n ­
s i v e l y a n d q u a n t i t a t i v e p r e d i c t i o n s c a n be r e a d i l y m a d e p r o v i d e d 
the d e f e c t s t r u c t u r e o f t h e h o s t l a t t i c e is k n o w n . F o r e x a m p l e , 
in t h e c a s e o f n i c k e l c o n t a i n i n

k p ( N i - C r a l l o y ) 

[ k 0 ( p u r e N i ) ] „ 
Ρ ρ ' = c o n s t . 

U 2 

m o l e f r a c t i o n C r * T . in d o p e d N i O 
<* ΪΪΪ 1 . ( 3 2 ) 

m o l e f r a c t i o n h in p u r e N i O 

T h i s h o l d s f o r d i l u t e a l l o y s a n d d i l u t e s o l i d s o l u t i o n o f o x i d e s . 
If h i g h e r c o n c e n t r a t i o n s o f c h r o m i u m a r e u s e d , a s e c o n d p h a s e 
o f C r 2 0 3 m a y f o r m o n t h e o u t e r s u r f a c e . C o n s e q u e n t l y , a s i t u a ­
t i o n s i m i l a r t o t h a t d i s c u s s e d a b o v e f o r the f o r m a t i o n o f C u O o n 
C u 2 0 o b t a i n s . H o w e v e r , t r a n s p o r t t h r o u g h C r 2 0 3 is v e r y s l o w 
a n d t h a t s t e p b e c o m e s r a t e l i m i t i n g w i t h a c o n c u r r e n t d r a m a t i c 
d e c r e a s e in o x i d a t i o n r a t e o f t h e a l l o y . 

A n o t h e r l i m i t i n g c a s e is t h a t o f a n a l l o y , A B , w h i c h 
o x i d i z e s to f o r m o n l y o n e o x i d e , A O . A n e x a m p l e is the n i c k e l -
p l a t i n u m a l l o y . P l a t i n u m d o e s n ' t o x i d i z e a n d o n l y N i O is 
f o r m e d . W h e n a g i v e n a l l o y is o x i d i z e d at h i g h t e m p e r a t u r e s , 
the f o r m a t i o n o f N i O u s e s u p t h e n i c k e l in t h e s u r f a c e o f the 
a l l o y . M o r e n i c k e l m u s t d i f f u s e to t h e s u r f a c e f r o m t h e b u l k o f 
t h e a l l o y in o r d e r t o f o r m m o r e N i O . S i m u l t a n e o u s l y , p l a t i n u m 

T h e p r e p a r a t i o n o f a L i - N i a l l o y is e x c e e d i n g l y d i f f i c u l t o w i n g 
t o v a p o r i z a t i o n p r o b l e m s . T h e t h e o r y h a s b e e n t e s t e d b y 
v a p o r i z i n g L i 2 Ο o n t o t h e g r o w i n g N i O a s N i w a s o x i d i z e d . A 
d e c r e a s e in o x i d a t i o n r a t e w a s o b s e r v e d . (2Ό ) 
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m u s t d i f f u s e a w a y f r o m t h e s u r f a c e ( s e e F i g u r e 1 0 ) . T h e 
c h e m i c a l p o t e n t i a l o f o x y g e n at t h e a l l o y - o x i d e i n t e r f a c e is n o t 
f i x e d but c h a n g e s s l o w l y w i t h t i m e a s t h e c o m p o s i t i o n o f t h e 
a l l o y c h a n g e s a c c o r d i n g to 

N i ( i n a l l o y ) + J 0 2 = N i O ( 3 3 ) 

a N i P O f 
T h e N i O is p u r e s o i t s a c t i v i t y is s e t e q u a l t o u n i t y in 

E q . ( 3 4 ) . H o w e v e r t h e a c t i v i t y o f n i c k e l , a ^ , d e c r e a s e s w i t h 
t i m e ( t h e a l l o y b e c o m e s m o r e c o n c e n t r a t e d in P t ) s o the o x y g e n 
p a r t i a l p r e s s u r e at t h e a l l o y - N i O i n t e r f a c e i n c r e a s e s w i t h t i m e 
( s e e E q . ( 3 4 ) j « T h i s e f f e c
c h a n g e in o x y g e n p r e s s u r
P Q / Φ c o n s t a n t ) . F u r t h e r m o r e , d i f f e r e n t a l l o y s w i l l o x i c n z e 
at d i f f e r e n t r a t e s . F o r a l l o y s r i c h in n i c k e l , t h e k i n e t i c s w i l l 
be a l m o s t t h o s e of p u r e n i c k e l . B u t a s t h e c o n c e n t r a t i o n of 
p l a t i n u m i n c r e a s e s b e y o n d a c e r t a i n c r i t i c a l v a l u e , d i f f u s i o n o f 
n i c k e l t o t h e m e t a l - m e t a l o x i d e s u r f a c e w i l l be r a t e - d e t e r ­
m i n i n g a n d a l a r g e d e c r e a s e in o x i d a t i o n r a t e w i l l o c c u r , i . e . , 
t h e r a t e l i m i t i n g s t e p w i l l be d i f f u s i o n in t h e a l l o y a n d n o t d i f ­
f u s i o n t h r o u g h t h e o x i d e s c a l e . 

A n o t h e r l i m i t i n g c a s e is a n a l l o y , A B , n e i t h e r c o m p o n e n t 
o f w h i c h i n i t i a l l y r e a c t s t o f o r m a n e x t e r n a l s c a l e a n d in w h i c h 
c o m p o n e n t A h a s a m u c h g r e a t e r a f f i n i t y f o r o x y g e n t h a n B . A 
c l a s s i c a l e x a m p l e is the s i l v e r - i n d i u m a l l o y s y s t e m . S i l v e r 
d o e s n ' t f o r m a n o x i d e at e l e v a t e d t e m p e r a t u r e s , but i t d o e s 
d i s s o l v e o x y g e n . S m a l l a m o u n t s o f i n d i u m w i l l t h e r e f o r e f o r m 
a n o x i d e w i t h i n the a l l o y m e t a l , a s o - c a l l e d s u b s c a l e o r i n t e r n a l 
o x i d e . T h e p r o c e s s is d i f f u s i o n c o n t r o l l e d a n d the d i f f u s i o n o f 
o x y g e n in the a l l o y is r a t e l i m i t i n g . S u c h s y s t e m s h a v e b e e n 
s t u d i e d e x t e n s i v e l y b y R . A . R a p p , e s p e c i a l l y t h e t r a n s i t i o n 
f r o m o n l y i n t e r n a l o x i d a t i o n t o t h e f o r m a t i o n o f a n e x t e r n a l 
s c a l e ( 2 2 ) . 

W h e n b o t h c o m p o n e n t s o f a h o m o g e n e o u s , o n e p h a s e a l l o y 
r e a c t w i t h o x y g e n , t h e r e is a c o m p e t i t i o n f o r t h e o x y g e n in 
t e r m s o f the a f f i n i t y f o r o x y g e n a s m e n t i o n e d a b o v e . If the 
o x i d e s s o f o r m e d a r e i m m i s c i b l e , t h e n u c l e a t i o n a n d g r o w t h of 
e a c h o x i d e p h a s e a s w e l l a s d i s p l a c e m e n t r e a c t i o n s m u s t be 
c o n s i d e r e d . A s a n e x a m p l e , c o n s i d e r 8 5 - 1 5 b r a s s ( 8 5 w t $ 
c o p p e r = 15 w t $ z i n c ) o x i d i z e d at 700° C . F o r t h e f i r s t h o u r 
the k i n e t i c s a r e n e a r l y p a r a b o l i c , i . e . , d i f f u s i o n c o n t r o l l e d . 

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



92 CORROSION C H E M I S T R Y 

T h e f r e e e n e r g y o f f o r m a t i o n f o r z i n c o x i d e is m u c h m o r e n e g a ­
t i v e t h a n t h a t f o r c u p r o u s o x i d e . B u t t r a n s p o r t o f i o n s t h r o u g h 
C u 2 0 is m u c h g r e a t e r t h a n t r a n s p o r t t h r o u g h Z n O . C o n s e q u e n t ­
l y , c u p r o u s o x i d e a n d s o m e z i n c o x i d e f o r m s o n t h i s b r a s s a n d 
a s t i m e p r o c e e d s , a d i s p l a c e m e n t r e a c t i o n o c c u r s ( 2 3 ) , 

Z n ( a l l o y ) + C u 2 0 ( o x i d e l a y e r ) = Z n O ( o x i d e l a y e r ) + 
2 C u ( f r e e ) . T h i s is i n d i c a t e d b y the a p p e a r a n c e o f f r e e c o p p e r 
( p i n k c o l o r ) in the c r o s s s e c t i o n s o f the s a m p l e s a n d a d e c r e a s e 
in r a t e a s m o r e Z n O f o r m s w i t h t i m e . F u r t h e r m o r e , i f t h e 
o x y g e n is p u m p e d out o f t h e r e a c t i o n c h a m b e r a n d t h e s a m p l e 
g i v e n a n a n n e a l in a n i n e r t g a s , t h e s u b s e q u e n t o x i d a t i o n k i n e ­
t i c s in o x y g e n a r e d r a s t i c a l l y r e d u c e d ( s e e F i g u r e 1 1 ) . T h i s 
l a r g e r e d u c t i o n in o x i d a t i o n k i n e t i c s is due to the l a r g e p r o p o r ­
t i o n of Z n O f o r m e d d u r i n g the a n n e a l in a n i n e r t g a s a n d the 
f a c t t h a t d i f f u s i o n t h r o u g h Z n O is s l o w . T h e i m p o r t a n c e o f d i s ­
p l a c e m e n t r e a c t i o n is
n a l g a s a t m o s p h e r e c a n g r o w b y m e a n s o f a d i s p l a c e m e n t 
r e a c t i o n . 

A s m o r e a n d m o r e d e m a n d s a r e p l a c e d o n m a t e r i a l s f o r 
e n e r g y p r o d u c t i o n , the d i v e r s i t y o f c o r r o s i v e a t m o s p h e r e s 
c o m p l i c a t e s a n d a c c e n t u a t e s t h e c o r r o s i o n p r o b l e m s . F o r 
e x a m p l e in c o a l g a s i f i c a t i o n p l a n t s a n d in c e r t a i n a i r p l a n e t u r ­
b i n e e n g i n e a p p l i c a t i o n s , m i x t u r e s o f o x y g e n a n d s u l f u r b e a r i n g 
g a s e s a r e e n c o u n t e r e d . C o n s i d e r a p u r e m e t a l e x p o s e d to a 
m i x e d o x i d a n t , e . g . , n i c k e l e x p o s e d to o x y g e n a n d s u l f u r 
d i o x i d e . T h e s u l f u r d i o x i d e i n c r e a s e s the r a t e o f p a r a b o l i c 
c o r r o s i o n . O n e l i m i t i n g c a s e h a s b e e n d i s c u s s e d b y A l c o c k , 
H o c k i n g s a n d S t e e l e ( 2 4 ) . T h e y s u g g e s t e d t h a t s u l f u r e n t e r e d 
N i O a n d c r e a t e d a d d i t i o n a l c a t i o n v a c a n c i e s w h i c h i n c r e a s e d 
the o x i d a t i o n r a t e o f n i c k e l . J. B . W a g n e r (25) s u g g e s t e d the 
f o l l o w i n g e q u a t i o n , 

S 0 2 ( g ) = S Q ( i n N i O ) + 0 2 + e ' ( 3 5 ) 

a n d t h a t i f s u l f u r a c t s a s a d o n o r , i t a f f e c t s N i O in t h e s a m e 
w a y a s c h r o m i u m d o p i n g , i . e. , c r e a t e s c a t i o n v a c a n c i e s . 
H o w e v e r , the s o l u b i l i t y o f s u l f u r is v e r y s m a l l [ a b o u t 1 0 1 8 / c c 
(26_)1 a n d s o m e r e p o r t e d i n c r e a s e s in r a t e s w e r e f a r in e x c e s s 
o f t h a t w h i c h E q . ( 3 5 ) c o u l d a c c o u n t f o r . W o r r e l l (27) m a d e a 
v e r y i m p o r t a n t s u g g e s t i o n . I n S 0 2 - 0 2 g a s m i x t u r e s , i t s o m e ­
t i m e s h a p p e n s that t w o p h a s e ( d u p l e x ) s c a l e s a r e f o r m e d . 
T h e s e s c a l e s c o n s i s t o f t h i n c h a n n e l s o r s t r i n g e r s o f s u l f i d e 
e m b e d d e d in a m a t r i x o f o x i d e . B e c a u s e d i f f u s i o n in the s u l ­
f i d e s is s o m u c h f a s t e r t h a n d i f f u s i o n in o x i d e s , the r a t e is 
d e t e r m i n e d b y d i f f u s i o n t h r o u g h t h e c h a n n e l s . T h i s t y p e o f 
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Ni-R ALLOY 

CONC. 

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). 

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 
(Cu20 and ZnO) is rate determining. The displacement reaction, Zn (alloy) + 
Cu20 (oxide layer) = 2Cu (free) - f 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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p a r a l l e l d i f f u s i o n p a t h w i l l be v e r y i m p o r t a n t in c o r r o s i o n o f 
m u l t i p h a s e a l l o y s t h a t f o r m m u l t i p h a s e s c a l e s . 

In t h e f o r e g o i n g , l i m i t i n g c a s e s o f v a r i o u s h i g h t e m p e r a ­
t u r e , i s o t h e r m a l c o r r o s i o n s i t u a t i o n s h a v e b e e n b r i e f l y d i s ­
c u s s e d . A c t u a l l y in m o s t e n g i n e e r i n g u s e s , the c o r r o s i o n is 
n o t i s o t h e r m a l but i n v o l v e s c y c l i c t h e r m a l t r e a t m e n t ( e . g . , in 
a t u r b i n e e n g i n e ) . I n a d d i t i o n to s e e k i n g a n o x i d e s c a l e t h a t 
w i l l e x h i b i t s l o w d i f f u s i o n o f t h e r e a c t a n t s , i t is n e c e s s a r y t h a t 
t h e o x i d e r e s i s t t h e r m a l s h o c k - M o s t o f t h e p r o t e c t i v e o x i d e s 
i n v o l v e A 1 2 0 3 , C r 2 0 3 o r S i 0 2 . E f f o r t s t o i n c r e a s e the a d h e r ­
e n c e o f t h e o x i d e o n t h e m e t a l h a v e b e e n d i r e c t e d t o a d d i t i o n s 
o f c e r t a i n r a r e e a r t h m e t a l o x i d e s to t h e m e t a l o r a l l o y . T h e s e 
o x i d e s a r e u s u a l l y i n s o l u b l e in b o t h t h e m e t a l a n d t h e o x i d e 
s c a l e . S u r p r i s i n g l y , t h e s m a l l p a r t i c l e s o f t h e s e a d d e d o x i d e s 
o f t e n s e g r e g a t e t o the
t o p r o j e c t u p f r o m th
i n c r e a s e in r e s i s t a n c e t o s p a l l i n g d u r i n g t h e r m a l s h o c k . O n e 
s u g g e s t i o n is t h a t t h e o x i d e p a r t i c l e s a c t a s " p e g s " t o p i n t h e 
o x i d e s c a l e . O t h e r e x p l a n a t i o n s i n v o l v e c h a n g e s in t h e i n t e r ­
f a c e c h e m i s t r y a n d c o n c u r r e n t a d h e s i o n b e t w e e n m e t a l a n d 
s c a l e o r a c h a n g e in p l a s t i c i t y of t h e o x i d e s c a l e . In a n y c a s e 
the e f f e c t is i m p o r t a n t a n d t h e m o s t a p p r o p r i a t e e x p l a n a t i o n 
a w a i t s s o m e c h a l l e n g i n g s u r f a c e c h e m i s t r y a n d m i c r o a n a l y s i s . 

T h e f o r e g o i n g s u r v e y w a s f o c u s e d o n s i t u a t i o n s w h e r e 
b i i l k d i f f u s i o n p r o c e s s e s w e r e r a t e d e t e r m i n i n g . S u c h s y s t e m s 
a r e a m e n a b l e t o a n a l y s i s u s i n g a n e l e c t r o c h e m i c a l a p p r o a c h . 
O t h e r f a c t o r s s u c h a s t r a n s p o r t d o w n p o r e s o r c r a c k s , v o l a t i ­
l i z a t i o n o r m e l t i n g o f t h e o x i d e s c a l e m a y o c c u r a n d r e q u i r e 
d i f f e r e n t a n a l y s e s but d i f f u s i o n c o n t r o l l e d p r o c e s s e s m a y be 
m a t h e m a t i c a l l y m o d e l e d a n d c o r r e l a t e d w i t h t h e d e f e c t c h e m ­
i s t r y o f t h e c o r r o s i o n p r o d u c t . T h e s e l i m i t i n g c a s e s p r o v i d e 
a g u i d e to u n d e r s t a n d i n g t h e m o r e c o m p l e x p h e n o m e n a f r e ­
q u e n t l y e n c o u n t e r e d . 
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Ionic and Electronic Conduction in Nonmetallic Phases 

J O H N W. P A T T E R S O N 

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 wer
and charge transport in
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 f i r s t tenable model for ionic 
conductivity was proposed by Frenkel(4), 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 a l ­
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, a l l 
species large and small are capable of substantial migration at a l l 
times. In solid crystals, however, only the interstitial atoms and 
those next to vacant sites can enjoy any significant amount of mo­
tion. Thus, i t was realized that the concentrations of mobile de­
fects are the important things, at least in connection with the ionic 
conductivity of crystals. An elaborate analysis of thermodynamic 
equilibria of point defects was then developed by Wagner and 
Schottky (5z§_) in 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 a l l the 
foregoing concepts to explain the phenomenon of parabolic tarnish­
ing of metal in aggressive environments ̂— . 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 a l l the charged carriers migrated with Einstein-type 
mobilities under the combined influences of free energy (i.e., 
chemical potential) gradients and electric fields. In 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
numbers or the open circui

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 c r i t i c a l 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(20) , fuel c e l l -
battery applications(20) f o r laboratory investigations of 
thermodynamic data(21-23)^ I n a-Q Q f 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 c a s e s 2 4 ) . 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 i n i t i a l l y elucidated them 
have remained in tact to the present time. In part II of this paper, 
less simple mixed conducting phases and non open circuit conditions 
will be considered 

Physical 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 invoke a simplified model or i ­
ginally put forward by Hoar and Price (—^ , but this comes later. 
First let us outline th
in parabolic scaling. 

Figure 2 facilitates the physical description by showing the 
compound MaX^ (oxide, fluoride, chloride, etc.) attached as a 
scaling layer to the substrate of metal M on the l e f t . The layer 
is exposed to an atmosphere containing X 2 gas molecules ( O 2 , F 2, 
C l 2 f N2/ etc.) on the right where the X 2 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 — is just 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 s t i l l 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, i f anions are mobile, but cations are 
not, the adsorption-dissociation process X 2 (g) 2 X (ads) on the 
right is followed by anion migration through the scale and growth 
occurs at the M, MaXb interface (left side). These two situations 
can be distinguished experimentally by identifying markers inside 
the scale. The apparent change of depth of the marker with time 
identifies the mobile ionic species. 

If the scale is an ionic compound, X 2 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 i t 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 i f eletrochemical forces are at play . In fact, i f there were 
no electronic leakage paths connecting the two surfaces, a l l 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, i t 
is best to think of scales as mixed (ionic and electronic) conduc­
tors. The effect of the
charge,on the surfaces an
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 a l l 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 i f 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. And although the growth kinetics 
will s t i l l 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 f i r s t . 

Equivalent Circuit Description of Mixed Conduction in Solids 
In essence chemical free energy differences cause the ions to 

migrate during scaling. This is similar to the way batteries induce 
current flow in resistors. In parabolic scaling the cations mi­
grate outward to the gas surface while the anions move inwards to­
ward the metal. The molar free energy μ (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 Χ or 
X2. Thus, every time a mole of metal migrates out from the inside/ 
the total free energy of the entire system drops by the amount 

II I 
μ - u = Δμ 1 Μ μΜ MM 
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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 m is 
very low compared to \xm 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 

ι ii 
h Μχ2 - h y X 2 = -h Δμ Χ 2 2 

and is also a decrease as μ Χ 2 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 f i r s t place. 
They continue to persist but become less and less effective as the 
coulombic fields build up at the opposite sides of the scale. In 
any case, we begin to see how an electrical formulation of the 
chemical process of scalin  might becom  possible  Th  actual ion
ic migrations amount to
being driven at the expense o  the chemica  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 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 and V 2 are given by the expressions 
v l = - A V Z 1 P 3 
V 2 = - h A p X 2 / Z 2 F 4 

Since the valences ζ of the cations and anions are always opposite in 
sign and the two chemical potential differences are always opposed 
in scaling, i t follows that both voltages will have the same sign. 
As a matter of fact, i t 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 μ-̂  a n c^ ^2' 
merely means that the two batteries and V 2 are equivalent to, 
and hence may be replaced by, the single one shown dotted—in on the 
figure. 

If voltages and V 2 simulate the chemical driving forces ac­
ting on the ions during scaling, the resistors and R2 simulate 
the scale's resistance to cation and anion migration. Its imped­
ance to electron flow is represented by the single resistor R 3 
which is shown connected a l l the way across the scale thickness. 
The resistor R 3 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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SUBSTRATE 
METAL M 

EFFECTIVE X£ GAS 
PARTIAL PRESSURE = Pi 

SCALING LAYER 

a b 

CATIONS 

•I2 ANIONS J 2 -

I3 ELECTRONS J 3 -

AMBIENT ATMOSPHERE 
(ACTUAL X2 GAS, 
PARTIAL PRESSURE = p" 

Industrial and Engineering Chemistry, 
Product Research and Development 

Figure 2. Physical arrangement of a metal (M) undergoing scaling (39) 
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Figure 3. DC circuit analog to simulate scaling according to electrochemical 
theory (39) 
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for these resistors 

Ri - 1 / Gi = i Ï <· 1 = 1-2.3 5 
1 

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 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 jiustification would probably be a very 
difficult task involving some very knotty, philosophical, questions. 
What one can do, however, is to proceed with the model on the tenta­
tive assumption that i t 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 experimenta
Hoar and Price did and indee
with relatively l i t t l e effort by using their idea. We will ex­
ploit their approach here rather than trying to go through Wagner's 
more rigorous development, but i t 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(£5). 

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

Ε = [t-L + t ]V 6 

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

RT V 2Z2F In Ρ / Ρ' 
χ 2 7 x2 

Px2 is that of the gas atmosphere while Ρχ21 which prevails at the M, 
Ma xb interface, is determined by the standard formation free energy 
AG| for MaXfc. The formula is 

"x2 = exp (2AG°/bRT) 

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 
fci = V E °j = 9 

1 

The demoninator here is simply the total electrical conductivity 
σ τ of the scale. It follows from the way they are defined that 
the transference numbers summed over a l l 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 
t. = t_ + t = 1 - t 10 ion 1 2 3 

Now Wagner's expression for the open circuit emf is 

[ t l + V d \ / 2 Z 2 F 1 1 

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 f i r s t 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 a l l joined 
together in series to make up the total scale thickness  With this 
in mind the emf for eac
i.e., 

dE = + t 2]dV 12 

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

dV = - h dy X 2/Z 2F 13 

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

Ε = f [t_ + tJdV 14 
Jo -L ^ 

But this is virtually identical to Wagner's formula when Equation 13 
for dV is considered. In this situation however, the differential 
resistors which enter into t-̂  and t 2 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 Mx2 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±/ZjF multiplied by 
b/a. This must be added to the moles of X that permeate through 
the scale and this would be -I 2/Z 2F. Adding these together and 
noting the virtual stoichiometry constraint that Z^a+Z2b = 0, we 
arrive at 

nx = [Ii + I 2] /Z2F 15 
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Here, ή χ 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 

+ h ] - h = E / R 3 " Γ °3 E 1 6 

where Ε 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 Ε and L in Equation (16) become dE and dl, respec­
tively, so that Equation (15) can now be written as 

dE 
nx - A °3 dï / Z 2 F 1 7 

Separating variables, integrating and solving for ή then gives 

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

where σ τ is the total conductivity of the scale. But these two 
formulas are again virtually identical because σ-̂  = σ τ t3 by de­
finition and because of Equation 13 for dV. 

Summarizing the situation concerning equivalent circuit model­
ling, we cay say that this is a very useful approach and i t leads 
to accurate results and insights i f the proper precautions are 
taken. I think the day wil l come soon when the theory of mixed 
conduction will have to be considered in great detail a l l over 
again. For example, i f 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, i f they exhibit any dependences on partial pressure 
p x~ which is equivalent to u x~, 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 
μ χ 2· If these could be determined reliably from direct experimental 
measurements, a l l 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, i t is not expédient 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 conductivitie
compounds can be writte

2 2 
σ. = c.V.£ q./kT 20 

where c i is concentration, is jump frequency, Τ is temperature 
and everything else is constant (jump distance 1, Boltzmann's k 
and charge q̂ ) . Thus, the temperature and P x 2 dependences of the 
conductivities are due to those of c i and Vj_. In general Vj[ will 
always exhibit an Arrhenius dependence on temperature because 
hopping is a thermally activated process. This means will a l ­
ways go as exp (-Q/RT) where Q is a constant called the acti­
vation energy. No dependence of 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 i t will also ex­
hibit an Arrhenius dependence, albeit with a different activation 
energy than that exhibited by Vi. If the carrier concentration is 
fixed by extrinsic contaminations, deliberate or not, i t will re­
main independent of Ρχ2· In some cases however, the concentration 
may be small enough that incorporation of Χ atoms from the ambient 
Ρχ2 will cause changes. On the basis of the law of mass-action 
arguments, etc., these c i generally vary as Ρχ 2

η· Here, η 
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 a l l of this is that when individual conducti­
vities are plotted on a log scale versus log Ρχ 2 and reciprocal 
absolute temperature 1/T, planar sheets generally always result. 
This means that only a few measurements (3 minimum) are needed to 

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



4. P A T T E R S O N Conduction in Nonmetallic Phases 107 

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 
σ η and log sheets are seen to rise up from far beneath the Ρχ 2 

independent ionic conductivity sheet. Thus, they dominate the to­
tal conductivity in the very high and very low Px2 regimes. This 
means that t-^ o n =[σι+σ2]/στ must f a l l off to zero in these extreme 
conditions. By considering any particular isotherm of such a three-
dimensional plot, we can generate any plot of [t 1+t 2]/2Z 2F vs μχ 2 

that he may need: as for example to evaluate an open circuit emf 
in accordance with Equation 11 above. Alternately, he could generate 
a plot of 03 [t 1+t 2]/2Z 2

2F 2 vs μχ 2 i f a prediction of scaling rate 
from Equation 19 was desired. A more expedient approach would 
be to simply write the dependence  int  compute  which
then carry out the desire
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 i f he tries to buck the scale emf in an attempt to make 
i t 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 electrodes which establish 

Il I 
different but known partial pressures P x 2, P x 2 and the emf is 
measured. The ratio of the measured emf Ε 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 t^on 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 MaX^ compound is^pro­
perly affixed to its metal M as a scale, the calculation on ή χ 

from Equation 19 can be translated into weight gain-or scale thick-
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Figure 4. Schematic of the Fx2, Τ dependence of partial and total conductivities 
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ening kinetics. But, i f i t is. not in contact with its own metal, 
i t cannot thicken and then n x is simply its permeability to X 2 
gas. For example, a sintered, crack-free oxide tube will leak 
oxygen from an oxide i f i t 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, i f i t 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 l i s t
and certainly many have
wanted to provide a brief introduction to Wagner's 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 fi r s t place. Thus, 
we close Part I with the summary Table I which is adapted from one 
given by Kubaschowski and Hopkins ^—^· The close agreement shown 
in the two right-most columns seems a l l the more outstanding when 
the absolute magnitudes are considered. 

Table I . Ca l c u l a t e d and Measured 
Rare Constants f o r the Formation 
of Metal - Ncn Metal Compounds ( r e f . 26, ρ 77) 

"RATIONAL RATE CONSTANT" 
NON-METAL COMPOUND T°C EQUIVALENT x cm"1 sec 1"" 

Ca l c u l a t e d Observed 

10" 6 1.6 χ 10" 6 1 

Ag S ( l i q j Ag 2S 220 2.A κ 

Cu I 2 (S«s) Cul 195 3.8 X 

Ag B r 2 (gas) AgBr 200 2.7 X 

Cu 0 2; ρ - 8.3 X 10" 2 a tin. Cu 20 1000 6.6 X 

Cu 0 2; ρ - 1.6 X 10" atm. Cu 20 1000 4.8 X 

Cu o2; Ρ - 2.3 X 10" atm. Cu 20 1000 3.4 X 

Cu 0 2; ρ - 3.0 X 10" atm. Cu 20 1000 2.1 X 

Ι Ο " 1 0 3.4 x ^ l O " 1 0 

1 0 - 1 1 3.8 χ 1 0 " 1 1 

ίο"9 6.2 χ 10" 9 

10" 9 4.5 χ 10" 9 

_q .9 
10 3.1 x 10 
10" 9 2.2 χ 10" 9 
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Part II Multicomponent Mixed Conductors Under Closed Circuit Condi­
tions 

Motivating Factors 

In part I 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 electrolyte
Wagner's theory and man
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 wil l 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 i t 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, i t is 
also desirable to extend i t so that the effects of mobile foreign 
ions such as hydrogen can be treated ( 2 7 - 2 9 ) . 

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 f i r s t 
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(19,24) which in turn, is very similar to 
that suggested long ago by Hoar and Price(25; j n their "electro­
chemical interpretation" of Wagner's theory of parabolic scaling 
(9) and to that of Mi ley (30) 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 f i r s t 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 automatically 
adjusts the local resistances but i t was not presented in a form 
that is easy to visualize
w i l l be outlined here whic
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 s t i l l more generalized 
medium has been given by Wagner (33), but i t 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 a l l 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 here to be given). Interfacial differences in 
chemical potential would thus be brought into the present analysis 
in much the same way that voltage drops 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 i t may seem sur­
prising that the use of ionic and electronic imperfections (34) 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 actually 
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 Consideration

Consider a generalized, mixed-conducting electrolyte inter­
posed between two electrodes as shown in the c e l l 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 n^, i = l , 2 , 3 , . . . k , while the chemical potentials 
of the corresponding neutral species are denoted by y i , or perhaps 
( 1 / 2 ) \i±2r ·*- = l / 2 , . . . k . For example, i f species 1 were zirconium, 
ηΐ might refer to Zr +^ cations, whereas μ^ would be the molar Gibbs 
free energy of uncharged or neutral Zr metal. However, i f one of 
the other species, say species 2 , were oxygen, then the electro­
chemical 'potential symbol η 2 would be replaced by T)Q-2 to denote 
the molar Gibbs energy of the oxide ions 0 " " 2 . But in this case 
1 / 2 P 0 2 w o u l d 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 N2, 0 1 2 , Br 2, F 2, etc. The 
electrochemical potential for electrons—which have no neutral 
counterpart—is denoted by n e. 

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

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

2 η. = μ. i + Z.F<j> 1 1 ι 21 
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Here y£ represents a l l the chemical interactions between the ion 
of type i its surroundings and Ẑ F φ represents the electrostatic 
part of the electrochemical potential. Thus, Ẑ  is the valence of 
the ion, F is the Faraday, and φ 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 Guggenheim (35) . i t 
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 b  th  prevailin  chemical potential
or activities of the constituen
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-L 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 

ζ. 
i (or h. ±2)—*i + Z^ 22 

Formally, this prototype reaction serves for cations as well as 
anions. Cations by definition always have positive Ζ 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 

Z r — • Zr + 4e 3̂ 

Anions, on the other hand, always have negative Ζ values; hence 
Equation 22 applied to the oxygen ion constituent of CSZ yields 
(1/2)02 0~2 - 2e. However, transposing the -2e yields the more 
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familiar form 

0 2 + 2e-* 0 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 re act ion (22.) implies 
the following generalized free energy equality 

u. = I T . + Z.n 25 ι ι ι e 
Note that Equation 25 embraces as special cases the zirconium and 
oxygen examples mentioned earlier. In particular we have 

υ 4  4  26 

and 

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 Vj_, as follows (19.24.37.38) 

η" - η' = Z FV = —FV 28 e e e L L 
where Z e 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). identical composition is also re­
quired to avoid the thermocouple emf s that can arise when the c e l l 
and measuring instruments are at different temperatures. 

By combining Equations 25 and 28, the electrochemical potential 
n i ~ n i f° r i - t y P e ions may be written in the following abbreviated 
form 

η'.' - η! = -Z.F[V. - v j 29 i l ι ι L 
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. =-[uV - y!] /Z.F 30 
1 1 1 1 
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but again i f the neutral species is ordinarily a dimer gas such as 
02, C l 2 etc., then is given by 

31 

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

It is worth digressing here to point out some important points. 
First of a l l i t should be noted that differences or gradients in 

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
nent arising from difference
cases of practical interest these two parts oppose each other and 
the direction of net migration is determined by whichever is the 
stronger force. In electrolysis (charging mode) the V L gradient 
is stronger whereas in the discharge mode the chemical driving 
forces prevail. And for multicomponent electrolytes i t 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 a l l types. 

If the cell electrodes have a virtually infinite capacity, 
the endpoint values of μ^ 2 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 is thought of as a fixed quantity as i f i t were a 
battery voltage. For example, coexistence metal, metal oxide elec­
trodes in an oxide solid electroltye c e l l , would function in this 
way. However, i f the electrode chambers are of very limited ca­
pacity, the endpoint chemical potentials will vary as ions pass 
through the electrolyte. The "thermodynamic voltage" changes 
accordingly and in this sense Vi acts more like a capacitor than 
a battery. In such cases, we might wish to show a capacitor in 
the equivalent circuit to emphasize the variable nature of V i # when 
V L overpowers Vi, i ions are forced backwards; that is, from the 
low to the high chemical potential sides and V-̂  builds up in value 
much as i f i t were a real capacitor being charged by a battery. 
And of course when Vi overpowers VL, ions flow from the high 
chemical potential side to the low and 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 V e 

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 χ in an electro­
lytic medium is taken to be proportional to the magnitude of the 
prevailing electrochemical potential gradient Vn^, with flow d i ­
rected down that gradient. However, i t is more useful in the pre­
sent approach to work with the electrical current due to species 
i . This current 1̂  is internal to the electrolyte and thus can 
not be measured separately; but the following formula for can 
be inferred from the diffusio

I. = -A —^- Vn. = -A [VV. - W 1 32 l 2.F x Z. F ι L J 

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

After steady state sets in, Equation 32 becomes constant be­
cause I j.—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 f i r s t solved for Vn^, then i t is 
integrated from Ο to L to get η£ - n| in terms of 1^. Next Equa­
tion 29 is used to eliminate η? - and the result is solved for 
the constant I^. The final result of a l l this is 

I. = G.[V. - V 1 33 x i l L 
where G^ here is simply the reciprocal of R̂  which in turn is the 
total series resistance presented by the cell to species i . Thus 
Gi is the macroscopic conductance for species i according to the 
formula 

G. = rfL
 d * I - 1 - ! 34 

1 LJ 0 σ±(χ) A(x) J 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 on χ is also required i f 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 defined in 
Equation 34 is the single most di f f i c u l t problem here and i t a l ­
ways arises when one tries to extend the theory of mixed conduc­
tion to non-open circuit conditions. In particular we must not 
only know how 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
fi l e will in general vary depending on the load conditions. This 
introduces a troblesome non-linearity into the theory  because we 
cannot rule out the possibilit
tage or current dependent
solved only in special situations where the conductivity properties 
of the solid electrolyte are presumed to be known functions of 
temperature and partial pressure P x 2-

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, I i 
vanishes in Equation .32 (for each ionic species) in which case 
Equation 32 is easy to integrate. 

In open circuit situations, the sum of a l l the I±l s vanishes 
and, though the integration is not quite as simple as for the ion 
blocking case, s t i l l 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 31 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 a l l 
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 i f 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 Ĝ  and on the 
chemical and electrical potential gradients which act on i t . 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 a l l 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 a l l the ion species to 
the external (load) current I L . To minimize confusion, a l l cur­
rents (including IjJ are considered positive i f they are directed 
to the right in the c e l l , and V L as well as any thermodynamic vol­
tage is positive i f i t s positive terminal is to the right (toward 
χ = L) in Figure 6. Confusion about the direction of species mi­
gration in relation to the sign of i t s 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 i t 
a l l automatic. 

According to Kirchhoff'
obtained by summing over a l l the parallel branches 

k, e 
I = I + I- + . .. I. + I = Σ I. 35 
L 1 2 k e χ 

k,e 
where Σ 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 —whatever that 
turns out to b e — i s necessarily impressed on each of the parallel 
branches, we can produce the following sequence 

k,e k,e k,e 
I L = Z G I [ V . - V L ] = S G . V . - V ^ G ± 

= s [ ï ' V i - V 3 6 

where the k,e notation means the same as i t did above. Also, to 
simplify notation here, the total conductance G T and the trans­
ference numbers t^ have been introduced. They are defined as 
follows : 

k,e 

and 

G — Σ G. Q ~ι Τ l 37 

t. = G. / G . 38 
χ χ T 

however the G^ values in 37 and 38 derive from the troublesome 
Equation 34. The transference number t^ may be regarded as a kind 
of normalized conductance or conductivity. These definitions to­
gether with Equation 36 yield 

\ = GT [ ^ - V 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 = Σ t ± V ±. 40 

and is a quantity of considerable significance. Equation 40 should 
also include a term t eV e but this has been deleted here because 
V e is always zero. 

V represents the overall thermodynamic driving force for the 
cell and is seen to be a weighted average of a l l the individual 
thermodynamic voltages V^. The weight factors are the transfer­
ence numbers t^ which means that each V-̂  has been weighted in 
proportion to the conductance with the result normalized to 
the total conductance of the electrolyte. To evaluate V, the 
V^'s are fi r s t calculated from Equation 30 or 31. and then each 
is multiplied by the corresponding transference number in order 
to form the normalized weighte
cal interpretation for V
those familiar with ternary phase diagrams, is presented in Fig
ure 7. 

With Equations 34 and 37-40, virtually a l l 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 i f 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 Rj, whose value may range anywhere from zero to infinity. 
In this sense, the load conductance G L may be regarded as a con­
venient control parameter which permits various current-voltage 
load conditons to be placed on the cell at w i l l . Ohms law for 
the external element yields 

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

For most performance analyses, however, i t is better i f ex­
p l i c i t formulas for VL, I L , and the power WL = I LV L are available. 
That is readily accomplished as follows: f i r s t one solves Equa­
tions 39 and 41 simultaneously for V L and I L and then multiplies 
the two to give WL. This results in the following three equations 
which are parametric in GL: 

G_ -
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44 

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 quantities in G T and in the va­
rious t-L 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 
summing 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 CaF2, has been placed between two different metal 
oxide electrodes and behaved as i f i t 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 i f my conjec­
tures above are correct, the following explanation could be offered. 

The CaF2 electrolyte is capable of incorporating oxide ions 
and transporting them simultaneously with, but perhaps to a much 
lesser extent than, fluoride ions. Then CaF2 could be thought of 
as a two-anion electrolyte. Since the electrodes are reversible 
and highly "buffered",as i t were, with respect to oxygen, the 
thermodynamic voltage V Q 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 V F 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 CaF2". In 
short, the battery-like voltage VQ 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 V Q drops off considerably since i t then has only to "back-pump" 
the trace amounts of electrons that leak through the CaF2 (the e 
branch). If electronic conduction is small, as in tbe case here, 
the steady state c e l l emf will virtually equal V Q —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 d r i f t effects in solid and molten 
electrolyte devices. It simply is not appropriate here to l i s t 
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 mor
in solving the central
above, namely, that of evaluating the individual ionic conductances 
and chemical potential profile in an operating c e l l . And of course 
I hope I can be a partial contributer to such future progress. Or 
better yet, that somebody in the audience w i l l 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 C O H E N 

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 corrosio
oxide films. A few definition
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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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 f i r s t 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 th
grain boundaries other
boundaries, dislocations, vacancies and either segregated or 
soluble impurities. Of course, a l l 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 
a l l 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 l i t t l e 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 i t 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. χ 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 
°2> H2, or C02. These constituents of the aqueous system can 
affect the corrosion rate in a variety of ways. 0 2 in small 
amounts may act to increase the rate of corrosion and in suffi­
ciently high concentrations to inhibit i t . 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
the rate of solution. Others
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 i t 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 Ε at which the 
reaction will occur from the relationships 

AG = nFEQ 

nF 
and Ε = E Q + — log Concentration 

where AG is the free energy change for the reaction, η is the 
number of electrons involved, F is the Faraday and E Q 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.Q) 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 s o l i d f i l m of Fe 20 3 or FeaO^ which 
stops corrosion completely. Dashed l i n e (b) is the equilibrium 
potential for 0 2 and (d) for H 2. 

The Pourbaix diagram, within i t s assumptions gives a good 
general picture of iron corrosion behavior. However i t cannot be 
applied to s p e c i f i c situations for a number of reasons. Iron can 
form a large number of s o l i d corrosion products with water in­
cluding hydrated and anhydrous oxides as well as i l l - d e f i n e d gels 
and amorphous products. Some of these may form protective coat­
ings while others w i l l not. The s o l i d products formed may be 
porous and lead to p i t t i n g , cracking, etc. We must always rem­
ember that in a l l regions other than that labelled immunity the 
iron is thermodynamically unstable and in the long run nature w i l l 
have i t s way and the metal w i l l corrode. 

The addition of other ions to the solution, while probably 
having a small effect on the overall thermodynamics of the s i t ­
uation can have a very larg
on the kinetics of dissolutio
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
l u t i o n at confined areas leads to f a i l u r e by p i t t i n g or cracking. 

The Pourbaix diagrams also t e l l one very l i t t l e about 
mechanism of reaction, kinetics of reaction or i n h i b i t i o n of re­
action. These aspects w i l l 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 l a t t e r 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 v i a an electrochemical process in which there 
are separate anodes and cathodes. In a de-aerated solution the 
separate reactions are 

2+ 
Fe *Fe + 2e (anode) 
2H + 2e ->H2 (cathode) 

In the presence of oxygen the overall cathodic reaction is 

0 2 + 2H20 + 4e • 40H~ (cathode) 

If we measure the potential of the dissolving iron,we w i l l 
not obtain an equilibrium potential (as in the Pourbaix diagram) 
but a value somewhere between the anodic and cathodic potentials. 
This number w i l l 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 d i f f u s i o n of reactants 
and reaction products. With iron the slope of the anodic p o l a r i ­
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 p o l a r i ­
zation. A t y p i c a l example is a well s t i r r e d 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 show
diffusion control. In (b
caused by a low concentration of oxygen from the bulk of the 
solution. In (c) high anodic polarization may be caused by slow 
diff u s i o n of ferrous ions away from the anode. With both (b) and 
(c), the polarization curves and hence the dissolution rate w i l l 
be highly dependent on concentration and s t i r r i n g . With (c) iron 
ion complexing agent w i l l also markedly affect the rate of d i s ­
solution by increasing the d i f f u s i o n rate by increasing the con­
centration gradient. 

The polarization curves shown in 4(d) are t y p i c a l 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 r e l a t i o n 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 a l l 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 (4J and is p a r t i c u l a r l y applicable in acid solu­
tions. The reaction steps are as follows. 
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0 2 4 6 8 10 12 14 16 
pH 

Figure S. Pourbaix diagram for iron in water 

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 pohrization, measure Ε will depend 

on where probe is in relation to anode and cathode 
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Fe + H£0 ^Fe(H20) adsorbed 
Fe(H20)adsi ^Fe(OH~)ads + H + 

Fe(0H~)ads< >(FeOH)ads + e 
Fe(OH)ads KFeOH)4* + e RDS 
(FeOH)+ + H + ± z=^ Fe44" + H20 

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 (jï) has suggested the following steps. 

Fe + H20 < > Fe(H20)ads 
Fe(Ho0)ads + X~ *

2 ad
FeX~ + 0H~ •FeOH* + X" + 2e RDS 

ads 
Fe0H+ + H + ^=5- Fe44" + H20 

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 FeOff*- and Fe"4"1" is strongly 
pH dependent. The two ions will only be stable in acid or oxygen-
free systems. In the presence of oxidants the Fe"1"* will be oxi­
dized to various insoluble ferric compounds such as FeaO^. 
Fe203 and the hydrated oxides, a, 3 and γ FeO(OH). 

The two main cathodic reactions involved in dissolution 
(and corrosion) reactions are the reduction of ff*" to H2 and the 
reduction of dissolved 0 2 to OH". The following reaction schemes 
are the ones which have been postulated. 

H + Reduction 

H + +e aq 
or H20 + e 

Η + Η 
H + + Η ads + e aq 
Ho0 Ι- Η - + e 2 ads 

Η , (1) ads 
Η . + OH 1(a) ads aq 
H 2 2 

H 2 3 

H2 + 0H_. 3(a) 
aq 

(1) and (3) will predominate over 1(a) and 3(a) at low phTs. 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 ads H metal (4) 

becomes a predominant reaction. If c a t a l y t i c s i t e s for hydrogen 
atom recombination exist within the metal, such as inclusions, 
then hydrogen gas is formed in the metal and b l i s t e r i n g and rup­
ture can occur. 

0^ Reduction 

0 2 + e 
0 2 + H + 

H0 2 + e" 
H0 2 + H~* 

H2°2ads + 6 

0 2 ads. 
H0 2 ads. 
H0 2 

H2°2 aq 

OH + e 
OH" + 4H+ + 4e 2H20. 

0 2 + 2H 

H 20 2. 

+ 2e 

^2H20. 

0 2 + 4H + 4e~ 2H20. 

H2O2 has been i d e n t i f i e d as a transient species. These reactions 
are a l l quite rapid in comparison to the hydrogen evolution re­
action and hence the oxygen is a better cathodic depolarizer 
than H+ ion. 

Kinetics of Dissolution 

The rates of both chemical and electrochemical reactions are 
affected by the a v a i l a b i l i t y of the reactants and products, and 
hence their concentrations and rates of dif f u s i o n , 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
t r o l l e d by either d i f f u s i o n or resistance, the rate of the re­
action w i l l 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 Τ the absolute temperature. 
As pointed out e a r l i e r AG* can be related to potential by the re-
relat i o n 

AG* = nFAE* 
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where ΔΕ* is the Activation overpotential. The application of 
potential to the electrode w i l l 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 l i n e represents the equilibrium 
state and the s o l i d l i n e a polarized state due to an applied 
potential. In the equilibrium state 

_AG* 
*a = A a ^RT* 

_AG* 

where subscripts a and c are anodic and cathodic and i = i ^ = i 
- where i is the exchange current. When a potential a 

Ε is applied in an anodi

a · l , (AGa-nFE)x 

then Δι = + A e ( — -) 
a a RT 

and A i = A e (-(AGc +(l-a)nFE) 
C C RT ' 

where a is the proportion of the applied potential which is 
effective at the anode. As a rule α = 0.5. The effect of the 
applied anodic potential is to increase i a and decrease i c . For 
the t o t a l current we must add i 0 . However at s u f f i c i e n t l y high 
overpotentials both i c and i Q become small in r e l a t i o n to ± a and 

Ε = a + b log i . (Tafel equation). 

Some of these relationships are i l l u s t r a t e d graphically in 
Figure 6. E Q is the equilibrium potential. At s u f f i c i e n t l y 
high overpotentials a straight l i n e Tafel region is observed. 
At higher applied potentials current may become independent of 
potential because of d i f f u s i o n control or may f a l l off the 
straight l i n e 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 d i r e c t l y to the corro­
sion behavior of iron. The effect of di f f u s i o n control on the 
corrosion rate was shown in the Evans Diagrams (b) and (c) of 
Figure 4. In the cathodic case the current becomes constant over 
a wide range of potentials because of control by the rate of 
diff u s i o n of the reactant oxygen gas to the cathode. The anodic 
reaction can be dependent on the rate of di f f u s i o n of ¥e++ from 
the anode. The rates in both cases can be increased by s t i r r i n g . 
The rate of Fe** ion removal from the anode can also be in­
creased by the presence of complexing agents in the solution. 
This effect w i l l be i l l u s t r a t e d later on with in h i b i t o r s . 
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Figure 5. Activation energy diagrams for metal dissolution reaction. Equilib­
rium state ( ); shift attributable to application of potential Ε ( ). 

Log i 

RESISTANCE POLARIZATION 
CONCENTRATION POLARIZATION 
(DIFFUSION CONTROL) 

EXCHANGE CURRENT 

CATHODIC - ANODIC 

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. Millier (j6) 
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 i t 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 
fir s t shown by Edeleanu (7) who also suggested the use of anodic 
protection to prevent corrosion. In Fig. 7(b) the potential is 
raised in steps. Again
sharply and iron stops
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 fi r s t region, A, the log i-E 
curve is the expected one and the iron dissolved in a general way 
with macro etching. In Region Β the current changes very l i t t l e 
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 Β 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 pHfs and in a variety of electrolytes. In 
this section, however, I shall deal mainly with neutral solutions 
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(a) 
ι 

(b) 

Figure 7. Anodic passivation curves 
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Figure 8. Anodic dissolution in perchloric-acetic acid 
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because, f i r s t , i t is the medium in which I have done most of my 
own work and second, because results in this range are most 
applicable to l a t e r considerations of passivity in inorganic in­
h i b i t o r 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 f i r s t 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 f i l m of cubic oxide 
of the y-Fe203-Fe30i* type which is probably formed by a reaction 
such as 

2Fe + 3H20 ->

This is the same type of f i l m as is formed by the reaction of 
clean iron with dry a i r or oxygen. 

For Curve Β 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 p i t t i n g . The major part of the surface is s t i l l covered by 
the same type of iron oxide f i l m as that found with the pure 
borate buffer. 

A t h i r d type of anodic polarization curve, C., is obtained 
i f the borate buffer solution contains Fe** ion in solution. 
This may be present as an added Fe** s a l t or due to some d i s ­
solution of the specimen during passivation. In this case the 
passive current is again higher than in the borate buffer i t s e l f . 
This is due to the anodic oxidation of the dissolved Fe** at the 
electrode and the consequent deposition of yFeOOH on the iron 
surface. The anodic reaction is 

Fe(OH)* + H20 + FeO (OH) + 2H + + e. 

This deposit is formed over the oxide f i l m as well as at pores 
within the oxide f i l m . 

The dissolution of iron by corrosion processes almost always 
takes place because of f i l m breakdown and the rate of corrosion 
depends not only on the thermodynamic and kinetic considerations 
mentioned in the f i r s t part of this chapter but also on the fac­
tors leading to f i l m breakdown and repair. This is the subject 
of the l a s t part of this chapter. 
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Film Breakdown and Repair 

When f i l m free iron is exposed to dry a i r or oxygen at room 
temperature, i t w i l l form a protective f i l m of a cubic oxide of 
the FeaOtt-yFeaOa type which grows logarithmically to about 15-20 
A° thick. This is the same type of f i l m as is formed by anodic 
passivation and by the action of certain oxidants in solution. 
Under other conditions the overall composition of this cubic f i l m 
can be altered by the addition of hydrated oxides or other inso­
luble oxides, such as Cr 20 3, which can change the thickness, topo­
graphy and s t a b i l i t y of the overall film. In some cases these 
impurities are present as separate inclusions within the f i l m 
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 γ-FeOOH and enhance the protectiveness of the film. These 
various cases are discussed in this section. 

Structure of the Oxide

The major portion of the protective oxide f i l m on iron is 
s t r u c t u r a l l y the same whether i t is grown by exposure to a i r , 
i n h i b i t o r solutions or formed by anodic oxidation Ç9,1Q). I t is 
cubic in nature and grows in an e p i t a x i a l manner with the under­
lying metal. Although the oxide formed on single crystals is 
highly oriented, there is some mismatch between individual cry­
s t a l l i t e s and the p a r t i c l e size is 15-30A0. The thickness of the 
air-formed f i l m 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 d i f f r a c t i o n 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 
p a r t i c l e size. The pattern is characteristic of the cubic FeaO^-
YFe 20 3 system. This system has a constant face-centered cubic 
l a t t i c e 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 f i l m w i l l contain inclusions of 
other iron compounds, such as hydroxides or phosphates, and as 
mentioned e a r l i e r 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 d i f f i c u l t to d i s ­
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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Figure 9. Anodic polarization curves in borate buffer solutions 

Figure 10. Electron diffraction pattern of thin cubic oxide film on iron 
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passive f i l m is so slow that i t is probably not a factor in the 
breakdown of oxide films on iron. The hydrated oxides are more 
easily dissolved, especially in s l i g h t l y acid solutions and their 
removable by dissolution could be a defi n i t e factor in f i l m break­
down. If the f i l m has pores in i t which expose the metal to the 
corrosive solution,the metal can dissolve both at the bottom of 
the pore and between the f i l m and the metal. This l a t t e r effect 
loosens the oxide by undermining and eventually leads to i t s 
removal. U.R. Evans took advantage of this phenomenon to s t r i p 
oxides from iron for chemical and physical examination ( 1 1 ) . 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 f e r r i c oxide 
is reduced to Fe 4 4". The s o l u b i l i t y of Fe(0H) 2 is much higher than 
either Fe 20 3, FeaO^ or
t i t e component of the oxid
to Fe metal. 

The cathodic reduction of an anodically formed oxide f i l m is 
shown in Figure 11. The f i l m 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 ΙΟμΑ/cm 2. Two 
major waves are observed. F i r s t the Fe 20 3 is reduced with almost 
100% current efficiency to form dissolved Fe** ion. The second 
wave corresponds to an i n e f f i c i e n t reduction of Fe30i* to form both 
soluble Fe** ion and metallic iron. The equations for these pro­
cesses are 

1st Arrest Y F e ^ + 3H20 + 2e • 2 F e + + + 60H~ 
2nd Arrest Fe o0, + 4Ho0 + 8e • Fe + 80H~ 

3 4 2 
Fe o0. + 4Ho0 + 2e • 3Fe** + 80H~ 
3 4 2 

During the second arrest there is also considerable 
l u t i o n form the alternate cathodic reaction 

2H + + 2e • H 2. 

If the reduction process is carried on for a long time,there is 
also some electrodeposition of iron from Fe** in the solution. 

The major source of electrons for the cathodic reduction pro­
cess on open c i r c u i t is the corrosion of the iron i t s e l f . These 
are supplied by the reaction 

Fe • Fe 4 4" + 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 203. On open c i r c u i t the oxide can be removed 

(A) 

(B) 

(C) 
hydrogen evo-
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by a combination of reductive dissolution to open up pores and 
undermining to remove the remaining Fe 3O t t and unreduced film . 

The rates of dissolution of Fe 3O i t 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 l i k e a complexing agent to increase the corrosion rate. 
The effect of various ions on f i l m breakdown was recently d i s ­
cussed at a symposium on passivity (12). 

Inhibition of Corrosion 

Inhibitors can slo
with either the anodic
hibitors can be effectiv y  poisoning  hy
drogen evolution and/or oxygen reduction or by increasing elec­
tronic resistance. Some examples are zinc salts which form pre­
c i p i t a t e s , adsorbing organic substances and possibly the poly­
phosphates under some conditions. The discussion in this lecture 
w i l l deal mainly with anodic i n h i b i t o r s . 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 t y p i c a l concentration versus weight-loss curve is shown 
for sodium n i t r i t e in Figure 12. In the absence of i n h i b i t o r or 
very low concentrations the corrosion is localized and takes the 
form of p i t t i n g . At s u f f i c i e n t l y high concentration the iron is 
completely protected. This phenomenon of p i t t i n g at concentrat­
ions just below that required for i n h i b i t i o n is important and must 
be taken into account when anodic inhibitors are used. The con­
centration of i n h i b i t o r 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 i n h i ­
b i t i o n , 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 f e r r i c s a l t s . 

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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Figure 13. Effect of complexing agent, versene, on passivation by sodium 
nitrite: (A) etched iron in NaN02 solution; (B) same as in A plus versene 
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Journal of the Electrochemical Society 

Figure 14. Rehtionship between corrosion and potential in neutral phosphate 
solutions: (A) deaerated solution; (B) air saturated (10) 
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at which the potential r i s e s 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 i n h i b i t i o n 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 i n h i b i ­
tors which are oxidizing agents and i n h i b i t in both the presence 
and absence of oxygen. The oxidizing agents i n h i b i t 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 iron in a saturated solution of 
Fe"1"*" at a concentration characteristic of the pH of the s a l t 
solution. The potential of the oxidizing inhibitors is somewhat 
higher and with s u f f i c i e n
characteristic of oxide-covere
shown in this Figure, but the potential of iron in de-aerated 
solution goes into the passive region very rapidly. U n t i l re­
cently chromate was the preferred i n h i b i t o r for many applications. 
However chromate is undesirable from an environmental standpoint 
and there is renewed research and development in the use of n i t ­
r i t e , 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 i n h i b i ­
tion of acid corrosion during pi c k l i n g or in mitigation of corro­
sion in acid o i l 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 i n h i b i t o r s , 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 p i t t i n g . 
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 
m i l l i v o l t s higher than the passivation potential, and in i n h i b i t o r 
solutions at just below the concentration of i n h i b i t o r required to 
prevent corrosion. In a l l of these examples the major portion of 
the specimen is covered with the usual FesOt* - yFe 20 3 type of pro­
tective f i l m and corrosion is concentrated at pores within this 
film. The corrosion at the anodic pores is accelerated by the 
large area covered by protective f i l m acting as a cathode. This 
breakdown of the protective f i l m at isolated areas is an important 
factor in two of the most damaging types of corrosion f a i l u r e , 
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5. C O H E N Dissolution of Iron 149 

namely the perforation of metal by p i t t i n g and stress corrosion 
cracking. 

Examples of p i t t i n g in phosphate solutions with different 
chloride contents are shown in Figure 16. Two things are evident. 
F i r s t , the larger the chloride concentration the larger the p i t s . 
Second, the number of p i t s is dependent on the grain structure. 
This l a t t e r fact would indicate that the perfection of the oxide 
is p a r t i a l l y dependent on the metal orientation. The dependence 
of p i t behavior on s t i r r i n g of the solution is shown in Figure 17. 
Here one can see that s t i r r i n g causes an increase in the potential 
of iron in n i t r i t e solutions. This is probably due to the lower­
ing of cathodic polarization by increasing the rate of oxygen and 
n i t r i t e a r r i v a l at the cathode. This increase in cathodic cur­
ent appears to aid the repair of the pore. In contrast to this 
behavior, s t i r r i n g decreases the potential of the pitted speci­
men in phosphate solution. This indicates that s t i r r i n g leads to 
depolarization of the anodi
sion products at the p i t s
general, the potentials with phosphate are lower than with n i t ­
r i t e , 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 l o c a l i z e d 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 f a i l u r e can be accelerated by chemical factors, 
such as surface adsorption or hydrogen dissolution from cathodic 
hydrogen leading to embrittlement. 

Localized f i l m breakdown can result from a number of causes. 
Chemical and physical inhomogeneities within the f i l m are the 
usual reasons although breakdown can also occur by stresses set 
up within the f i l m either by poor e p i t a x i a l f i t 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 s t i l l 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 f i l m repair 
are shown in the f i n a l figure, Figure 18. Here a specimen covered 
with an oxide f i l m with pores or imperfections is shown. A number 
of different reactions can take place both at the pores and on 
the oxide surface. In 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 fi l m , which w i l l then lead to accelerated d i s -
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Corrosion 

Figure 16. Pitting in phosphate-chloride solutions, 1000 ppm Na2HPOjt; (a) 100 
ppm CI', (b) 10 ppm CÏ (17) 
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O.I2i 

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 NaN02 + 100 

ppm NaCl; © 1000 ppm Na2HPO^ + 25 ppm NaCl) (17) 

Ĥ O 0 2 N 0 2 H + OH" 

ATA Fe F e + + + 2e (I) 

2Fe + 3 H 2 0 F e 2 0 3 + 6 H + + 6e (2) 

F e + + + 2 H 2 0 FeOOH + 3H* + e (3) 

4Fe + 3 0 2 2 F e 2 0 3 (4) 

4Fe + N 0 i + 3 H + ^ 2 F e 2 0 3 + N H 3 + N 2 ( 5 ) 

AT C 2 H + +2e H 2 (6) 

0 2 + 2 H 2 0 + 4e ^ 4 0 H " (7) 

N0 2 + H 2 0 + e NH 3 (etc) (8) 

F e 2 0 3 +2e+ 3 H 2 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 f i l m to be repaired chemically 
by the action of inhibitors as depicted in reactions (4) and (5). 
This type of approach lends i t s e l f to a systematic treatment of 
the problems of dissolution and i t s i n h i b i t i o n . 
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Ferrous Passivation 

V. BRUSIC 

Manufacturing Research Laboratory, Systems Products Division, 
I B M T. J. Watson Research Center, Yorktown Heights, NY 10598 

The progress o
increasing use of tool
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 f i r s t 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 
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slowing down of any action, process, or reaction. More 
s p e c i f i c a l l y 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 
f i e l d which should accelerate the metal-dissolution reaction 
rather than hinder i t , i.e., by a s h i f t of the electrode 
potential in the positive direction. This phenomenon of 
enforced passivation(4) seems unnatural or at least 
unexpected. Its study is f a c i l i t a t e d by the use of a 
potentiostat. 

If iron is made a part of the electrochemical c e l l , a 
test electrode, and placed in a potentiostatic c i r c u i t , 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 •> M 2 + + 2e~ (1

undergoing hydration. At s t i l l 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 - 0 + 2H + + 2e~ (2) 

At the passivation potential V a l i m i t i n g passivation current 
i is reached and the acceleration of metal dissolution is 
efjual to the retardation of the process. Above V the 
current-potential curve changes direction, metal dissolution 
is increasingly hindered by a process which evidently 
terminates at V , a potential of "complete pa s s i v i t y . " 
Thereafter the HSssolution r a t e , i , sometimes orders of 
magnitude smaller than the passivation 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, following Flade*s o r i g i n a l 
d e f i n i t i o n , 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_) V̂ , i s P t h e 
thermodynamic potential at which the formation of a metal 
oxide becomes possible and i t is lower than V , Figure 2. As 
much as possible the discussion in this pape? w i l l refer to 
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Figure 1. A potentiostatic circuit: an imposed potential difference (V*) drives 
the current (I) from an auxiliary electrode to the test electrode until the potential 

difference (V) becomes equal to V * 

PASSIVE TRANS-
PASSIVE 

/ 

'c 

POTENTIAL 

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 nature of the oxidized state, to 
distinguish between "the passivity" on one hand and "the 
inhibition" (and diminuation of the corrosion rate by paints 
or galvanoplastie deposits) on the other. In the latter the 
adsorption of the active species from the solution influences 
the reaction kinetic
appreciably influencin
definition differentiates clearly passivity or anodic 
protection from the cathodic protection of a metal at low 
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 
smaller 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 ^ m e a s u r e ( ^ * s 

always the difference between i and i measure 
ox red. 

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

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

i f 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. 
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Figure 3. Effect of applied anodic and cathodic currents on the behavior of an 
active-passive system 

Figure 4. Effect of oxidizer concentration on the electrochemical behavior of an 
active-passive metal 
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log i 

Figure 5. Effect of velocity on the electrochemical behavior of an active-passive 
metal under diffusion control 

log i 
Figure 6. Spontaneous passivation of titanium by galvanically coupling to phti-

num 
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B. Passivation Theories, Iron et a l . The f i r s t theory of 
passivity was suggested over a century ago when Faraday (2) 
stated "my strong impression is that the surface is oxidized 

11 However, the investigation of the nature of the 
"passivating material" introduced the t r a d i t i o n a l polemics 
between those supporting the adsorption theory and those 
supporting the oxide-film theory of passivity. 

The controversy is 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 f i l m of a d e f i n i t e 
chemical phase,(21) three-dimensional f i l m  (22,23) oxid t 
related to any known
and duplex oxide.(26-29  alway
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 p r e f e r e n t i a l l y unidirectional bonding between 
adsorbate (oxygen) and substrate (metal) without metal ions 
leaving their l a t t i c e s i t e . 

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

In the three-dimensional oxide there is a repeated 
distance and symmetry relationship in a v e r t i c a l dimension 
also, with either a more or less continuous relationship with 
the substrate (as in e p i t a x i a l film) or with a complete 
misorientation, as in nonepitaxial, deposited fil m . 

There are also s c i e n t i f i c d i f f i c u l t i e s in approaching the 
problem of the e n t i t i e s formed in passivation. This is 
p a r t i c u l a r l y so in the region of low electrode coverage, where 
there is no p o s s i b i l i t y of c l e a r l y distinguishing between the 
adsorbed or (monomolecular or less) oxide layer without an 
experimental method that is s u f f i c i e n t l y sensitive and 
applicable in s i t u . 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 l i t t l e information about the 
l o c a l current d i s t r i b u t i o n , the nature and thickness of the 
passive f i l m , and the f i l m d i s t r i b u t i o n over the surface. An 
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log i 

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 non-electrochemical methods on the other hand 
may either disturb the system under test ( e l . d i f f r a c t i o n , 
microscopy, Mossbauer) or be complicated in interpretation 
(ellipsometry). Some other d i f f i c u l t i e s involved in this type 
of experiment include a poor characterization of the surface, 
i t s 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 d i f f i c u l t to follow. A l l these 
factors contributed somewhat to interpreting the passivation 
of metals in terms of a variety of theoretical models. 

1. The Adsorption Theory. The adsorption theory has 
been developed by Uhlig, Frumkin, Kabanov and Kolotyrkin. 
According to Kolotyrkin, (31) passivity is described as a 
s p e c i f i c case of the widespread phenomenon of the change in 
the kinetics of an electrodi
adsorption of the oxyge
generally represented by 

α F 
i = k l C

f exp (-gj-) V , (3) 

where α is the transfer c o e f f i c i e n t equal to $z;* when the 
valency of the dissolving ion, z, is unity, α is equal to the 
symmetry factor 3, or to the f r a c t i o n of the potential 
available to lower the energy barrier for dissolution. The 
quantity c f is the number of atoms per square centimeter, and 
i f with the superimposition of adsorption, c' changes with 
potential in such a way that 

α F 
c' = c' n exp (- -57) V (4) 

the t o t a l current becomes 

(a - a ) F 
i = k l C

f
0 exp [ RT 1 v · (5) 

Providing that in the f i r s t stage of the passivation process 
(at V < V < V ) a 2 » a 1 and in the second stage (at V > V ) 

α2 = 1' t h i s equation can explain the experimentally observld 
drop of the current with potential and i t s 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 e a r l i e r view, one of the factors determining 

passivation (and chemisorption) is the r a t i o of the work 
function to the enthalpy of sublimation ΔΗ . If this r a t i o is 
less than unity, conditions are favorafle to passivation 
because the electron would escape more readily than the atom, 
favoring the chemisorption of substances l i k e oxygen. A 
passive f i l m is composed, then, from chemisorbed atomic and 
molecular oxygen (supplemented perhaps by OH and H~0). The 
formation of chemical bonds s a t i s f i e s the surface a f f i n i t i e s 
of the metal without metal atoms leaving their l a t t i c e s i t e . 

It is argued (12) that on t y p i c a l t r a n s i t i o n metals (Ni, 
W, Cr, T i , Ta) the formation of such a layer ( i . e . , M-0-02) 
proceeds with more favorable free energy of formation than tne 
oxide formation, as they have u n f i l l e d d electron energy 
levels leading to th
between oxygen and th
ty p i c a l l y exhibit passivity
f i l l e d d levels, such as copper or zinc, the heats of oxygen 
adsorption are expected to be lower, and the formation of 
oxides is less favorable. Such metals do not exhibit 
t h i n - f i l m passivity. 

Correlation of the observed onset of Wagner's passivity 
on alloys l i k e 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 
f i l m ( i . e . , M-O-Ô ) is formed in solutions, interposing a 
stable barrier between metal and elect r o l y t e , displacing 
adsorbed Ĥ O and increasing the activation energy for the 
hydration and dissolution of the metal l a t t i c e . 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 f i l m may be detected. 

B r i e f l y , the theory explains the onset of passivity by 
the formation of a thin adsorbed layer that either s h i f t s 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 1s theory, however, does 
not define a physical reason for the change of a 1s with 
potential. On the other hand, a chemisorbed f i l m of M-0-02 

composition in the electrolyte is not very l i k e l y for the 
following reason: Most metals (Cr, (32) T i , (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 solutions, 
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the formation of molecular oxygen at low cathodic potentials 
is impossible, and without i t s presence the to£al number of 
millicoulombs determine^ in the f i l m (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 f i l m thickness 
would exceed reasonaESe l i m i t s for the adsorbed monolayer of 
oxygen ions. In the usual correlation between the number oJJ 
millicoulombs and f i l m thickness i t 2 i s assumed that 0.5 mC/cm 
corresponds to the monolayer of 0 ions i f 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 (JL2) and by Garner and MacRae(35) for oxygen 
adsorption and equally for the formation of the i n i t i a l f i l m 
formed with the adsorption of water,(36) the resulting 
passivating f i l m is several layers thick - that is, a t ^ i n 
oxide is more l i k e l
F i n a l l y , factors tha
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 f i l m on the metal substrate; 
this consists of the reaction products of the metal with i t s 
environment. Such a f i l m is a new phase, even i f i t is as 
thin as a single monolayer.(21) Electron d i f f r a c t i o n (21) and 
ellipsometric(33) studies give the experimental evidence for 
the theory. In this case the physicochemical properties of 
the metal r e l a t i v e to a corrosive medium depend to a large 
degree on the properties of the protective f i l m . The 
properties of the film, however, are not uniquely determined. 

Adherents to this theory have different opinions on the 
potential at which the f i l m forms, i t s thickness, the 
mechanism of formation, and, most important, the "cause" of 
passivity. In the e a r l i e r theories i t 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 s a l t on and near the 
electrode.(32) In the pores the current increases, and by 
polarization at an "Umschlagspotential" (V F = V , Figure 1) an 
actual passive layer is formed. Thus the essential concept of 
the passivation process is connected with the change of the 
properties (chemical or physical) of the primary f i l m at a 
certain potential. The passive f i l m is free from pores and 
presents a barrier between the metal and the environment. It 
is el e c t r o n i c a l l y conductive and slowly corrodes in 
solution.(6,8,24,37) 

These general ideas were further developed in d e t a i l 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 ni c k e l in acid 
solution and have calculated the passivation potential as a 
potential for N i O / N i ^ tr a n s i t i o n . This was in f a i r 
agreement with the experimentally observed value. The higher 
valence oxide was thought to have a se l f - r e p a i r i n g a b i l i t y ; 
that is, a higher valence oxide theory of passivity was 
suggested. In contrast to this higher valence oxide f i l m , a 
surface oxide f i l m NiO has the same valency as the ions of 
active dissolution; thus i t has no se l f - r e p a i r i n g a b i l i t y and 
cannot passivate the metal. Because anodic dissolutions at 
active potentials proceed at a high rate, Sato and Okamoto 
have suggested that the primary f i l m forms by a 
dissolution-precipitation mechanism, although no direct 
experimental evidence was offered. Bockris, Reddy, and 
Rao(40) have studied the passivation of ni c k e l in acid 
solution by a combinatio
s i t u ellipsometry. I
r e l a t i v e l y thick (6  X), y  precipitation,
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 n i c k e l 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 Pb0 9, are 
excellent electron conductors. Also, i t may very well be that 
the experimental results, in particular the ellipsometric 
data of Bockris, et a l . , 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 f i r s t passivating f i l m 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 t r a n s i t i o n into 
e l e c t r o n i c a l l y conducting f i l m is not trustworthy. The l a t t e r 
was derived from the variation of the e l l i p s o m e t r i c a l l y 
determined change of the extinction coefficient with 
potential. 

De Gromoboy and Shreir(43) argued in their experimental 
study of n i c k e l in s u l f u r i c acid that higher oxides may form 
d i r e c t l y 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 + NiO, Ni ^ Ni 0^, Ni Ni 0 , and 
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Ni ->Ni02, the phenomenon being sharply dependent on the 
presence or absence of small concentrations of thiourea. 
Similarly Arnold and Vetter(15) suggest the direct formation 
of NiO at the electrode. From the anodic charging curves 
these authors have concluded that the f i l m 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 ,θ < 1) and 
grows to a monolayer at V .(13-18,44,45) Its formation 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 k i n e t i c a l l y 
easier in i t s c r u c i a l primary stage than is metal 
dissolution. However
simultaneous electrod
current is described as a result of a decrease in film-free 
area or blocking of the most active, kink, sites(44) caused by 
f i l m formation and i t s influence on the kinetics of the anodic 
reaction. 

In this respect and regarding the discussion on the 
i n i t i a l 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 t i g h t l y 
held monolayer containing oxide or hydroxide anions and metal 
cations. Hoar(14) concurs with "adsorptionist" Uhlig and 
Frankenthal as well as " f i l m i s t s " Schwabe and Arnold, Vetter 
and Evans. In the formation of such a f i l m , adsorption may, 
however, play an important role.(46) Adsorption is the f i r s t 
stage of the process; in an oxygen atmosphere molecular oxygen 
is adsorbed, dissociated, and chemisorbed, whereas in an 
aqueous solution water molecules or OH w i l l be adsorbed and 
chemisorbed (see Figure 8a). The second stage is the 
intrusion of metal ions from the l a t t i c e into the adsorbed 
layer (see Figure 8b), which in the third stage may grow in 
the t h i r d dimension. With time and potential (at V > V ) 
oxide growth is a function of the film's ionic and electronic 
conductivity. The thickness of the f i l m w i l l 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 f i l m . 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 li k e s to know a) what kinds of spontaneously 
occurring reactions are expected and b) what is the magnitude 
of the rate of metal dissolution. The l a t t e r is the r e a l 
c r i t e r i o n in making the decision and is usually evaluated 
through experimentation. The former provides a yes or no 
answer regarding the s t a b i l i t y of the metal and f a l l s 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 r a t i o . 

1. The Metal-Solutio
metal-solution potentia
influence of pH, determines whether the formation of 
aquocations or oxide formation is the thermodynamically 
prevailing p o s s i b i l i t y . Such thermodynamic data, even i f 
unsupplemented by information of a kine t i c nature, are 
usefully expressed in the graphical form devised by 
Pourbaix.(11) The Pourbaix diagram for iron is shown in Figure 
9. Here, for example, one can make use of the re l a t i o n 
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 t o t a l free 
energy change for the corrosion process 

G = -nFV (6) 

a diagram indicates that iron in deaerated aqueous solutions 
w i l l have a tendency to dissolve as long as the pH is less 
than about 8.5. In 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 f i r s t 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, i f the f i r s t 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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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 
Hoar1 s ( 1 4 ) extension of the Pourbaix diagram, shown 
schematically in Figure 1 0 . 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 appropriafce Pourbaix 
diagram, showing regions of active, passive (sometimes having 
more than one oxide with passivating properties), and 
transpassive behavior. At higher c X " " / C H 0 R A T ^ O S ^ Β 

electrode brightens (proces  7 )
higher potentials (proces
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 i f 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, ( 2 8 , 2 9 , 4 4 , 4 5 , 5 3 ) and detect its fi r s t 
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 c e l l and under an electrochemical 
investigation. Ellipsometry is based on the sensitivity with 
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Figure 10. Scheme showing anode behavior at various potentials in solutions of 
various anion/water concentration ratios CX-/CH2O- The processes are as follows: 
(1) anodic passivation; (Γ) 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; 
(7r) anodic etching from brightening by decreasing the anion concentration (14). 
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which polarized l i g h t 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 used to calculate the thickness and the 
refractive index (composition ?) of the newly formed f i l m . 
Relative changes of less than 1 X are detectable. The 
evaluation of the absolute values, however, may not be 
straightforward i f the f i l m is absorbing and i t s refractive 
index unknown. 

The photopotential data are measured by a pulse 
technique, th^ duration of the l i g h t pulse being 
0.2 - 1 χ 10 seg and the r a t i o of l i g h t to dark time 
1 - 2.5 χ 10 . The oscillographic recording of the 
photopotentials allow  th  determinatio f  n-typ
semiconducting propertie
correlation between th
photopotential sign for given experimental conditions is 
formulated by Rosenfeld et al.(41,54) as 

2~ 
Δ ν ^ \ = 7Γ- &n J ^ - r 1 - C (7) (hv) 2e [ Mn+ ] 

where k is Boltzmann fs constant, Τ 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 l i g h t of different wavelengths: thus i t is possible to 
speculate on the kind of surface product through the 
approximate value of i t s photoelectric gap.(55) 

3) Other Non-Electrochemical Methods. B. Cahan(56) 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 __^echnique is a c e l l with a thin layer of 
electrolyte (10 cm) which w i l l be frozen during sample 
transportation from the electrochemical set-up into the Auger, 
for example, and then sublimed under a very high vacuo. In 
this way, the errors due to a i r exposure w i l l 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 q u a l i t a t i v e l y and 
quantitatively the processes responsible for a t y p i c a l i-V 
curve, two viewpoints w i l l be brought into focus: 1) the work 
of Brusic(33) and Bockris et a l . , (60) which gives the f i r s t 
direct evaluation of the growth mechanism of the f i l m on iron 
in the active potential region and 2) the work of Ebersbach, 
Schwabe and Ritter(18,19) containing the f i r s t theory that 
succeeded in calculating an i-V curve (for nickel) in good 
agreement with the experimental re s u l t s . 

1) The Model of Brusic, Bockris et a l . This model 
assumes, as does that of others,(18,45) that in the active 
region both f i l m formation and dissolution reactions proceed 
as simultaneous processes  Th  advantag  held her  is tha
many of the unknown parameter
film-forming reaction  experimentally
iron in borate buffer. Kinetic parameters were evaluated by a 
combination of electrochemical and ellipsometric measurement 
in a p u r i f i e d , deaerated solution, with and without s t i r r i n g . 
The ellipsometer was used as a quasi-automatic instrument, 
recording changes with time as short as 0.01 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 s t i r r i n g . After the f i r s t 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 i n f l e c t i o n points, one associated with V and the other 
with a higher, passive potential, Figure 13. ^ 

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

• The evaluated thickness at constant, active, potential 
is l i n e a r l y proportional to time up to about one-third of a 
monolayer (up to ^ 0.1 sec); thereafter i t is proportional to 
log t (Figure 15). 

• The most l i k e l y oxide composition and thickness 
evaluated from both ellipsometric and coulometric results are 
given in Figure 16 as FeiOH)^ below V and Fe20^ above i t . 

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

1. Discrete centers grow, i n i t i a l l y two-dimensionally, 
up to 30% coverage. 
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Figure 11. Schematic of ellipsometer: (1) source of light; (2) collimator; (3) poh-
rizer; (4) compensator; specimen (S) on table (T); (5) filter; (6) analyzer; (7) light 

detector 

TIMER, EACH MARK REPRESENTS 5 SECS 

Figure 12. Laboratory record of potentiostatic oxidation at -\-860 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 Δ and Ψ with potential in steady state and transient (x, 
0.8; 0, 0.32; Δ, 0.08 mA cm'2) oxidation; and i-V relation in steady state oxidation. 
(Φ,Ο) Galvanostatic oxidation transients; (UO) potentiostatic (steady state) oxi­

dation. 

Figure 14. Charge (Q) as a function of oxidation potential obtained during the 
oxidation (O), reduction (X), and reduction corrected for hydrogen (A) 
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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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Figure 16. The solution of the ellipsometric results using coulometry 
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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 s i t e s where the metal is already attached to an OH 
group. This i n i t i a l OH group is displaced into the f i r s t 
layer of metal atoms beneath the surface, forming a 
two-dimensional oxide l a t t i c e . Thus the processes that 
determine the i-V curve are 

Fe + OH" ΐ FeOH + e~ (8) 
/ \ 

dissolution f i l m formation 

FeOH FeOH + e (9) FeOH ^ HOFe (10) 

FeOH+ Î F e

(12) 

where Eq. (9) gives i ^ g and Eq. (12) i ^ f . At any time i T = 
i ^ g + The dissolution mechanism is ba s i c a l l y that of 
Bocfris et al.,(61) recently confirmed by Epelboin.(52) 

Since, according to the determined mechanism of f i l m 
growth i £ f (V,L) at t = const and i ^ 0 at t large, the 
experimental i-V curve is largely determined by · T n e 

l a t t e r is calculated as a function of incr e a s i n g 1 S f e ( 0 H ) 9 

coverage from 0 to about 0.8 at potentials in the prepeal 
region and in the regions of f i n a l covering of the electrode 
by the formation of Fe^O^ at potentials between V and V . 
The f i n a l rates are as follows: P P P 

at V < V : 
Ρ 

^ i s s = k l C 0 H ~ e x p ( V F / R T > <13> 

i f f = k2 6FeOH e x p < F V/ R T) e x P < - f ( θ τ ) / Κ Τ ) 0 Η - ( 1 4 ) 

where θ is the electrode coverage with 

Θ Τ θOH,ads + 9Fe(OH) 2 and 

f ( 6 ) T ^ 3(const + FV) 
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at V < V < V 
Ρ 1 PP 

i diss ^ Κ ( 1 - θ τ) exp (3FV/2RT) (15) 

and 

i f f = k 2 K ( l - θ τ) exp (3FV/2RT) (16) 

with 

(1 " 0 T ) t = A exp [-k2K e t] (17) 

The theory was foun
observed kinetics parameters such as the Tafel slope of free 
dissolution of 150 mV, diff/dV = 0, and the observed i-V curve. 

Place exchange, in the formation of the f i r s t or second 
layer of the f i l m , may be r e l a t i v e l y 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 f i l m 
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 
v a l i d . 

If compared with other models of iron passivation the 
present model, showing c l e a r l y that an el l i p s o m e t r i c a l l y 
detectable phase is formed negative to the peak potential with 
an effective thickness of one, perhaps two, monolayers at V 
is not in agreement with models favoring the adsorption 
0 , OH , etc. It is in agreement with a more general picture 
of monomolecular oxide formation, in p a r a l l e l to iron 
dissolution(44) d i r e c t l y at the electrode surface,(14) 
possibly favored by the d-character of the substrate (raction 

It also agrees with theories proposing the appearance of 
a higher valent oxide at V > V . (58) As for the f i l m 

process. It remains to be determined by more direct 
experimental approaches(56) which of the two is more l i k e l y . 

2) T h e M o d e l £f Ebersbach, Schwabe and Ritt e r (18,19). 
It was assumed that the metal-dissolution reaction (rate i^) 

and the film-forming reaction ( i 9 ) at an i n i t i a l l y bare 

8).(12) 

composition in general, the 
have more supporters than 
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electrode can proceed simultaneously with a p o s s i b i l i t y of the 
f i l m 1 s being dissolved by the action of the electrolyte, 
especially i f some adsorbable anions are present. Thus 

i - ( i x + i 2 ) (1 - Θ) (18) 

where Θ, the electrode coverage, varies with time according to 

g = C i 2 ( l - θ) - ΚΘ - Βθ , (19) 

V,a A_,a H + 

where B, the rate of oxide f i l m degradation, is a function of 
c according to 
H t 

MO + 2H + t M 2 + + H 20 (20) 

and K, the rate of oxide-film degradation, is a function of 
according to 
MO + 2A~ + H 20 t MA2 + 20H~ (21) 

Then 

i - ( i x + i 2 ) ( l - (1 + ^ g j - 5 ) 1 {1 - exp[-(Ci 2 + Κ + B)t]}) 
2 (22) 

where 

ΐ ι - * ι ° « Ρ < v " V I · ii° = f cH+ ' ( 2 3 ) 

i 2 - i 2° exp (V - V 2) ] , i 2° = f c H + , (24) 
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with and V« being the equilibrium potentials for active 
dissolution and f i l m formation. 

The dissolution rate i ^ may be determined by the reaction 
sequence given by Eqs. 8, 9, and 11 (Bockris 1 dissolution 
mechanism). The mechanism of f i l m formation, resulting in ±^ 9 

is assumed to be as follows: 

M + H 20 t MOH + H + + e , (25) 

MOH + H 20 ·+ M(OH)2 + H + + e" , (26) 

M(OH)2 MO + H 20 , (27) 

with the second electron transfer being rate determining. The 
mechanism involves the direct formation of the passivating 
f i l m 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 
s t i r r i n g and of the s o l u b i l i t y of the n i c k e l s a l t . 

For the steady state, t •> 0 0, 

i-° exp[(α-F/RT)(V - V_)] + i 9° exp[(a 9F/RT)(V - V 9)] 
i = -J: i i é é £ _ (28) 

1 + ({Ci U exp[(a F/RT)(V - V ) ] } / ( K + Β)) 

and i f no oxide-film degradation occurs, 

h + h 
i = — (29) 

exp ( i 2 C t ) 
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^ cm^/A-sec. 
The rate constants Κ and Β at constant pH and 
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anion concentration were given as f i r s t - o r d e r rate constants 
with estimated values_of 
10 > (K + B) > 10 sec . These l i m i t s were chosen 
a r b i t r a r i l y , assuming that f i l m degradation is slower than 
f i l m 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 
n i c k e l in acid). 

Examples arg shown_^n Figures 17 and 18 for γ = 3 2Z 2/$-Z^ 
= 2 (or 1), i 1 = 10 A/cm (chosen a r ^ i t r a r i l y 1 0 f r o m ghe 
region of_Yglues reported to be between 10 and 10 A/cm)^ 
i 2 = (ggain a r b i t r a r i l y 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 
in peak current or peaiPpotential with both time (Figure 17) 
and the velocity o
(Figure 18). Thus, accordin
w i l l be zero when θ = 1 at V . Furthermore, according to Eq. 
(29), in the stationary staEl (when t °°) a f i n i t e current 
can flow only when i ? 0. It is argued that, in r e a l i t y , a 
measurable current w i l l always flow after passivation even i f 
±2 ~* 0 because the surface f i l m is not perfect nor is the 
surface perfectly covered, and that the passive surface f i l m 
is not absolutely impermeable. Thus, as polarization 
increases (at V > V ) , ions increasingly penetrate into the 
f i l m , increasing its p?hickness. 

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

1) metals with - << 0: the passivation reaction 
occurs fast and metal in aqueous solution always forms an 
oxide, as in the case of A l , T i , Zr, Ta, and W. 

2) V 2 - ν χ % 0: in that case the metal is i n i t i a l l y 
acgive^ the more negative (V^ - V^) and tjje smaller the r a t i o 
1~ I±2 > t n e faster the passivation a) i.. / i 2 > 1: this is 
trie case for Fe, Co and Ni in solution without halides. 
Pagsivgtion is possible only at higher anodic potentials, b) 
i.. / i 2 « 1 passivation occurs easily, the case of Cr. 

3) V 2 - ν χ » 0: a) i ϋ / ± 2
ϋ » 1, the case of Ag; the 

passivation potential is not easily reachable even at high 
anodic current densities. Passivation may set in after a s a l t 
formagion^ e.g. Ag 2S0^ in whose pores Ag 20 2 can be formed, 
b) i ^ / i 2 << 1 - metals of the Pt group with slow dissolution 
and easier passivation. 

Thus this theory s a t i s f a c t o r i l y describes the i-V curve 
in the active potential region, with a qualitative description 
of p o s s i b i l i t i e s in the passive potential region and a 
semi-quantitative explanation of the passivation behavior of a 
variety of metals. 
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TIME 

-250 0 250 500 750 
POTENTIAL [mV SHE] 

Electrochimica Acta 

Figure 17. Effect of time on the current density-potential curves by potentio-
static measurements (calculated for Κ + Β = 10~3 sec'1 (18)) 

K+B 

-250 0 250 500 750 
POTENTIAL [mV, SHE] 

Electrochimica Acta 

Figure 18. Current density-potential curves calculated for t = oo showing de­
pendence on the sum of the constants Κ and Β (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 a l l 
potentials. In the active potential region dissolution is 
hindered by a decreas  in th  fre  electrod d in th
passive region dissolutio
of the passivating film
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Corrosion of Valve Metals 

J. E. D R A L E Y 

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 everythin
corrosion of valve
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-
al l y 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 
il l u s t r a t e 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. 

F i r s t of a l l , I have found the t i t l e valve metals 
to be confusing for a number of people; for example, 
someone asked i f they are the metals of which valves 
are made. Let me give you a few guidelines. F i r s t , 
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 l i t t l e . 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 106 volts/cm. 

In the f i r s t figure, we see il l u s t r a t e d a relation­
ship often drawn between the energy of the bond between 
oxygen and the metal and the f i e l d required to produce 
an anodic film. In this instance, the f i e l d is that 

0-8412-0471-3/79/47-089-185$12.50/0 
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40 Γ 

MO BOND ENERGY, eV 
Journal of the Electrochemical Society 

Figure 1. Field required to sustain an ionic current density of 2 X JO"3 A · cm' 
for anodic oxides as function of metaV-oxide bond energy (1) 
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w h i c h c o r r e s p o n d s t o a g i v e n s m a l l c u r r e n t in a n o d i z i n g , 
o r p r o d u c t i o n o f t h e o x i d e f i l m . T h e f a c t o r s r e s p o n ­
s i b l e f o r s o u n d a n d p r o t e c t i v e f i l m s a r e n o t w e l l k n o w n . 
I t is s t i l l a b i t o f a m y s t e r y w h y some s y s t e m s f o r m 
b e t t e r f i l m s t h a n o t h e r s . A n u m b e r o f i n d i v i d u a l p r i n ­
c i p l e s h a v e b e e n b r o u g h t u p . P i l l i n g a n d B e d w o r t h 
y e a r s a g o w r o t e t h a t i f t h e v o l u m e o f t h e o x i d e p r o ­
d u c e d o n a m e t a l s u r f a c e is l e s s t h a n t h e v o l u m e o f 
m e t a l f r o m w h i c h i t is p r o d u c e d , t h e r e is l i t t l e c h a n c e 
t h a t t h e o x i d e f i l m w i l l b e p r o t e c t i v e . A s s t a t e d , 
t h a t is a g o o d g u i d i n g p r i n c i p l e , b u t o f a l l t h e s y s ­
t e m s f o r w h i c h t h e r e is e x p a n s i o n in t h e f o r m a t i o n o f 
o x i d e , t h e r u l e d o e s n f t p r e d i c t r e l i a b l y w h i c h o x i d e s 
w i l l b e p r o t e c t i v e a n d w h i c h w i l l n o t . 

S t r o n g b o n d i n g b e t w e e n t h e o x i d e a n d t h e m e t a l 
s u b s t r a t e s e e m s t o b e e s s e n t i a l t o t h e f o r m a t i o n o f 
h i g h l y p r o t e c t i v e f i l m s
y o u c a n h o l d o n t o . T h e o t h e r s d o n t w o r k v e r y w e l l . 
T h e r e a r e a l o t o f p e c u l i a r i t i e s ; f o r e x a m p l e , in 
s o m e c a s e s t h e o x y g e n d i s s o l v e s s i g n i f i c a n t l y in t h e 
s u r f a c e l a y e r s o f t h e m e t a l . T h i s d o u b t l e s s r e d u c e s 
t h e e f f e c t i v e s i z e o f t h e s u r f a c e m e t a l a t o m s a n d 
a l l o w s a d j u s t m e n t o f t h e p o s i t i o n s o f t h e s u r f a c e a t o m s 
o f t h e s u b s t r a t e s o t h e y w i l l n e a r l y m a t c h t h e p o s i ­
t i o n s o f t h e c o n t i g u o u s c a t i o n s in t h e o x i d e s . 

F i g u r e 2 s h o w s t h a t w h i c h m e t a l s f o r m g o o d f i l m s 
d e p e n d s n o t o n l y o n t h e b o n d e n e r g y b u t a l s o o n t h e 
s o l u t i o n in w h i c h t h e f i l m s a r e f o r m e d . T h e s e c u r v e s 
a r e f o r a n o d i z i n g a l u m i n u m in a s e r i e s o f s o l u t i o n s . 
T h e t o p 5 c u r v e s a r e f o r a f a m i l y o f s o l u t i o n s in 
w h i c h t h e f i l m s r e m a i n r e s i s t a n t t o g r e a t e r t h i c k n e s s e s 
t h a n f o r t h e t w o l e s s i d e a l s o l u t i o n s . I n o t h e r s o l u ­
t i o n s , o n e c a n f t g e t a n o d i z e d f i l m s at a l l . T h e r e ­
s i s t i v i t y o n t h e o r d i n a t e is f o r t h e f i l m i t s e l f . I 
t h i n k i t is i m p o r t a n t t o n o t e t h a t m a n y m e t a l s f o r m 
h y d r a t e d o x i d e s , in w h i c h h y d r o x i d e i o n s a r e c o n s t i t ­
u e n t s . A s a g e n e r a l r u l e , h i g h l y p r o t e c t i v e f i l m s a r e 
a n h y d r o u s ; i t is o f t e n s p e c u l a t e d t h a t t h e h i g h f i e l d 
p r e s e n t d u r i n g t h e f o r m a t i o n o f t h e f i l m ( v i d e s u p r a ) 
c o n t r i b u t e s t o t h e f o r m a t i o n o f a n h y d r o u s r a t h e r t h a n 
t h e h y d r a t e d o x i d e . I t is e a s y t o s e e t h a t a h i g h 
f i e l d o p e r a t e s w h e n o n e a n o d i z e s b y t h e a p p l i c a t i o n o f 
a p o t e n t i a l ; i t is l e s s o b v i o u s , b u t e v i d e n t l y e q u a l l y 
t r u e d u r i n g u n a s s i s t e d t h i n - f i l m o x i d a t i o n . L o c a l 
f i e l d s f r o m m u l t i p l y - c h a r g e d c a t i o n s m i g h t c o n t r i b u t e 
t o t h e f o r m a t i o n o f c o m p a c t , a n h y d r o u s o x i d e s ; t h e b e s t 
f i l m s u s u a l l y c o n t a i n c a t i o n s w i t h a c h a r g e o f 3 o r 
m o r e . O n e m o r e t h i n g a b o u t f i l m s : t h e y o f t e n a r e n o t 
v e r y s t a b l e in w a t e r o r in a q u e o u s s o l u t i o n s . T h i s 
t e n d s t o c a u s e c o n f u s i o n a b o u t t h e p r o t e c t i v e n e s s o f 
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Figure 2. Differential specific resistance for growing barrier films on aluminum 
β) 
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o x i d e f i l m s . T h e f i l m i t s e l f m a y b e a v e r y g o o d o n e , 
b u t i t m a y d e t e r i o r a t e , s o m e t i m e s s l o w l y , s o m e t i m e s 
r a p i d l y ; s o m e t i m e s r a t h e r g e n e r a l l y a n d s o m e t i m e s 
l o c a l l y . I t s p r o t e c t i v e n e s s t h u s m a y b e t e m p o r a r y 
o r i m p e r f e c t a s a f u n c t i o n o f t i m e . O n e o f t h e c o ­
n u n d r u m s a b o u t s u c h p r o t e c t i v e f i l m s h a s a l w a y s b e e n 
h o w t o r a t i o n a l i z e t h e d e m o n s t r a t e d r e q u i r e m e n t t o 
a d s o r b s p e c i e s o n some m e t a l s u r f a c e s o r o n s o m e m e t a l 
o x i d e s u r f a c e s t o p r o v i d e p r o t e c t i o n . I t a p p e a r s t o 
me t h a t t h e f u n c t i o n o f t h e a d s o r b a t e is t o p r o t e c t 
t h e o x i d e f i l m a g a i n s t t h e h y d r a t i n g o r s o l v a t i n g e f ­
f e c t o f t h e w a t e r . T h e f i l m i t s e l f is g o o d e n o u g h , 
t h e n , t o p r o v i d e p r o t e c t i o n . 

I n F i g u r e 3 we s e e t h e r e l a t i o n s h i p b e t w e e n m e t a l -
o x i d e b o n d e n e r g y a n d t h e T a f e l s l o p e - - t h e r e l a t i o n s h i p 
b e t w e e n p o t e n t i a l a n d l o g c u r r e n t d u r i n g o x i d e f i l m 
f o r m a t i o n . I t s a y s
e r g y is h i g h e r , i t t a k e
g i v e n i n c r e a s e in c u r r e n t , w h i c h is t o s a y t h a t w h e n 
t h e b o n d e n e r g y is h i g h e r i t is m o r e d i f f i c u l t t o p a s s 
e x t r a c u r r e n t t h r o u g h a m o r e p r o t e c t i v e f i l m . 

C o r r o s i o n a n d o x i d a t i o n o f v a l v e m e t a l s g e n e r a l l y 
c o n s i s t b o t h o f t h e g r o w t h a n d d e g r a d a t i o n o f o x i d e 
f i l m s . I ' d l i k e t o b e g i n d i s c u s s i o n o f t h e g r o w t h o f 
o x i d e f i l m s w i t h F i g u r e 4 , t a k e n f r o m H a u f f e ( 3 ) . I n 
t h i s c a s e i r o n is o x i d i z e d d i r e c t l y t o f e r r i c o x i d e 
in a n i t r i c - n i t r o u s a c i d s o l u t i o n . T h e a u t h o r h a s 
s u g g e s t e d t h e e x i s t e n c e o f c o n c e n t r a t i o n g r a d i e n t s 
f o r c a t i o n l a t t i c e d e f e c t s , o x y g e n v a c a n c i e s , a n d 
e l e c t r o n s . D u r i n g t h e g r o w t h o f t h e f i l m , i t is p r o ­
p o s e d t h a t e l e c t r o n s , c a t i o n s , a n d a n i o n s m i g r a t e . A 
l a r g e s p a c e c h a r g e v a r i a t i o n is p r o p o s e d w i t h i n t h e 
o x i d e f i l m — a c a s e w h i c h w a s i g n o r e d f o r y e a r s b y 
p e o p l e w h o s t u d i e d o x i d a t i o n . T h e r e s u l t a n t c o m b i n a t i o n 
o f f i e l d s f r o m s u r f a c e c h a r g e s a n d f r o m t h e s p a c e c h a r g e 
l e a d s t o n o e l e c t r i c a l f i e l d at t h e i n t e r f a c e b e t w e e n 
Z o n e s I a n d I I at w h i c h l o c a t i o n n e w o x i d e is p r o p o s e d 
t o f o r m . O t h e r m o r e c o m p l i c a t e d m o d e l s h a v e b e e n d e v e l ­
o p e d ; I h a v e c h o s e n t o s h o w t h i s b e c a u s e o f i t s g e n e r ­
a l l y a p p l i c a b l e p r i n c i p l e s . 

I n F i g u r e 5 we s e e t h a t s o m e t i m e s s e e m i n g l y p e r f e c t 
t h i n f i l m s a r e f a r f r o m p e r f e c t . T h i s is f o r a n a l u m ­
i n u m a l l o y t h a t , f r o m some t e c h n i q u e s , w o u l d a p p e a r t o 
c a r r y a p e r f e c t f i l m . We s e e some o f a s e r i e s o f 
p l a t e l e t s g r o w i n g o u t in t h i s t r a n s m i s s i o n e l e c t r o n 
m i c r o g r a p h t a k e n a c r o s s a n e d g e . F i g u r e 6 s h o w s a c a s e 
in w h i c h o x i d e n u c l e i g r o w o n a m e t a l s u r f a c e . T h i s 
o n e is f o r i r o n in l o w p r e s s u r e o x y g e n ; s i m i l a r r e s u l t s 
h a v e b e e n o b s e r v e d f o r o t h e r m e t a l s . I f we l o o k at 
t h i s s u r f a c e d u r i n g o x i d a t i o n , we s e e o n l y a v e r y t h i n 
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Surface Charge 

Plenum Press 

Figure 4. Schematic of the concentration of the free electrons and ionr-defect 
positions in the homogeneously structured passive layer Fe2Os 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) 
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Maruzen Co., Ltd. 

Figure 6. Oxide nuclei on (111) iron foil after oxidation at 540°C and 1.1 X 10~5 

Ton for 55 minutes (5) 
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f i l m u n t i l n u c l e i show up at the same time at many 
plac e s over the s u r f a c e . These c r y s t a l s then grow at 
measurable r a t e s . T h e i r o r i e n t a t i o n can be determined 
and r e l a t e d to the o r i e n t a t i o n of the metal s u b s t r a t e . 

I f d now l i k e to show you some unpublished c o l o r 
photographs of a s e r i e s of i r o n samples which were 
o x i d i z e d f o r three days in water at e l e v a t e d tempera­
t u r e s . We've changed the p o t e n t i a l f o r o x i d a t i o n by 
u s i n g d i f f e r e n t c o n c e n t r a t i o n s of oxygen in water. 
With 290 ppm oxygen c o n c e n t r a t i o n at 260°C., a h i g h l y 
p e r f e c t f e r r i c oxide f i l m formed showing a l i t t l e t i n t 
of i n t e r f e r e n c e c o l o r — t h a t is o f t e n v a l u a b l e f o r g i v i n g 
some c l u e s . The c o l o r i n d i c a t e s t h a t the t h i c k n e s s is 
uniform over a b i g enough area to develop the i n t e r f e r ­
ence c o l o r ; in a few minutes, w e ' l l see t h a t t h i c k n e s s e s 
sometimes vary from g r a i  t  g r a i n  At 35
areas of breakdown ar
some photographs of sample ,
the same c o n d i t i o n s . Y o u ' l l see t h a t f o r the same oxy­
gen c o n c e n t r a t i o n s in the water the p r o t e c t i o n is not 
as good. A g r e a t e r o x i d i z i n g p o t e n t i a l (oxygen concen­
t r a t i o n ) is r e q u i r e d f o r a h i g h l y p r o t e c t i v e f i l m as 
the temperature is lowered; the t r e n d continues to 
at l e a s t as low as 100°C ( t h i r d s l i d e ) at which temper­
ature 540 ppm O2 p r o v i d e d an e x c e l l e n t f i l m ( & ) . To the 
best of my knowledge, nobody has used t h i s system to 
m a i n t a i n the p o t e n t i a l l y e x c e l l e n t aqueous c o r r o s i o n 
r e s i s t a n c e of i r o n . The next s l i d e shows a range of 
i n t e r f e r e n c e c o l o r s f o r contiguous g r a i n s on a s p e c i ­
men of i r o n , under c o n d i t i o n s i d e n t i c a l to those shown 
e a r l i e r . I f there is a d e f i c i e n c y of o x y g e n — i n s u f f i ­
c i e n t oxygen to p r o v i d e good p r o t e c t i o n — s i z e a b l e p i t s 
are formed in pure water. A l e s s o n from t h i s is t h a t 
p i t t i n g doesn't occur only in strong e l e c t r o l y t e s or 
s e l e c t e d e l e c t r o l y t e s o l u t i o n s . 

I f the composition of the a l l o y is changed the 
composition of the oxide changes, and i t is p o s s i b l e 
to make the oxide c o n s i d e r a b l y more p r o t e c t i v e on a 
metal l i k e i r o n . The next s l i d e shows the e f f e c t of 
a l i t t l e b i t of chromium. Croloy-5 contains 5% chro­
mium and some molybdenum; you can see t h a t at 260°C w i t h 
35 ppm 0 2 c o r r o s i o n r e s i s t a n c e is s u b s t a n t i a l l y b e t t e r 
than that of i r o n . As shown in F i g u r e 7 the c o r r o s i o n 
behavior of such a l l o y s a l s o seems f a v o r a b l y i n f l u e n c e d 
by h i g h oxygen c o n c e n t r a t i o n in water. In F i g u r e 8 i t 
is seen t h a t there is c o n s i d e r a b l e chromium enrichment 
in the oxide f i l m s on o x i d i z e d iron-chromium a l l o y s ; 
e v i d e n t l y the g r e a t e r p r o t e c t i v e n e s s of the f i l m s f o r 
the chromium-bearing a l l o y s is r e l a t e d to t h i s compo­
s i t i o n . F i g u r e 9 shows that the r a t i o of oxygen to 
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Corrosion 

Figure 7. Corrosion of Croloy 2xk steel in water at 260°C (6) 
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Figure 8. Cr/Fe ratio as a function of distance from surface for four oxidized 
iron—chromium alloys (7). Ratios for alloys on right. 
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Figure 9. O/M ratio as a function of depth in oxide in iron and iron-chromium 
alloys (7) 
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metal a l s o v a r i e s w i t h i n the f i l m . That corresponding 
to M 20 3 is shown. As one gets c l o s e r to the metal, 
shown by surface a n a l y s i s a f t e r s p u t t e r i n g some mater­
i a l o f f the s u r f a c e , the oxide is seen to have l e s s 
oxygen in i t . I t is another p e c u l a r i t y of some of 
these systems that in the t h i n f i l m range, the s t o i e h i -
ometry of the oxide is not as expected. 

As most of you know, i f n i c k e l is added to chro­
mium a l l o y s a s e r i e s of s t a i n l e s s s t e e l s is produced 
w i t h q u i t e good c o r r o s i o n r e s i s t a n c e . These a l l o y s 
have a widespread use; these days those w i t h composi­
t i o n s c l o s e to 18 Cr-8 N i are i n c r e a s i n g l y being used 
in many p r a c t i c a l a p p l i c a t i o n s . I guess I should 
warn you t h a t i f you l i s t e n e d to Roger Staehle you heard 
that there are a number of i n s t a n c e s when they a l s o 
crack unexpectedly a f t e r a p e r i o d of exposure. So 
they are by no mean
n e v e r t h e l e s s , they o f f e
in the performance of low to moderate cost m a t e r i a l s . 
F i g u r e 10 is made up to show that i f aluminum is added 
to 304 s t a i n l e s s s t e e l - - t h a t is roughly the simple 18 
and 8 s t a i n l e s s s t e e l - - t h e c o r r o s i o n p r o t e c t i o n pro­
v i d e d by the oxide to superheated steam is very mark­
edly i n c r e a s e d . This element a l s o i n c r e a s e s r e s i s t a n c e 
to o x i d a t i o n by g a s e s - - a i r , oxygen, and carbon d i o x i d e . 
Aluminum is an e f f e c t i v e a l l o y i n g c o n s t i t u e n t f o r im­
p r o v i n g the c o r r o s i o n - o x i d a t i o n r e s i s t a n c e of i r o n as 
w e l l . 'The p r o t e c t i v e f i l m is e n r i c h e d in aluminum 
as compared to the metal composition. In both systems, 
the a l l o y s c o n t a i n i n g aluminum tend to be b r i t t l e . 

I have been t a l k i n g to you about the formation of 
oxide f i l m s ; f o r completeness i t is a p p r o p r i a t e to 
mention t h a t f i l m s a l s o grow or form by r e c r y s t a l l i -
z a t i o n of a s u b s t r a t e l a y e r or by h y d r a t i o n of a mater­
i a l t h a t was o r i g i n a l l y formed in an anhydrous form. 
As a general r u l e , those cases produce f i l m s t h a t are 
not h i g h l y p r o t e c t i v e . There is a p r a c t i c a l e x c e p t i o n 
to t h a t : i f one anodizes aluminum in some environments, 
n o t a b l y s u l f u r i c a c i d , the c o a t i n g is r e l a t i v e l y porous, 
w i t h the oxide only p a r t i a l l y hydrated. By b o i l i n g in 
water, h y d r a t i o n is i n c r e a s e d , the volume of the oxide 
is i n c r e a s e d and the pores are s e a l e d , and an e f f e c t i v e 
p r o t e c t i v e l a y e r is formed. 

I'd l i k e to s w i t c h now and t a l k to you about deg­
r a d a t i o n of f i l m s . In order to t a l k about c o r r o s i o n 
one has to c o n s i d e r both the growth of f i l m s and t h e i r 
degradation. As one s t u d i e s them, one f i n d s that the 
combination of the two is the key to g e t t i n g a measure 
of understanding of the behavior of the system. Some 
of the r e s u l t s are a l i t t l e unexpected at f i r s t glance. 
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Figure 10. Corrosion of aluminum-modified Type 304 S S for 28 days in steam 
contg. 30 ppm 02 at 650°C (8) 
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Figure 11. Parabolic corrosion of experimental aluminum alloy A288 (Al + 1% 
Ni, 0.5% Fe, 0.1% Ti) in stagnant water at 260°C (9) 
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I t is w e l l f o r us to be a l e r t f o r such t h i n g s . Let me 
make an obvious p l a t i t u d e f o r you about a f i l m t h a t 
degrades at a constant r a t e . I t is obvious that the 
metal w i l l corrode at a constant r a t e i f degradation 
is uniform a l l over the s u r f a c e , although i t might 
take some time to reach that stage w h i l e i t b u i l d s up 
a f i l m . That is not a r a r e phenomenon. I t is more 
common, I t h i n k f o r degradation not to be that uniform 
over the s u r f a c e . We're going to t a l k about some of 
those cases. 

F i r s t , l e t us consi d e r a r a t h e r simple case: the 
f i l m d i s s o l v e s in water. When i r o n or s t e e l corrodes 
in h i g h temperature water without oxygen, the r a t e of 
c o r r o s i o n is determined by the r a t e at which the f i l m 
d i s s o l v e s and is l o s t from the s u r f a c e . This r a t e 
remains constant i f there is some procedure that cleans 
up the water and keep
such procedure is passag  throug p g
lower temperature septum in which some of the m a t e r i a l 
p r e c i p i t a t e s . Another is passage through an i o n ex­
change r e s i n or some other device t h a t w i l l p u r i f y 
the water. Such loop systems o f t e n c o n t a i n suspended 
s o l i d c o r r o s i o n product in the water. This m a t e r i a l 
in n u c l e a r r e a c t o r systems is c a l l e d crud and i t has 
been the source of a l o t of i r r i t a t i o n and money. 
These come about because the crud is r a d i o a c t i v e and 
depo s i t s in a l l p a r t s of the system, c o m p l i c a t i n g 
maintenance. 

I f one chooses the temperature and the a l l o y (e.g. 
A288 c o n t a i n i n g 1% Ni) aluminum forms in water a f i l m 
such t h a t the r a t e of formation is i n v e r s e l y propor­
t i o n a l to the t h i c k n e s s . That giv e s what's c a l l e d the 
p a r a b o l i c growth law; data f o r such behavior are shown 
in F i g u r e 11 (together w i t h a dashed curve f o r another 
experiment). In the k i n d of system in râiich f r e s h water 
is c o n t i n u o u s l y added and the excess allowed simply to 
leak out, at l e a s t a p a r t i a l l y s a t u r a t e d s o l u t i o n is 
l o s t a l l of the time. The two specimens of F i g u r e 12 
have been f i t t e d by curves t h a t have the same growth 
r a t e constant as in F i g u r e 11 and d i f f e r e n t d i s s o l u ­
t i o n r a t e s . They were in the same autoclave at s l i g h t ­
l y d i f f e r e n t l o c a t i o n s ; probably the water contained a 
l i t t l e more d i s s o l v e d aluminum at one specimen than at 
the other. The e x p r e s s i o n f o r the p a r a l i n e a r behavior 
in i t s simple form is: 

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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Figure 13. Influence of corrosion-oxide removal on the corrosion of an Al-lNi-
O.lTi alloy (10) 
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where L is the amount of metal l o s s (determined through 
the use of a s p e c i a l metal t h i c k n e s s gauge), kp the 
p a r a b o l i c growth constant, f the r a t e of d i s s o l u t i o n 
f o r the specimen, and g the amount of d i s s o l u t i o n t h a t 
occurs e a r l y in the exposure. At long times the curve 
f o r L versus time resembles a s t r a i g h t l i n e w i t h 
slope f. 

P a r a l i n e a r c o r r o s i o n ( r e l a t e d to d i s s o l u t i o n of 
c o r r o s i o n product) does not occur f o r a l l aluminum 
a l l o y s in water at a l l h i g h temperatures. In F i g u r e 13 
are p l o t t e d data f o r an a l l o y ( A l , 1% N i , 0.1% T i ) 
corroded in water at 350°C (10). The c o r r o s i o n r a t e 
was low and constant, as shown b e t t e r in other f i g u r e s 
in the same p u b l i c a t i o n . For some specimens in the 
f i g u r e 1/3 or 2/3 of the c o r r o s i o n product was removed 
me c h a n i c a l l y a f t e r the f i r s t exposure p e r i o d . There 
was no d i s c e r n i b l e e f f e c
d i c a t i n g t h a t c o n t r o
c l o s e to the metal-oxide i n t e r f a c e . S i m i l a r e x p e r i
ments f o r the a l l o y s and temperatures where p a r a l i n e a r 
behavior occurs showed that removing some of the pro­
duct caused an i n c r e a s e in subsequent c o r r o s i o n r a t e . 

The use of F i g u r e 14 begins d i s c u s s i o n about 
low temperature c o r r o s i o n of aluminum in water. Again 
we 111 see that the t o t a l f i l m is not c o n t r o l l i n g . This 
is the k i n d of curve obtained in a couple of t e s t s t h a t 
ran f o r a long time in c o n t i n u o u s l y r e f r e s h e d systems. 
Note that the r a t e is decreasing c o n t i n u a l l y w i t h time 
f o r at l e a s t a few y e a r s — w e ' l l analyze t h a t curve 
shape s t a r t i n g w i t h F i g u r e 15. At the beginning of the 
t e s t s (from 0.1 to n e a r l y 10 hours) and subsequent to 
about 100 hours, the weight g a i n and the metal corroded 
(determined through the use of a s e n s i t i v e metal t h i c k ­
ness gauge) v a r i e d as the l o g a r i t h m of time. The i n i ­
t i a l f i l m is boehmite, the same p a r t l y hydrated oxide 
t h a t forms at h i g h temperatures. When t h i s f i l m breaks 
down, beginning in h a l f a day at these c o n d i t i o n s , we 
f i n d t h a t the t o t a l amount of c o r r o s i o n and the t o t a l 
oxide present q u i c k l y i n c r e a s e s e v e r a l f o l d . The new 
product is the completely hydrated oxide b a y e r i t e . I f 
one runs the t e s t a long time (Figure 16) one f i n d s 
t h a t the l o g a r i t h m i c r a t e law h o l d s . The dashed l i n e s 
i n d i c a t e t h a t the i n i t i a l p e r i o d is s e n s i t i v e to the 
t e s t procedure t h a t is used. The height of the p l a ­
teau v a r i e s i n v e r s e l y w i t h how w e l l r e f r e s h e d the s o l u ­
t i o n is. The requirement f o r measurement s e n s i t i v i t y 
in t h i s t e s t was s u b s t a n t i a l . As a matter of f a c t , 
the (eddy c u r r e n t ) gauge l i m i t a t i o n came not by i t s 
s e n s i t i v i t y (about ten Angstrom u n i t s in diameter f o r 
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Figure 14. Corrosion experiments in water at two oxygen concentrations (< 0.4 
and 19mg/L) (11) 
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Figure 15. Early stages in corrosion of aluminum (11) 
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a round specimen) but because of the m e t a l l u r g i c a l 
changes that occurred in the samples. 

Now I'd l i k e to analyze what happens to the oxide 
during the second l o g a r i t h m i c c o r r o s i o n p e r i o d . F i g ­
ure 17 shows the amount of aluminum d i s s o l v e d from a 
specimen (1100 aluminum) and c a r r i e d away in the d i s ­
charge water. This was determined by very c a r e f u l l y 
c o l l e c t i n g the e f f l u e n t s o l u t i o n , b o i l i n g o f f the 
water, c o l l e c t i n g the aluminum, and a n a l y z i n g the 
microgram q u a n t i t i e s . D i s s o l u t i o n (amount = ξ) oc­
c u r r e d at a constant r a t e during the second l o g a r i t h ­
mic p e r i o d . Combining these data w i t h weight g a i n (G) 
and metal l o s t from the s i n g l e specimen (L) , the amount 
of boehmite (a) and the amount of b a y e r i t e (b) shown 
in F i g u r e 18 were c a l c u l a t e d (13). The curve f o r 
boehmite l a y e r growth c l o s e to the metal c l o s e l y f o l ­
lows the curve f o r th
showing an a t y p i c a
w h i l e the amount of b a y e r i t e s l o w l y decreases (presum­
ab l y by d i s s o l u t i o n ) . The evidence is t h a t in t h i s 
system boehmite makes a p r o t e c t i v e ( r a t e - c o n t r o l l i n g ) 
l a y e r w h i l e the b a y e r i t e d i s s o l v e s and obscures the 
t r u t h . 

I would l i k e to t e l l you about another k i n d of 
unusual k i n e t i c behavior, t h a t of zirconium. An a l l o y 
c a l l e d Z i r c a l o y 2 contains minor amounts of i r o n , 
chromium and n i c k e l and a l i t t l e t i n . The a l l o y was 
invented by a c c i d e n t a l l y contaminating a zirconium-
t i n a l l o y w i t h s t a i n l e s s s t e e l . Since t h a t time 
people have been making i t on purpose. The weight-
g a i n slopes on the l o g - l o g p l o t in F i g u r e 19 are 
approximately 1/3 and the r a t e e x p r e s s i o n t h a t is 
n e a r l y f o l l o w e d is c a l l e d c u b i c o x i d a t i o n . I t occurs 
i n i t i a l l y in water; i t is f o l l o w e d by f i l m breakdown 
and an i n c r e a s e in o x i d a t i o n r a t e w i t h new k i n e t i c s 
(showing s t r a i g h t l i n e s and slopes very c l o s e to 1 
on t h i s p l o t ) . A l o g - l o g s t r a i g h t l i n e w i t h a slope 
of one is unusual, s i n c e i t r e q u i r e s the p a r t i c u l a r 
s t r a i g h t l i n e on c a r t e s i a n coordinates t h a t passes 
through the o r i g i n . At the time of "breakaway" there 
is a r e c r y s t a l l i z a t i o n of the z i r c o n i u m oxide to a 
l e s s coherent f i l m . That is an a d d i t i o n a l form of 
degradation. 

L e s t you b e l i e v e t h i n g s are too simple during 
" c u b i c 1 1 o x i d a t i o n I've chosen to show t h i s s l i d e 
( F igure 20) based on data by Bob Shannon at Hanford, 
Washington, which shows th a t i n d i v i d u a l specimens 
corrode in s e r i e s of waves. Pa u l Pemsler once c h r i s ­
tened those the P i c t u r e s q u e H i l l s of Shannon during a 
meeting. What t h i s i l l u s t r a t e s is t h a t we're not 
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Figure 17. 
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Corrosion product dissolved from specimen of Figure 18(13) 
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Figure 19. Corrosion of beta-quenched Zircaloy-2 in water and steam (14) 
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Figure 21. Corrosion of an aluminum alloy (1100 Al + 1% Ni) in high-tempera­
ture water (9) 
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d e a l i n g w i t h continuous f i l m s c o n t i n u o u s l y growing 
without breakdown. I t happens that the breakdown 
on these specimens occurred over much of the surfa c e 
at the same time so the phenomenon is v i s i b l e . I f i t 
occurred l o c a l l y and not at the same time at d i f f e r e n t 
p l a c e s , you would not see the " h i l l s " , but odd k i n e t i c s 
such as roughly c u b i c . The phenomenon is by no means 
unique to zirconium. F i g u r e 21 shows s i m i l a r behavior 
by aluminum, a l s o in h i g h temperature water. 

The o x i d a t i o n of z i r c o n i u m in oxygen at e l e v a t e d 
temperatures f o l l o w s near-cubic k i n e t i c s f o r awhile, 
then p a r a b o l i c k i n e t i c s . A number of e f f o r t s have been 
made to e x p l a i n the near-cubic behavior, w i t h l o c a l i z e d 
or l i n e d i f f u s i o n as th a t perhaps g e n e r a l l y p r e f e r r e d . 
I ' l l d e s c r i b e f o r yo
and presented i n f o r m a l l
l i s h e d . At 700°C there is an i n i t i a l l a y e r of z i r c o ­
nium oxide t h a t is r e l a t i v e l y p e r f e c t , t h a t forms 
i n t e r f e r e n c e c o l o r s on sm a l l areas; the r a t e of growth 
of f i l m and the r a t e of d i f f u s i o n of oxygen i n t o the 
metal depend on the o r i e n t a t i o n of the metal c r y s t a l . 
P o l y c r y s t a l l i n e specimens prepared m e t a l l u r g i c a l l y 
in d i f f e r e n t ways, always pure and e q u a l l y c a r e f u l l y 
t r e a t e d , o x i d i z e at q u i t e d i f f e r e n t r a t e s i n i t i a l l y , 
but the r a t e s become equal at long ( p a r a b o l i c ) times. 
To f i t these f a c t s I developed the f o l l o w i n g model. 
The f i l m t h a t grows on the metal sur f a c e is proposed 
to be tunique and d i f f e r e n t from the one th a t is s t a b l e 
on the o u t s i d e and at long times. X-ray d i f f r a c t i o n 
p a t t e r n s taken in our l a b o r a t o r y during i n i t i a l o x i ­
d a t i o n ( s p e c i a l apparatus) suggest that t h i s oxide 
is t e t r a g o n a l r a t h e r than the commonly found mono-
c l i n i c oxide. At any s m a l l area on the s u r f a c e , f o r 
example f o r a s i n g l e c r y s t a l s u r f a c e , the i n i t i a l f i l m 
grows and oxygen d i f f u s e s i n t o the metal at r a t e s t h a t 
are unique f o r th a t area u n t i l the f i l m t h i c k n e s s 
reaches the value s (proposed to be the same f o r a l l 
a r e a s ) . The i n i t i a l f i l m then transforms n e a r l y in­
stantaneously i n t o f i n a l f i l m , and the i n i t i a l f i l m 
then grows again in a second c y c l e , again to the 
l i m i t i n g t h i c k n e s s s. The p a r a b o l i c r a t e constant 
f o r the f i n a l f i l m is c (value the same f o r a l l areas) 
and the r a t e of growth of i n i t i a l f i l m at a p a r t i c u l a r 
area is 
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where η is the number of the growth c y c l e at time t and 
kj_ is the l o c a l d i f f u s i o n constant f o r oxygen in metal. 

An estimate of the type of o x i d a t i o n curve to be 
expected from t h i s model was developed from an i n i t i a l 
case where two types of surfaces (A and B) were iden­
t i f i e d , and r a t e constants assigned t h a t were not in 
c o n f l i c t w i t h any known data. Weight gains expected 
f o r the f i r s t thousand minutes are shown in F i g u r e 22 
f o r areas A and Β and f o r a specimen c o n s i s t i n g of 80% 
type A and 20% type B. The ends of the f i r s t growth 
c y c l e f o r each area can be i d e n t i f i e d . A number of 
weight-gain p o i n t s f o r t h i s h y p o t h e t i c a l specimen are 
p l o t t e d in F i g u r e 23 along w i t h a reproduced weight 
g a i n r e c o r d e r t r a c i n g (the s o l i d l i n e ) . A p e r f e c t 
cubic l i n e is a l s o shown f o r comparison (dashed l i n e ) . 

The f i t is so good that i t  h i g h l  l i k e l
t h a t the use of mor
average in the mode g 
of real-sample data. I t i s n ' t p o s s i b l e to say much 
more at t h i s time; I do b e l i e v e t h a t the weight-gain 
curve f o r the s i n g l e c r y s t a l wafer (more than 80% of 
area of one o r i e n t a t i o n ) shown in F i g u r e 24 d i s p l a y s 
breaks and slopes of the r i g h t order f o r the segments 
on a l o g - l o g p l o t . My per s o n a l c o n v i c t i o n is th a t some 
k i n d of s t a t i s t i c a l models are going to be r e q u i r e d to 
f i t c o r r e c t l y much of the c o r r o s i o n and o x i d a t i o n data 
of the v a l v e metals. 

You've heard e l e c t r o c h e m i s t r y of c o r r o s i o n as a 
l e c t u r e ; I shouldn't spend much time on i t but I'd 
l i k e to d e s c r i b e some e l e c t r o c h e m i c a l e f f e c t s f o r f i l m 
formers. F i r s t the general p r i n c i p l e s . I f you put a 
good e l e c t r o n i c conductor (a metal) in an aqueous s o l u ­
t i o n , you w i l l t y p i c a l l y f i n d t h a t an e l e c t r i c a l poten­
t i a l is developed between the p i e c e of conductor and 
the s o l u t i o n . When ions of the metal enter the s o l u t i o n 
and leave e x t r a e l e c t r o n s behind a neg a t i v e p o t e n t i a l is 
developed. A l l o x i d a t i o n r e a c t i o n s o c c u r r i n g on the 
surf a c e are expected to produce t h i s r e s u l t . S i m i l a r l y , 
r e d u c t i o n r e a c t i o n s t h a t use e l e c t r o n s from the metal 
are expected to produce a more p o s i t i v e p o t e n t i a l in 
the metal. The s o l u t i o n p o t e n t i a l of the metal i n f l u ­
ences the r a t e of an e l e c t r o c h e m i c a l h a l f - c e l l r e a c t i o n 
in accordance w i t h Le C h a t e l i e r ' s P r i n c i p l e , so i t is 
p o s s i b l e to p r e d i c t through the use of the Nernst Equa­
t i o n the p o t e n t i a l t h a t w i l l e x i s t when the onl y s i g n i ­
f i c a n t l y r a p i d r e a c t i o n s are the o x i d a t i o n and r e d u c t i o n 
p a r t s o f a r e v e r s i b l e r e a c t i o n . When more than one 
p o t e n t i a l l y r e v e r s i b l e process occurs, the r a t e of o x i ­
d a t i o n w i l l be expected to exceed the r a t e of r e d u c t i o n 
f o r at l e a s t one and the converse f o r at l e a s t one. At 
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a s t e a d y - s t a t e p o t e n t i a l , the sum of the r a t e s of a l l 
of the anodic r e a c t i o n s w i l l equal the sum of the r a t e s 
of a l l the c a t h o d i c r e a c t i o n s . 

For f i l m formers, a t y p i c a l anodic r e a c t i o n is 
M + H 20 •> MOH + H + + e" , 

so an oxide is formed and the s o l u t i o n becomes a c i d . 
The most common cat h o d i c r e a c t i o n s are 

H 20 + e" 1/2 H 2 + OH" and 
1/2 0 2 + 2H 20 + 2e~ + 20H" , 

so cathodic r e a c t i o n s produce a l k a l i . D i r e c t l y r e l a t e d 
to the pH are the s t a b i l i t i e s of the v a r i o u s species 
f o r the c o r r o d i n g metal
Pourbaix Diagram f o
pH zones in which F e 2 0 3 or Fe(0H) 2 are s t a b l e and thus 
in which p r o t e c t i v e f i l m s of these substances might 
form at a t o t a l i o n i c c o n c e n t r a t i o n of 10" 6 M. 

When a f i l m is present, the hydrogen produced from 
the second r e a c t i o n above is not n e c e s s a r i l y a l l l i b e r ­
ated d i r e c t l y i n t o the water or s o l u t i o n . Some of i t 
may be l i b e r a t e d beneath the f i l m as shown in F i g u r e 26. 
The r e s u l t may be l o c a l r u p t u r i n g of the oxide f i l m - -
a form of degradation--the formation of metal h y d r i d e , 
or the e n t r y of hydrogen i n t o the metal, depending on 
which are f e a s i b l e or most f a v o r a b l e . I b e l i e v e there 
are a number of cases where f i l m rupture occurs, a l ­
though they are o f t e n not easy to i d e n t i f y . We have 
de c l a r e d the b e l i e f t h a t i t is important in the c o r r o ­
s i o n of aluminum a l l o y s below the b o i l i n g p o i n t of 
water (19). To provide evidence of t h i s , we ran a se­
r i e s of experiments to determine the l o g a r i t h m i c c o r r o ­
s i o n r a t e constant f o r 1100 aluminum at 70°C w i t h po­
t e n t i a l s c o n t r o l l e d by a s p e c i a l i n t e r r u p t i n g poten-
t i o s t a t (20). The r e s u l t s , in F i g u r e 27, show t h a t 
anodic p o l a r i z a t i o n (diamond-shaped p o i n t s ) caused 
lower c o r r o s i o n r a t e s than the u n p o l a r i z e d runs ( c i r ­
c u l a r p o i n t s ) . A r e d u c t i o n in c a t h o d i c damage to the 
f i l m is suggested. The p o t e n t i a l above which hydrogen 
should not be l i b e r a t e d cannot be i d e n t i f i e d because 
the l o c a l pH during anodic p o l a r i z a t i o n c o u l d be con­
s i d e r a b l y below the 6+ of the d i s t i l l e d water at 70°. 
We s h a l l see something e n l i g h t e n i n g on t h i s l a t e r . For 
pH 6 the p o t e n t i a l f o r the r e v e r s i b l e hydrogen l i b e r a ­
t i o n r e a c t i o n is c a l c u l a t e d to be about -0.4 v o l t . 

Most n o t a b l y at higher temperatures, aluminum a l s o 
s u f f e r s from the e n t r y of c o r r o s i o n product i n t o the 
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Figure 25. Pourbaix diagram for the system Fe-H20 at 25° C (17) 

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



214 CORROSION CHEMISTRY 

Journal of the Electrochemical Society 

Figure 26. Schematic of corrosion processes (IS) 
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Figure 27. Effect of controlled-solution potential on logarithmic corrosion-rate 
constant for aluminum (12) 
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metal. In F i g u r e 28 are shown specimens of commer­
c i a l l y pure aluminum a f t e r two weeks exposure to water 
at 275°C. The b l i s t e r i n g progresses w i t h more severe 
exposure c o n d i t i o n s , as shown in F i g u r e 29 (66 hours, 
300°C). Some of the b l i s t e r s are hollow before the 
water gains access and before they become oxide-metal 
mixtures. F i g u r e 30 shows what happens at a higher 
temperature; t h i s exposure was f o u r hours at 315°C. 
I f v a r y i n g amounts of m a t e r i a l are etched from the 
su r f a c e of a s e r i e s of samples corroded f o r a b r i e f 
p e r i o d , and each remaining sample is analyzed f o r hy­
drogen content, the hydrogen in the etched-off l a y e r s 
can be c a l c u l a t e d . The r e s u l t s in F i g u r e 31 show t h a t 
the hydrogen content of the s u r f a c e l a y e r s i n c r e a s e d 
q u i t e a b i t , and demonstrate t h a t the gas t h a t formed 
the b l i s t e r s was hydrogen  I f the hydrogen is produced 
l a r g e l y at a p o s i t i o
as in F i g u r e 32, th
t h i s case, the aluminum is simply b o l t e d to a p i e c e 
of s t a i n l e s s s t e e l . Exposure c o n d i t i o n s were as in 
F i g u r e 30. I f to the water are added ions t h a t are 
r e d u c i b l e to metal ( l a r g e l y at a c t i v e cathode spots) 
metal d e n d r i t e s are formed. The n i c k e l d e n d r i t e s in 
F i g u r e 33 were formed in t h i s way; no severe c o r r o s i o n 
of 1100 aluminum was observed during c o r r o s i o n exposure 
to s t a b l e n i c k e l s a l t s o l u t i o n s at e l e v a t e d tempera­
t u r e s . F i g u r e 34 suggests t h a t i f d e p o s i t s of some­
t h i n g l i k e the nickel-aluminum compound N i A l 3 were 
used they would act as very e f f e c t i v e cathodes f o r 
hydrogen l i b e r a t i o n . For t h i s reason, we made aluminum-
n i c k e l a l l o y s in which N i A l 3 p r e c i p a t e d . As i n d i c a t e d 
in F i g u r e 35, some 1% n i c k e l a l l o y s showed e x c e l l e n t 
c o r r o s i o n r e s i s t a n c e in h i g h temperature water. I won't 
di s c u s s d e t a i l s of composition and m e t a l l u r g i c a l prep­
a r a t i o n ; they were found to be important. 

Uranium corrodes in oxygen-free water at a constant 
r a t e to form U0 2 in the form of a r e l a t i v e l y unprotec-
t i v e l a y e r ; F i g u r e 36 shows such c o r r o s i o n r a t e s on an 
Arrhenius p l o t . When the r a t e gets very l a r g e at e l e ­
vated temperatures, uranium hydride can be found mixed 
in w i t h the oxide powder. I f oxygen is present in the 
water, f o r a long p e r i o d p r o t e c t i v e oxide f i l m s are 
formed; these e v e n t u a l l y break down l o c a l l y and spread. 
F i g u r e 37 shows t h a t the whole sur f a c e e v e n t u a l l y be­
comes bad. We b e l i e v e that some hydride was r e g u l a r l y 
formed beneath the oxide both in deaerated and aerated 
water, and t h a t the hydride subsequently was converted 
to the more s t a b l e oxide. This is b e l i e v e d to be a 
case of f i l m degradation by the formation of hydride 
beneath i t . For s e l e c t e d uranium a l l o y s , oxide f i l m s 
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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 (IS) 

Corrosion 

Figure 29. Surface of "normal" 1100 aluminum sample after 66 hours in distilled 
water at 300°C., 20χ (21) 
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Corrosion 

Figure 30. 1100 aluminum after four hours in distilled water at 315°C (22) 

TREATMENT 

AVERAGE 
METAL 
ETCHED 
AWAY 

HYDROGEN 
CONTENT 
(WHOLE 
SAMPLE) 

ESTIMATE OF 
HYDROGEN IN 

INCREMENTS OF 
ETCHED METAL 

AS CORRODED - 12.1 ppm -
AS STRIPPED - 7.3 

ETCHED (DILUTE HNO3-HF) 0.016 mm 3.0 280 ppm 

ETCHED 0.041 1.8 59 

ETCHED 0.071 1.1 24 

ETCHED 0.120 1.0 5 

ETCHED 0.22 0.8 3 

BLANK (NO CORROSION) - 0.6 -

Argonne National Laboratory 

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,
distilled water at 315°C (22) 

Corrosion 

Figure 33. Dendritic nickel deposited on 1100 aluminum from N i S 0 4 solution 
(50ppmNi++)250X (21) 
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Figure 34. Cathodic polarization curves for some aluminum intermetallic com­
pounds (9) 
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Figure 35. Aqueous corrosion of aluminum alloy A288 (Al -\- 1% Ni, 0.5% Fe, 
0.1% Ti) (24) 
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Argonne National Laboratory 

Figure 36. Corrosion rate of uranium in hydrogen-saturated water (25) 
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Figure 37. 

Argonne National Laboratory 

Corrosion of uranium in aerated distilled water (26) 
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are p r o t e c t i v e even in the absence of oxygen, and f o r 
very long p e r i o d s . F i g u r e 38 shows some c o r r o s i o n 
r a t e s which are r e s p e c t a b l y low. The maximum temper­
ature shown is 400°C. These f i l m s a l s o break down 
e v e n t u a l l y , and t h i s appears to i n v o l v e the formation 
of some uranium hydride l o c a l l y . The breakdown ce r ­
t a i n l y i n v o l v e s the b u i l d u p of hydrogen in the metal. 
For the p a r t i c u l a r a l l o y and temperature in F i g u r e 39 
specimens l a s t e d much longer before damage occurred 
when they were p r e t r e a t e d in a vacuum before c o r r o d i n g . 

When zi r c o n i u m is o x i d i z e d in water, a c o n s i d e r ­
able f r a c t i o n of the c o r r o s i o n product hydrogen enters 
the metal. There is evidence t h a t the oxide r e c r y s -
t a l l i z a t i o n and the t r a n s i t i o n in k i n e t i c s t h a t were 
shown in F i g u r e 19 are r e l a t e d to a b u i l d u p of hydro­
gen in the s u r f a c e of the metal  I t has been suggested 
t h a t at t h a t time som
the f i l m . The a d d i t i o
form a c t i v e cathodes f o r hydrogen l i b e r a t i o n have r e ­
duced hydrogen uptake, have delayed t r a n s i t i o n , and 
have r e s u l t e d in the formation of more coherent oxide 
a f t e r t r a n s i t i o n . There has been no c l e a r r e s o l u t i o n 
as to mechanisms (29). 

I t is p o s s i b l e to c o n s i d e r gaseous o x i d a t i o n pro­
ducing a s t a b l e oxide f i l m as an e l e c t r o c h e m i c a l pro­
cess in which o x i d a t i o n occurs at the metal-oxide i n t e r ­
face where metal ions leave the metal (see F i g u r e 4) 
and r e d u c t i o n occurs at the outer s u r f a c e of the oxide 
where e l e c t r o n s combine w i t h oxygen. On the b a s i s of 
t h i s l i n e of reasoning i t is p o s s i b l e to p r e d i c t 
(a) the formation of a p o t e n t i a l d i f f e r e n c e between 
metal and oxide e x t e r i o r f o r those systems in which 
the r e s i s t a n c e or f lretardance , f to the passage of ions 
through the growing oxide is not much g r e a t e r than the 
retardance to the passage of e l e c t r o n s , and (b) a 
change in o x i d a t i o n r a t e from the a p p l i c a t i o n of an 
e l e c t r i c a l p o t e n t i a l between metal and oxide e x t e r i o r . 
An i l l u s t r a t i o n is the behavior of z i r c o n i u m f o r which 
a p o t e n t i a l in excess of one v o l t can be measured 
(Figure 40) and whose o x i d a t i o n r a t e at p o i n t s of 
e l e c t r i c a l c o n t a c t can be markedly i n f l u e n c e d ( F i g ­
ure 41). The contact c o n s i s t e d of p o i n t s at which the 
specimen r e s t e d upon conducting powder. Since the 
area of contact diminished under sharpening p o i n t s 
of a n o d i c a l l y s t i m u l a t e d growth and i n c r e a s e d where 
growth was r e t a r d e d c a t h o d i c a l l y , the r a t e of weight 
g a i n f o r the e n t i r e specimen in the f i g u r e was consider­
a b l y more reduced by a p p l i e d c a t h o d i c c u r r e n t than i t 
was a c c e l e r a t e d by a p p l i e d anodic c u r r e n t . 
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1000/T (eK) 

Figure 38. Corrosion of uranium alloys in water (27) 

TEST TIME, HOURS 

Journal of the Electrochemical Society 

Figure 39. Effect of gas removal on corrosion in water at 290°C of U-5% Zr-
1V2 Nb alloy (28) 
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1.6, 

Journal of the Electrochemical Society 

Figure 40. Potential developed during oxidation of zirconium at 700°C (30) 

Journal of the Electrochemical Society 

Figure 41. Variation in oxidation rate with applied potential: zirconium in oxy­
gen at 700°C (30) 
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Before we f i n i s h , I'd l i k e to spend a few minutes 
on p i t t i n g . As you know, there are l o c a l s i t e s at 
which c o r r o s i v e a t t a c k occurs f o r some systems p r e f ­
e r e n t i a l l y . I f t h i s l o c a l a t t a c k continues, q u i t e 
deep p i t s can form. This is one of the i n s i d i o u s 
kinds of c o r r o s i o n a t t a c k f o r a m a t e r i a l . Some of 
the f i l m - f o r m i n g metals tend to be q u i t e s u s c e p t i b l e 
to p i t t i n g a t t a c k under a p p r o p r i a t e c o n d i t i o n s . One 
of the c h a r a c t e r i s t i c requirements f o r i t is the forma­
t i o n of low pH w i t h i n a p r o t e c t e d p i t — p r o t e c t e d in 
some way from the g e n e r a l environment. We t h i n k t h a t 
commonly there are l o c a l cathodes at which hydrogen 
l i b e r a t i o n is very g r e a t , at which f i l m rupture occurs. 
This is made e a s i e r by the f a c t t h a t the cathodes are 
o f t e n a second, c a t h o d i c phase so there is o f t e n an 
i m p e r f e c t i o n in the oxide at the p o i n t anyhow  At 
f i r s t there is a h i g
cathode because of th
r e a c t i o n has undercut the c a t h o d i c p a r t i c l e d e s t r o y i n g 
e l e c t r i c a l c o n t a c t , the two h a l f - c e l l r e a c t i o n s w i l l 
no longer be very c l o s e together and there w i l l be pH 
changes so t h a t the anode area w i l l become a c i d . The 
r e s u l t of t h i s is t h a t a p r o t e c t i v e f i l m doesn't form 
as a primary product of the r e a c t i o n ; i n s t e a d , metal 
ions are formed in s o l u t i o n . As these ions d i f f u s e 
out to the s u r f a c e of the oxide f i l m , the environment 
becomes more n e a r l y n e u t r a l and oxides p r e c i p i t a t e . 
This leads to the c h a r a c t e r i s t i c b arnacled appearance 
of a p i t , w i t h p r e c i p i t a t e d oxide over i t . In t h i s 
way the s o l u t i o n w i t h i n the p i t is i s o l a t e d from the 
bulk s o l u t i o n , and the a c i d i t y can be g r e a t . I f the 
barnacle becomes a s u f f i c i e n t l y e f f e c t i v e b a r r i e r to 
the f l o w of the i o n i c c u r r e n t which must pass through 
the s o l u t i o n from remote cathodes, the p i t stops 
growing. F i g u r e 42 shows the cleaned s u r f a c e of a 
ground p i e c e of 1100 aluminum a f t e r about 4 hours in 
oxygen-saturated d i s t i l l e d water. There are o c c a s i o n a l 
s m a l l p i t s (black in the photograph). A f t e r n e a r l y 
two years exposure (Figure 43), there are no l a r g e 
p i t s ; the appearance is as i f e s s e n t i a l l y a l l of the 
s u r f a c e had in t u r n served as the l o c a t i o n f o r micro 
p i t formation. The low c o n d u c t i v i t y of the water 
might have c o n t r i b u t e d to e a r l y s t i f l i n g of p i t growth 
At higher m a g n i f i c a t i o n the p i t s (Figure 44) are not 
u n l i k e l a r g e r ones seen in other systems. Presumably 
another l e c t u r e r in t h i s s e r i e s w i l l g i v e or has given 
you some d e t a i l s of p r a c t i c a l p i t t i n g problems and the 
most promising approaches to c o n t r o l them. 

A number of i n v e s t i g a t o r s have made e f f o r t s to 
measure the pH in p i t s ; 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 4lA hours in oxygen-saturated 

distilled water at 70°C., 25χ (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 water at 70°C., 25X 

(11) 
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Figure 44. Electron micrograph of corroded surface of "commercially pure" alu­
minum (12) 
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been rep o r t e d . Even exposed to the bulk water, we 
found, through the use of a s p e c i a l e l e c t r o d e a few 
tenths of a m i l l i m e t e r in t i p diameter (Figure 45), 
that the pH near specimens of 1100 aluminum c o r r o d i n g 
in d i s t i l l e d water reached values below 3 (Figure 46). 

Some years ago, Howard F r a n c i s , then of the Ar­
mour Research Foundation, made some time-lapse motion 
p i c t u r e s of a p o t e n t i a l map of the s o l u t i o n next to 
s t e e l and aluminum a l l o y s p i t t i n g in s a l t water. The 
presence of some a c t i v e cathode p o i n t s and growing p i t s 
was r e a d i l y d i s p l a y e d . I suggested that he run the 
f i l m backwards to see whether the a c t i v e p i t s had been 
a c t i v e cathodes j u s t before t h e i r i n i t i a t i o n . He 
l a t e r t o l d me he had done so, and they had been w i t h 
few or no exceptions. 

At h i g h temperatures f i l m breakdown and p i t t i n g 
for aluminum a l l o y s take
when there is a h i g
metal s u r f a c e . I f there are a l o t of specimens in the 
system, the c o r r o s i o n r a t e is lower than i f the area 
is s m a l l . The r e s u l t s of some e x p l o r a t o r y experiments 
are shown in F i g u r e 47. A l a r g e area ( f a c t o r of 20) 
of aluminum a l l o y i n h i b i t e d c o r r o s i o n w h i l e a l a r g e 
area of s t a i n l e s s s t e e l d i d not. The e f f e c t is cer­
t a i n l y r e l a t e d to c o r r o s i o n product in the system 
somehow. In F i g u r e 48 one can see t h a t the c o r r o s i o n 
product l o s t from the specimen was s u b s t a n t i a l l y in 
excess of t h a t which d i s s o l v e d in the system. We 
thought t h a t , at l o c a l p i t s and breaks the c o r r o s i o n 
product, as i t reached the oxide s u r f a c e and was ap­
proximately n e u t r a l i z e d , was swept away as p a r t i c l e s of 
oxide. We thought t h a t the a d d i t i o n of c o l l o i d a l 
p a r t i c l e s to the s o l u t i o n would tend to " p l u g " open­
i n g s , reduce the l o s s of oxide, and lower the c o r r o ­
s i o n r a t e . F i g u r e 49 shows th a t when a hydrated c o l ­
l o i d was i n j e c t e d in to the system, a very low c o r r o ­
s i o n r a t e was obtained. In the same system the 
e f f e c t s of p o l a r i z i n g c u r r e n t on c o r r o s i o n r a t e ( F i g ­
ure 50) are s i m i l a r to what I showed you at low tem­
perature in F i g u r e 27: anodic p r o t e c t i o n and cathodic 
s t i m u l a t i o n . 

The message I'd l i k e to leave w i t h you t o n i g h t 
is t h a t some f i l m s are very good and very p r o t e c t i v e , 
some f i l m s have breaks in them, and they are moderate­
l y good, some become bad by some of the s t r a n g e s t 
mechanisms: an understanding or c o r r o s i o n phenomena 
sometimes r e q u i r e s q u i t e a b i t of i n g e n u i t y . 
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Corrosion 

Figure 45. Glass, silver/silver iodide pH microelectrode (SI) 
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Figure 46. Effect of position on pH of50°C oxygen-saturated water 0.1 mm from 
corroding 1100 aluminum (SI) 
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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 (S2) 
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Normal (small) Area, 
21-day Exposure 

Large Area, 
28-day Exposure 

Average Metal Loss 13.1 mg/cm2 4.60 mg/cm2 

Estimated AI2O3 · H2O Produced 
(from metal loss) 29.1 mg/cm2 10.2 mg/cm2 

Actual Average Product Remaining 11.6 mg/cm2 7.9 mg/cm2 

Corrosion Product Lost 17.5 mg/cm2 2.3 mg/cm2 

Corrosion Product Present at End of Test 
Compared with Total Produced 40% 78% 

Aluminum Area 70 cm2 1470 cm2 

Maximum Dissolved Corrosion Product, from 
Solubility Data (2 χ 10"4 g of Al203 per liter 
at 1.5-liters/hr refreshment) 2.4 mg/cm2 0.14 mg/cm2 

Ratio Dissolved to Actual Loss 0.14 0.06 

Corrosion Rate in Last 7-day Perio

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) 

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



7. DRALEY Corrosion of Valve Metals 233 

Literature Cited 
1. Vijh, Α. Κ., J. Electrochem. Soc. (1972) 116, 972. 
2. Tajima, S., Baba, Ν., and Shimura, F. Μ., Electro-

chimica Acta (1967) 12, 955. 
3. Hauffe, Karl, "Oxidation of Metals," p. 419, Plenum 

Press, New York, New York, 1965. 
4. Hart, R. Κ., "Morphology of Corundum Films on Alum­

inum," Fifth Int. Cong. for Electron Microscopy, 
Philadelphia, Pennsylvania, Aug. 29 - Sept. 5, 1962, 
Paper No. C-10, Academic Press, New York, New York, 
1962. 

5. Hart, R. Κ., and Maurin, J. Κ., "Growth of Oxide 
Nuclei on Iron," Sixth Int. Cong. for Electron 
Microscopy, Kyoto, Japan, Aug. 28 - Sept. 4, 1966, 
p. 539, Maruze

6. Ruther, W. E.
19, 127t. 

7. Frankenthal, R. P., and Malm, D. L., J. Electro­
chem. Soc. (1976) 123, 186. 

8. Ruther, W. E., Schleuter, R. R., Lee, R. Η., and 
Hart, R. Κ., Corrosion (1966) 22, 147. 

9. Ruther, W. Ε., and Draley, J. E., unpublished work. 
10. Draley, J. E., Ruther, W. E., and Greenberg, S., 

J. Nucl. Matl. (1962) 6, 157. 
11. Draley, J. E., TID-7587, "Aqueous Corrosion of 

1100 Aluminum and of Aluminum-Nickel Alloys," 
Int. Conf. on Aqueous Corrosion of Reactor Mat'ls., 
Brussels, Oct. 14-17, 1959, p. 165, U. S. Atomic 
Energy Commission and European Atomic Energy So­
ciety, July 1960. 

12. Draley, J. Ε., Mori, S., and Loess, R., unpub­
lished figure. 

13. Mori, S., and Draley, J. E., J. Electrochem. Soc. 
(1967) 114, 352. 

14. WAPD-MRP-107, "Pressurized Water Reactor (PWR) 
Project Technical Progress Report October 24, 1963-
January 23, 1964," Westinghouse Atomic Power Div. 

15. Griggs, B., Maffei, H. P., and Shannon, D. W., 
HW-67818, "Multiple Rate Transitions in the Aque­
ous Corrosion of Zircaloy," Hanford Laboratories, 
General Elec t r i c Company, December 20, 1960. 

16. Draley, J. E., unpublished work. 
17. Diggle, John W. (Ed.), "Oxides and Oxide Films," 

Vol. 1, p. 38, Marcel Dekker, Inc., New York, 
New York, 1972. 

18. Draley, J. E., and Ruther, W. E., J. Electrochem. 
Soc. (1957) 104, 329. 

19. Draley, J. Ε., and Mori, Shiro, and Loess, R. E., 
J. Electrochem. Soc. (1963) 110, 622. 

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



234 CORROSION CHEMISTRY 

20. Youngdahl, C. Α., and Loess, R. E., J. Electro­
chem. Soc. (1967) 114, 489. 

21. Draley, J. E., and Ruther, W. E., Corrosion (1956) 
12, 480t. 

22. Draley, J. E., and Ruther, W. E., Corrosion (1956) 
12, 441t. 

23. Draley, J. E., and Ruther, W. E., ANL-5658 "Exper­
iments in Corrosion Mechanism: Aluminum at High 
Temperatures," Argonne National Laboratory, 
April 1957. 

24. Draley, J. E., and Ruther, W. E., "The Corrosion 
of Aluminum Alloys in High Temperature Water," 
IAEA Conf. Corrosion of Reactor Materials, 
Salzburg, June 1962, Vol. I, p. 477. 

25. McWhirter, J. W., and Draley, J. E., ANL-4862 
"Aqueous Corrosio
of Project Literature,
tory, May 14, 1952. 

26. Mollison, W. Α., English, G. C., and Nelson, F., 
CT-3055 "Corrosion of Tuballoy in Distilled Water," 
Argonne National Laboratory, June 23, 1945. 

27. Greenberg, S., and Draley, J. E., unpublished 
figures. 

28. Draley, J. E., Greenberg, S., and Ruther, W. Ε., 
J. Electrochem. Soc. (1960) 107, 732. 

29. Parfenov, B. G., Gerasimov, V. V., and Venediktova, 
G. I., "Corrosion of Zirconium and Zirconium 
Alloys," Translated from Russian by Ch. Nisenbaum, 
Israel Program for Scientific Translations, 
Jerusalem, 1969. 

30. Bradhurst, D. Η., Draley, J. E., and Van Drunen, 
C. J., J. Electrochem. Soc. (1965) 112, 1171. 

31. Mori, S. Loess, R. E., and Draley, J. E., Corro­
sion (1963) 19, 165t. 

32. Draley, J. E., and Ruther, W. E., ANL-7227, 
"Corrosion of Aluminum Alloys by Flowing High 
Temperature Water," Argonne National Laboratory, 
January 1967. 

Acknow1edgement 
This paper was prepared with the support of the 

U. S. Energy Research and Development Administration. 

RECEIVED September 1, 1978. 

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



8 

The Role of Water in Atmospheric Corrosion 

P. B. P. PHIPPS and D. W. R I C E 
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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 techniques such as weight gain, 
ellipsometry, surface analysis, and bulk electrochem­
is t r y can be seen in perspective. 
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1.0 Observations on Atmospheric C o r r o s i o n 
1.1 The Test Atmosphere. Measurements of the 

response of metals t o the c o r r o s i v e atmospheres which 
they must withstand in a p p l i c a t i o n s are of great prac­
t i c a l v a lue. In t e s t i n g these responses we have two 
courses, f i e l d exposure and exposure t o a s y n t h e t i c 
t e s t c o n d i t i o n . F i e l d exposure has s e v e r a l l i m i t a t i o n s . 
I t is slow, the sample of the environment is very s m a l l 
and p o o r l y d e f i n e d . Laboratory t e s t i n g s o l v e s these 
problems. I t can be a c c e l e r a t e d , and w e l l d e f i n e d . On 
the other hand i t is not obvious t h a t any s i n g l e gas 
mixture can represent the response of many metals to 
v a r i e d f i e l d c o n d i t i o n s . C e r t a i n l y , the a c c e l e r a t i o n 
f a c t o r s cannot be p r e d i c t e d without much p r i o r knowl­
edge of s e n s i t i v i t i e s to gas c o n c e n t r a t i o n s , and tem­
peratures and the p r o b a b i l i t
t i o n s . We have s e l e c t e
the s t a t i s t i c s of those p o l l u t a n t s (1_) , which might 
cause c o r r o s i o n . The t e s t c o n d i t i o n s , given in Table I , 
are c h a r a c t e r i s t i c of h e a v i l y p o l l u t e d urban atmos­
pheres. A t t e n t i o n has been given to measuring the 
c o r r o s i o n by s e n s i t i v e techniques r a t h e r than i n c r e a s ­
i n g the s e v e r i t y of the t e s t t o unreasonable extremes. 
We b e l i e v e t h a t the d e f i n i t i o n of t h i s t e s t is a pre­
r e q u i s i t e t o r a t i o n a l i z a t i o n of atmospheric c o r r o s i o n 
responses. 

1.2 C o r r o s i o n Response. The responses of metals 
to t h i s t e s t have been measured by s e v e r a l methods. A 
b r i e f survey which f o l l o w s forms a s e l f - c o n s i s t e n t 
b a s i s of some g e n e r a l i z a t i o n s on atmospheric c o r r o s i o n . 
Unless s t a t e d otherwise, the examples w i l l be of the 
c o r r o s i o n of an a l l o y NisoFe20-

In some cases weight ga i n can be used t o monitor 
a t t a c k . F i g u r e 1 shows, f o r example, the r a t e of 
weight g a i n of a f o i l of NigQFe2Q a s a f u n c t i o n of the 
s u l f u r d i o x i d e l e v e l in our gas mixture w i t h a l l other 
gases constant. This t e s t was conducted at s e v e r a l 
r e l a t i v e h u m i d i t i e s . I t is s t r i k i n g t h a t reducing the 
water vapor pressure by a f a c t o r of two reduces the 
r a t e of a t t a c k as much as reducing the s u l f u r d i o x i d e 
pressure a f a c t o r of twenty. I t is found t h a t most o f 
the e f f e c t of temperature on c o r r o s i o n is d e s c r i b e d by 
the temperature dependence of water vapor pressure con­
t a i n e d in the RH. This graph i m p l i e s l i n e a r k i n e t i c s 
which are demonstrated in F i g u r e 2. Here, the c o r r o ­
s i o n product t h i c k n e s s was measured by e l l i p s o m e t r y and 
weight change, and the composition was shown to be 
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Table I A c c e l e r a t e d reference 
atmosphere t e s t 

T°C 25 
H20 8055 RH 
N02 480 ppb 
s o 2 310 ppb 

°3 170 ppb 
H2S 15 ppb 

C 12 3 ppb 

4.0 r-

Figure 1. Weight gain of Ni80Fe2o foil as a function of pS02 and RH 
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(NiFe) SO/j'ôI^O by xray diffraction. The two types of 
measurement can 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. In 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 i n i t i a l condition of vapor deposited 
or electroplated films can be very smooth. A semiquan­
ti t a t i v e measure of roughness is provided by the inten­
sity of the lig h t reflected by a sample examined under 
a microscope with dark f i e l d illumination. Data taken 
by this technique is show  in Figur  3  Th d 
dependence of attac
Roughening is much mor  hig

Chromium and aluminum are resistant to atmospheric 
corrosion individually but when porous chromium in i n t i ­
mate contact with aluminum is exposed to high humidities 
substantial corrosion occurs at the interface of the two 
materials. This is il l u s t r a t e d by the roughening data 
of Figure 4. Auger electron spectroscopy shows 0, Sf 

CI -- a l l varying in quantity with RH (Figure 5). ESCA 
has shown SOfÇ, SO3, and perhaps S2O3". Infra red adsorp­
tion has enabled us to identify hydrated sulfate, 
nitrate, n i t r i t e (Figure 6). Besides these reduced 
anions, highly oxidized species such as Co^+ 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. 

( i i i ) Structures containing dissimilar metals 
show galvanic interactions qualitatively l i k e 
those seen in aqueous environments. 

(iv) The rough morphology and the mixed prod­
ucts suggest that models of the rate-limiting 
steps w i l l be more complex than those of, e.g., 
tarnishing. As is true of low temperature 
oxidation (2̂ ) , 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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Time Days 

Figure S. Roughening attributable to atmospheric corrosion measured by light 
scattering. Corrosion of plated NiFe films in reference test. 
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Figure 4. Galvanic corrosion of aluminum in contact with chromium 

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



2 4 2 CORROSION CHEMISTRY 

• Unexposed 

A 2 0 % R.H. 72 h. 

Δ 4 5 % R.H. 

Ο 6 2 % R.H. 

• 7 5 % R.H. 

150 200 
Depth Â 

Figure 5. Auger electron spectroscopy of cobalt exposed to various atmospheres; 
cobalt corrosion 
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Figure 6. IR adsorption of corrosion products formed on NiFe in this "standard 
test atmosphere" 
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(v) RH is a dominant v a r i a b l e in many examples. 
Although the RH at which c o r r o s i o n is n e g l i g i b l e 
depends on the other gases present and the s e n s i ­
t i v i t y of d e t e c t i o n , d i f f e r e n t authors see the 
same t r e n d . This is brought out by comparing some 
pu b l i s h e d " c r i t i c a l r e l a t i v e h u m i d i t i e s " at which 
c o r r o s i o n is minimal, see Table I I . S e v e r a l 
workers 5_, 6_) have re p o r t e d e l e c t r o c h e m i c a l 
c u r r e n t s between d i s s i m i l a r metals, connected by 
adsorbed water. I t is i n f e r r e d t h a t t h i s c u r r e n t 
between p a r t i c u l a r metals at a s i n g l e p o t e n t i a l 
r e presents "the time of wetness", and t h i s w i l l be 
a measure of the amount of (galvanic) c o r r o s i o n 
between h e t e r o g e n i t i e s on a s i n g l e metal or be­
tween any d i s s i m i l a r metals exposed t o the same 
atmosphere. Thi  c o n s t i t u t e  extrem  statement 
of the g e n e r a l i t
a b l e in many case  atmospheri

We might summarize t h a t the RH is g e n e r a l l y 
a dominant f a c t o r . For most metals, oxides are 
always present on the sur f a c e except at the bot­
tom of growing p i t s , but no c o r r o s i o n is detected 
below 15% RH and most metals do corrode above 75% 
RH r e g a r d l e s s of the p a r t i c u l a r gas c o n c e n t r a t i o n s 
or s pecies in the a c c e l e r a t e d atmospheric t e s t . 
This focuses a t t e n t i o n on the q u e s t i o n of what is 

changing so d r a m a t i c a l l y when the RH changes a f a c t o r 
of f i v e times. C l e a r l y , the q u a n t i t y o f adsorbed water 
is i n c r e a s i n g but, at 15% RH (3 mm at 25°C), a s i g n i f i ­
cant q u a n t i t y of adsorbed water is present and at 75% 
RH, by d e f i n i t i o n , the e q u i l i b r i u m q u a n t i t y cannot be 
so great t h a t the water has bulk p r o p e r t i e s . (Bulk 
water would evaporate i f the RH is l e s s than 100%!) 
Water a d s o r p t i o n data on c o r r o d i n g metals surfaces is 
not a v a i l a b l e . Water a d s o r p t i o n comprises the s u b j e c t 
of the second s e c t i o n of t h i s paper. 

2.0 Water A d s o r p t i o n 
Two types of water a d s o r p t i o n experiments are 

r e l e v a n t to our a n a l y s i s . As an example of one type, 
t h i n f i l m s of high p u r i t y aluminum, deposited at 10"^ 
t o r r , show changes in work f u n c t i o n (1) and LEED pat­
t e r n (S) and g a i n mass (9J due to exposure t o 10~° t o r r 
sec of H o0. This data can be a t t r i b u t e d t o M-OH d i p o l e s 
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Table II C r i t i c a l relative humidities 

Metal 
ppm 

by Volume C r i t . 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 
0.1 
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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o r i e n t e d on the s u r f a c e . S i m i l a r r e s u l t s have been 
reported f o r cleaved A l (10J , f o r Au (U) , W (V2) , Pt 
(13) , Fe (14) . In a second type of experiment, powdered 
metal oxides w i t h high c a t a l y t i c a c t i v i t y and sur f a c e 
area are exposed to water and an a d s o r p t i o n isotherm is 
p l o t t e d . I n f r a r e d a d s o r p t i o n (15,1_£), NMR r e l a x a t i o n 
(IZ'UL'ID o r d i e l e c t r i c d i s p e r s i o n (2£,2J_,^2) may be 
measured on the s u b s t a n t i a l number of molecules ad­
sorbed on the s u b s t a n t i a l area. U n f o r t u n a t e l y , i t is 
d i f f i c u l t to apply e i t h e r of these f i e l d s of i n v e s t i g a ­
t i o n t o the e l u c i d a t i o n of atmospheric c o r r o s i o n . 

The d e f i n i t i o n of the powder surfaces tends t o be 
in terms of the process f o r making i t (23). This 
l i m i t s i n t e r p r e t a t i o n of t h e i r p r o p e r t i e s and a l s o 
l i m i t s g e n e r a l i z a t i o n of p r o p e r t i e s t o surfaces which 
have been generated
v e r s e l y , the LEED, Auge
emission p r o p e r t i e s , e t c . , are measured on f r e s h s u r ­
faces in UHV, because i n t e r p r e t a t i o n is d i f f i c u l t f o r 
more complex c o n f i g u r a t i o n s and because experience has 
shown t h a t these p r o p e r t i e s are profoundly m o d i f i e d and 
confused by exposure t o r e a l atmospheres. 

The experiment d e s c r i b e d below is an attempt t o 
bridge t h i s gap. Surfaces r e l e v a n t t o atmospheric 
c o r r o s i o n were prepared from c l e a n metal surfaces by 
r e a c t i o n w i t h water vapor under c l e a n c o n d i t i o n s . The 
p r o p e r t i e s measured — water a d s o r p t i o n c h a r a c t e r i s t i c s 
— were s e l e c t e d because they were b e l i e v e d t o have a 
major and d i r e c t a p p l i c a t i o n t o atmospheric c o r r o s i o n . 

2.1 Water A d s o r p t i o n Experiments. The o b j e c t i v e s 
were to measure water a d s o r p t i o n isotherms on su r f a c e s 
which were w e l l d e f i n e d in terms of t h e i r p r e p a r a t i o n 
and a l s o r e l e v a n t to atmospheric c o r r o s i o n . 

The q u a n t i t y of water adsorbed on the a p p r o p r i a t e 
metal sur f a c e was measured by means of a p i e z o e l e c t r i c 
quartz microbalance (24_) . With s u i t a b l y c u t c r y s t a l s 
and good temperature c o n t r o l , i t was p o s s i b l e t o mea­
sure a d s o r p t i o n corresponding t o coverage by a f r a c t i o n 
of a monolayer. 

The sequence of oper a t i o n s l e a d i n g to a d s o r p t i o n 
data d e s c r i b e d here can be f o l l o w e d by reference t o 
Fi g u r e 7 . 

( i ) A thermostated quartz c r y s t a l was coated 
w i t h NiFe by e l e c t r o n beam evaporation in an o i l -
f r e e system at a pressure of l e s s than 10-8 t o r r , 
so t h a t the r a t e of i n c i d e n c e of metal atoms was 
at l e a s t a thousand times t h a t of other s p e c i e s . 
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Figure 7. Mass changes as a function of water pressure; adsorption of water on 
Ni80Fe2o film at 25° C 

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



8. PHiPPS A N D R I C E Water in Atmospheric Corrosion 

( i i ) The c l e a n metal s u r f a c e was now exposed t o 
water vapor. This was obtained from water which 
had been repea t e d l y d i s t i l l e d in the UHV chamber. 
The pressure of water was determined by the tem­
perature of t h i s water. T o t a l gas pressure in the 
vacuum system was monitored by an i o n gauge, which 
was not operated c o n t i n u o u s l y , and by a thermal 
c o n d u c t i v i t y gauge. A f t e r a b r i e f t r a n s i e n t the 
frequency of o s c i l l a t i o n s decreased t o a steady 
value i n d i c a t i n g t h a t the mass of the quartz 
c r y s t a l s u r f a c e had i n c r e a s e d due t o r e a c t i o n w i t h 
the w a t e r . 6 An e f f e c t was observed f o r pressure as 
low as 10"" t o r r . 

( i i i ) The metal f i l m was now exposed t o a 
gre a t e r water vapor pressure and the a d s o r p t i o n 
was monitored u n t i l
procedure was repeate
water vapor pressure up to ~ 10 t o r r . _ 7 

(iv) The water vapor was pumped o f f to 10"" 
t o r r , but the mass of the f i l m d i d not r e v e r t t o 
i t s o r i g i n a l v a l u e , p a r t of the adsorbed water 
c o u l d not be desorbed at t h i s temperature and 
pre s s u r e . 

(v) The water pressure was ret u r n e d t o 11 t o r r , 
and the f i l m was l e f t t o e q u i l i b r a t e f o r 72 hours. 

(vi) The water a d s o r p t i o n curve was now mea­
sured on the reacted s u r f a c e . The i r r e v e r s i b l e 
a d s o r p t i o n which occurred d u r i n g measurement was 
n e g l i g i b l e compared w i t h t h a t which had taken 
place d u r i n g t h i s 72 hours of c o n d i t i o n i n g at the 
hig h e s t pressure. R e v e r s i b l e a d s o r p t i o n data was 
recorded. ( I t is i n t e r e s t i n g t o note t h a t a high 
pressure of hydrogen developed in the vacuum 
chamber — as i n d i c a t e d by a gas w i t h a very h i g h 
thermal c o n d u c t i v i t y which c o u l d not be s o r p t i o n 
pumped or cryopumped but c o u l d be removed by 
t i t a n i u m s u b l i m a t i o n . This was probably formed 
by r e a c t i o n of the water vapor w i t h the f r e s h l y 
d e p o s i t e d metal on the w a l l s of the chamber.) 

( v i i ) The f i l m was now exposed t o water vapor at 
11 t o r r f o r a f u r t h e r 100 hours. The frequency 
decreased m o n o t o n i c a l l y . 
( v i i i ) Dry a i r was i n t r o d u c e d . The c r y s t a l 
showed t h a t no mass change occurred. The adsorp­
t i o n curve was remeasured. 

The e q u i l i b r i u m mass changes are p l o t t e d in 
Figu r e 8 on the b a s i s of the BET model (25) . From 
t h i s model we d e r i v e the a c t i v a t i o n enthalpy f o r 
water a d s o r p t i o n and the area of the f i l m . 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 I I I as the r a t i o o f 
the t r u e area t o the apparent area. The q u a n t i t y 
of water adsorbed is p l o t t e d in u n i t s of l a y e r s of 
water on the b a s i s of t h i s a n a l y s i s (Figure 9). 

(ix) F i n a l l y , s e v e r a l metals were deposited on 
quartz c r y s t a l s and the water a d s o r p t i o n was mea­
sured in l a b o r a t o r y a i r at c o n t r o l l e d r e l a t i v e 
h u m i d i t i e s . 

These measurements were intended to represent 
a more p r a c t i c a l degree of c l e a n l i n e s s than the 
s u r f a c e prepared in UHV. Some data are shown in 
F i g u r e 10 and 11, and r e s u l t s f o r a number of 
metals are shown in Table I I I which compares these 
measurements w i t h p u b l i s h e d data. 
2.2 D i s c u s s i o n . The c l e a n f i l m of m e t a l ^ r e a c t s 

r a p i d l y w i t h water vapo
produce H2 and in th
hydroxide/oxide. (Evidence on the nature of t h i s r e ­
a c t i o n product is reviewed below.) The r e a c t i o n is 
e f f e c t i v e l y i r r e v e r s i b l e . The frequency t r a n s i e n t 
observed when the metal was f i r s t exposed is probably 
due t o a thermal g r a d i e n t in the quartz a s s o c i a t e d w i t h 
t h i s r a p i d h i g h l y exothermic r e a c t i o n . Subsequent 
water is adsorbed ( r e v e r s i b l y ) on top of t h i s r e a c t i o n 
product (~ 1 monolayer at 25% RH, ~ 2 at 50% RH). This 
adsorbed water r e a c t s w i t h the s u b s t r a t e metal much 
more s l o w l y than the i n i t i a l r e a c t i o n . (One monolayer 
r e a c t i n g in s i x t y hours at 10 t o r r H2O.) Dramatic 
r e d u c t i o n s in r e a c t i o n r a t e a f t e r the formation of the 
f i r s t monolayer have been reported from ob s e r v a t i o n s in 
s o l u t i o n (2j5) . I t has been shown t h a t water is neces­
sary f o r t h i s p a s s i v a t i o n of n i c k e l (27). As the com­
pound f i l m grows t h i c k e r , the a c t i v a t i o n energy f o r 
water a d s o r p t i o n does not change but the area i n c r e a s e s . 
This is c o n s i s t e n t w i t h the l i n e a r growth r a t e . Re­
a c t i o n r a t e is l i m i t e d by the monolayer. This is 
c o n s t a n t l y , but s l o w l y , regenerated. The q u a n t i t y of 
adsorbed water i n c r e a s e s w i t h time at constant RH 
because the area of porous hydroxide i n c r e a s e s w i t h 
time. The newly generated s u r f a c e is a r e l a t i v e l y 
c l e a n (reproducible) adsorbent (perhaps t h i s accounts 
f o r the s i m i l a r a d s o r p t i o n on f i l m s exposed t o l a b o r a ­
t o r y a i r and those prepared in an u l t r a c l e a n e n v i r o n ­
ment) . 

We t u r n now to d i s c u s s f i r s t the evidence on the 
nature of the adsorbing s u r f a c e , then the p r o p e r t i e s 
of the adsorbed aqueous phase. This leads us t o a 
model f o r atmospheric c o r r o s i o n . 
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Table III Water adsorption parameters 
Heats of Adsorption of Water at High Coverage 

I s o s t e r i c : 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 11.7
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 0 OH 12+0.5 7 

F e2°3 12.8 9 

Ni 0 11.6 10 
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Figure 9. Water adsorption in monolayers on Permalloy in air 
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Figure 10. Water adsorption on gold film 
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2.3 The S o l i d Adsorbent. In c h a r a c t e r i z i n g the 
l a y e r on which a d s o r p t i o n of water takes p l a c e r e v e r -
s i b l y , we make the f o l l o w i n g o b s e r v a t i o n s : 

( i ) The i n i t i a l r e a c t i o n of a c l e a n metal 
su r f a c e w i t h water vapor is e f f e c t i v e l y i r r e v e r ­
s i b l e and i n v o l v e s d i s s o c i a t i o n . This is supported 
by the e v o l u t i o n of hydrogen, the r a p i d exothermic 
r e a c t i o n , and p u b l i s h e d data f o r s e v e r a l metals 
(7,8,9,10, ΐ υ . 

( i i ) The i n i t i a l r e a c t i o n product p r o t e c t s the 
metal from f u r t h e r a t t a c k . By the word " p r o t e c t , " 
we are c o n t r a s t i n g the r a t e of formation o f the 
i n i t i a l i r r e v e r s i b l y bound l a y e r w i t h i n ~ 10"** t o r r 
seconds w i t h the subsequent growth of an i r r e v e r ­
s i b l y bound monolayer in ~ 60 hours at 11 t o r r = 
2.5 χ 10*> t o r r seconds  Auger e l e c t r o n s p e c t r o ­
scopy and 1_6
be represented a
f u r t h e r a t t a c k . D i r e c t evidence of hydrogen being 
present in the pas s i v e f i l m formed in s o l u t i o n was 
provided by mass spectrometry (30). E l e c t r o n 
d i f f r a c t i o n (2£,29) has shown t h a t the p r o t e c t i v e 
s u r f a c e l a y e r s which form on i r o n which has been 
a i r o x i d i z e d or p a s s i v a t e d in s o l u t i o n are s u r p r i s ­
i n g l y s i m i l a r . The s t r u c t u r e s are based on the 
cu b i c c l o s e packed oxygen l a t t i c e o f γ Fe 0 OH, or 
Fe304. 

The d e t a i l s of the processes by which p a r t i ­
c u l a r monolayers l i m i t the k i n e t i c s of metal 
o x i d a t i o n and "oxide" d i s s o l u t i o n have been the 
sub j e c t of much i n v e s t i g a t i o n . (See references 
on p a s s i v i t y , (2_6 and 28) .) We do not attempt t o 
review or develop these s t u d i e s here, but to 
e s t a b l i s h a connection between atmospheric c o r r o ­
s i o n and the r e l a t i v e l y w e l l s t u d i e d d i s c i p l i n e s 
of aqueous c o r r o s i o n and dry o x i d a t i o n . 

( i i i ) The c r i t i c a l i n t e r a c t i o n which binds 
water when i t is o s t e n s i b l y adsorbed on a 
c o r r o d i n g metal is the i n t e r a c t i o n w i t h an oxide 
or oxyhydroxide. The o b s e r v a t i o n o f s i m i l a r 
a d s o r p t i o n c h a r a c t e r i s t i c s on many metals ( a f t e r 
the i n i t i a l i r r e v e r s i b l e r e a c t i o n ) and on many 
oxides supports t h i s (Table I I I ) . The g e n e r a l i ­
z a t i o n is r e i n f o r c e d by the o b s e r v a t i o n t h a t i f 
exposure is prolonged the area o f the adsorbent 
i n c r e a s e s , but the other c h a r a c t e r i s t i c s do not 
change. Apparently, the growing l a y e r is r e l a ­
t i v e l y porous, and the p r o t e c t i o n is probably due 
to the l a y e r adjacent t o the metal. This f o l l o w s 
from the i n c r e a s i n g area and the constant r a t e 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 aqueous phase 
in atmospheric corrosion. 

2.4 The Aqueous Adsorbate. The aqueous phase 
acts as (i) solvent, (ii) d i e l e c t r i c and ( i i i ) trans­
port vehicle and w i l l be discussed under these three 
topics. 

(i) The solvatio
and hydroxide is of major importance in atmos­
pheric corrosion but relèvent data is scarce and 
theories which might support extrapolation from 
other measurements are d i f f i c u l t to apply to 
solutions in adsorbed water. 

Consideration of the parameters of the gases 
given below 

Gases H20 N02 s o 2 HCl °2 

Β Ρ °K 373 294 263 188 90 

Heat of evap. Η 10.5 5.1 6 3.8 3.2 
kcal/mole 
Pressure in a i r Ι Ο " 2 i o - 7 I O " 7 I O " 9 IO" 1 

atmospheres 

shows that, generally, water w i l l be adsorbed mul­
tilayers and other gases, i f there were no water, 
to fractions of monolayers. (In the BET model the 
heat of adsorption of layers after the f i r s t is 
equal to Hv.) Expressions have been developed to 
describe the adsorption of mixed gases on the 
basis of the BET or Langmuir models (3V) . If the 
gases interact l i t t l e , the observations can be 
f i t t e d to the theory, e.g., N2/ and O2 on T1O2 
(32); but with greater interaction, e.g., C2H5 and 
CO2 on Cr 203 (3_3) agreement is poor. The layer 
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d i p o l e s , the ambidentate c h a r a c t e r of SO3 2 and NO3, 
and the strong i n t e r a c t i o n w i t h bulk H 20 l e a d us 
to doubt the use of these a d s o r p t i o n models. A l ­
though d e t a i l e d treatments of i n t e r a c t i o n s and o f 
aqueous s o l u b i l i t y have been g i v e n , they r e q u i r e 
more knowledge of the s o l v e n t p r o p e r t i e s than is 
a v a i l a b l e f o r adsorbed water on oxide. 

I t is proposed t h a t a q u a l i t a t i v e account can 
be r a t i o n a l i z e d on the b a s i s of the s t r e n g t h of 
the i n t e r a c t i o n s between s o l v e n t , s o l u t e , and 
adsorbent. As an example of weak i n t e r a c t i o n s , 
the coverage of n i t r o g e n on argon on t i t a n i u m 
d i o x i d e is reduced by ~ 0.2 l a y e r s i f one l a y e r of 
water is adsorbed and a f u r t h e r 0.1 l a y e r i f four 
l a y e r s of water are adsorbed (34). The isotherm 
a f t e r f o u r l a y e r s of water proves to be very s i m i ­
l a r t o t h a t of n i t r o g e
t i v e behavior resemble
d e v i a t i o n s . The water-water and water-oxide 
i n t e r a c t i o n s , being stronger than the argon-oxide or 
argon-argon or argon-water, the argon pressure is 
r a i s e d over t h a t of an i d e a l s o l u t i o n , i . e . , the 
q u a n t i t y of argon adsorbed is reduced at a given 
pre s s u r e . The more p o l a r i z a b l e xenon and krypton 
have been r e p o r t e d t o form c l a t h r a t e s w i t h ad­
sorbed i c e (36). An example of a s t r o n g l y i n t e r ­
a c t i v e system may be taken from the l i t e r a t u r e of 
c a t a l y s i s . Water adsorbed on s i l i c a (or alumina) 
behaves as a Bronsted a c i d (37) and can be 
t i t r a t e d w i t h ammonia. The c o n c e n t r a t i o n s of 
adsorbed ammonia and ammonium can be measured 
s p e c t r o s c o p i c a l l y (38_) . 

( i i ) D i e l e c t r i c p r o p e r t i e s of adsorbed water -
The s o l v a t i o n of gases, metal i o n s , protons and 
hydroxide ions is c r u c i a l in e l e c t r o c h e m i c a l c o r r o ­
s i o n . The d e t a i l s o f the h y d r a t i o n sheath in these 
adsorbed l a y e r s cannot be g i v e n , but a mi c r o s c o p i c 
parameter is provided by measurements of the 
d i e l e c t r i c constant of adsorbed l a y e r s . The d i ­
e l e c t r i c constant d i s p e r s i o n o f adsorbed water has 
been measured on s e v e r a l oxide powders (20,21,23). 
I t appears t h a t the f i r s t l a y e r is r e l a t i v e l y 
u n p o l a r i z a b l e and the d i e l e c t r i c constant in the 
order of three but, w i t h an average of on l y two 
l a y e r s , the d i e l e c t r i c constant was in the order 
of t h i r t y f o r a frequency of 100 Hz. The charac­
t e r i s t i c frequency is ~ 1 kHz. Evidence i n d i c a t e s 
c l u s t e r s of water being heterogeneously d i s t r i b u t e d . 
As the t h i c k n e s s i n c r e a s e s beyond three l a y e r s , the 
c h a r a c t e r i s t i c frequency approaches t h a t o f i c e , 
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 d i e l e c t r i c con­
stant increases with thickness and the dissocia­
tion energy f a l l s from 0.6 eV towards that seen in 
the bulk 0.35 eV (39,40). 

( i i i ) Mobility - The f i r s t layer of water is 
relatively immobile. The direct measurement of 
viscosity in thin layers has been the subject of 
some controversy, but rheological a b n o r m a l i t i e s 
( i f any) do not extend beyond a few molecular dia­
meters (4^, 4_2) . NMR measurements have shown that 
monolayers of water are oriented on s i l i c a t e and 
s i l i c a gel (1J7/18). Reduced diffusion in these 
layers is shown~Ey pulsed spin echo NMR (1_9) and 
by neutron scattering (43̂ ) . 

Infrared adsorptio
broadening (15,1^6
that water is bound 0 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. In ad­
sorbed layers the interaction with the adsorbate 
dominates reorientation for a l l molecules within 
six to ten molecular diameters. 

2.5 Summary of Water Adsorption. The discussion 
of the adsorbed aqueous phase has been drawn from many 
fields and recapitulation may be helpful. Most metals 
adsorb a monolayer of water rapidly and "irreversibly." 

This i n i t i a l layer reacts slowly in many cases. 
Subsequent water adsorption is similar for many metals 
and oxides. At 20% RH there w i l l be ~ one monolayer, 
and at 15% ~ five layers. Corrosive gases w i l l not 
form m u l t i m o l e c u l a r layers, but compete with water for 
the f i r s t "irreversible" layer. The "solution" of gas 
w i l l be very dilute. There is ample evidence for 
strong interactions between adsorbed water and other 
adsorbed gases, but a quantitative model is not a v a i l ­
able. The solution and ionization within thin adsorbed 
layers w i l l depart strongly from that in bulk water. 
This may be seen from the variation of d i e l e c t r i c con­
stant with thickness of adsorbed water. A monolayer 
has a die l e c t r i c constant in the order of three, but at 
5095 RH we have two or three layers with a mean dielec­
t r i c constant in the order of twenty five — a medium 
lik e methanol. Ionic mobility w i l l 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 r e t u r n to d i s c u s s the o b s e r v a t i o n s of at­
mospheric c o r r o s i o n d e s c r i b e d in the f i r s t p a r t of t h i s 
paper in terms of the models of the adsorbed phase de­
veloped in the previous s e c t i o n s . 
3.0 The Role of Water in Atmospheric C o r r o s i o n 

3.1 General Observations. We saw t h a t water vapor 
p l a y s a dominant r o l e in many atmospheric c o r r o s i o n 
processes (Figures 1,3,5), and t h a t there is an i m p l i c i t 
o b s e r v a t i o n t h a t the temperature dependence of c o r r o s i o n 
may be approximately represented by the vapor pressure 
of water ( i . e . , RH is the r a t i o n a l v a r i a b l e ) . These 
obser v a t i o n s are c o n s i s t e n t w i t h the a d s o r p t i o n model 
w i t h h i g h r a t e s of g a l v a n i c c o r r o s i o n o c c u r i n g in t h i c k 
l a y e r s of water and o n l y slower o x i d a t i o n o c c u r i n g in 
the regime of RH at whic
The s i m i l a r dependenc
s e v e r a l r e a c t a n t s is a l s o c o n s i s t e n t w i t h a d s o r p t i o n on 
s i m i l a r oxyhydroxide l a y e r s even though the area tends 
t o i n c r e a s e . The simultaneous presence of s e v e r a l o x i ­
d a t i o n products in porous l a y e r s (Figures 5 and 6) is 
c o n s i s t e n t w i t h the inhomogeneous g a l v a n i c r e a c t i o n s . 
The process is d i f f e r e n t from the g r a d a t i o n of s t o i c h i -
ometry n e c e s s a r i l y present in adherent p r o t e c t i v e l a y e r s . 
Deliquescence of the products is expected t o a f f e c t c o r ­
r o s i o n r a t e s and t h e i r dependence on RH c o n s i d e r a b l y 
(4_,5̂ , 1_0/iLi) # the water t h i c k n e s s being g r e a t l y i n c r e a s e d . 

3.2 Intermediate RH. At i n t e r m e d i a t e RH, ~ 40%, 
weight changes are minor but roughening is seen (Figure 
3) and s e n s i t i v e s u r f a c e chemistry shows t h a t t h i n l a y e r s 
of c o r r o s i o n products can be detected (Figure 4 and 5). This 
roughening may be a s s o c i a t e d w i t h the f a c t t h a t adsorp­
t i o n shows c l u s t e r i n g even on homogeneous s u r f a c e s , and 
p r a c t i c a l s u r f a c e s are c e r t a i n l y inhomogeneous w i t h 
r e s p e c t t o a d s o r p t i o n . The p r e f e r r e d s i t e s f o r a t t a c k 
may be r e l a t e d t o the s p e c i f i c a d s o r p t i o n s i t e s de­
s c r i b e d f o r SO2 (45,46j and H 2S (£7); they may be s i t e s 
where the water a b s o r p t i o n is favored; or they may be 
s i t e s at which the oxide is weak. Once c o r r o s i o n is 
i n i t i a t e d , d e l i q u e s c e n t c o r r o s i o n products may aggravate 
l o c a l a t t a c k (see below). 

3.3 Low RH. At those s i t e s , and f o r those c o n d i -
t i o n s , in which the average t h i c k n e s s is in the order 
of one molecule 3 the d i e l e c t r i c constant is low and 
h y d r a t i o n of ions H4*, OH", O2, M n +, SO2-, e t c . , 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) ( 4 8 ) . It 
is proposed that reaction rates are not limited by 
diffusion across the monolayer since i t is so thin, 
since i t 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 is more than three molecules thick (~ 65% 
for many cases), water approaches the behavior of bulk 
solutions. This is certainl  tru  fo  film * 100 
microns thick due t
cent corrosion products ( 4 , _ 5 > J ^ > ^ > 4 9 ) · Corrosion in this 
regime may be related to that in bulk electrolytes 
and similar apparatus may be employed to study i t (44_) . 
This is the threshold of c r i t i c a l 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 
quantitative data is 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 i t 
is hoped that the model exposes questions which need 
to be addressed before details of atmospheric corrosion 
can be understood. Such work w i l l 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
h ib i t ion could easi ly develop into an ambitious under­
taking if it were intende
ture concerned wit
i tors and the multitude of mechanisms proposed as ex­
planations of their action. The past approaches aimed 
at understanding Corrosion Inhibit ion 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 inhibi tor studies ought to be the 
development of predictive criteria for inhibi tor 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 
l ines helpful in the unraveling process of inhibi tor 
action, but have been far from successful in providing 
a complete understanding of pract ica l inhibi t ion phenom­
ena let alone predictive criteria for more effective 
molecules. 

The reason for this state of af fa irs 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 al ter ing the electro­
chemical reaction rates which are governed by the ener­
getics of the double layer. While this model has been 
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quite successful in explaining changes of electrochem­
i c a l r e a c t i o n rates as a consequence of changes occur­
r i n g in the composition of the e l e c t r o l y t e i t has not 
been successful in d e s c r i b i n g t y p i c a l p r a c t i c a l i n h i b i ­
t i o n phenomena. 

A rather large body of evidence has been accumu­
la t e d over the past 10 to 15 years i n d i c a t i n g that the 
chemistry of the interphase between the metal per se 
and the homogeneous bulk of the e l e c t r o l y t e may deter­
mine the k i n e t i c s of the corrosion process. This i n t e r ­
phase must be v i s u a l i z e d as being d i s t i n c t l y d i f f e r e n t 
in composition from e i t h e r the metal or the e l e c t r o l y t e 
and extending from microscopic to perhaps even macro­
scopic dimensions. As a consequence the o v e r a l l k i n e t ­
i c s of the corrosion process are determined by a com­
plex i n t e r p l a y between the r e a c t i o n rates at the two 
i n t e r f a c e s made up b
phase and transport

I f the corrosion process is modeled in t h i s manner, 
then the corrosion i n h i b i t i o n phenomena must be seen 
as : 

a) the i n t e r a c t i o n of a chemical substance 
with the outer surface of the interphase; 

b) an i n t e r a c t i o n with the interphase i t s e l f 
thereby changing i t s chemical nature; 

c) or the formation of a new interphase. 
The f o l l o w i n g d i s c u s s i o n w i l l therefore make but 

a weak attempt to review past approaches to i n h i b i t i o n 
theory. Rather, emphasis w i l l be placed on the i n t e r ­
phase concept. I t is hoped that the reader w i l l thus 
be o f f e r e d a short i n t r o d u c t i o n to corrosion i n h i b i t i o n 
as w e l l as being stimulated to f u r t h e r i n v e s t i g a t i v e 
e f f o r t s in the f i e l d of corrosion i n h i b i t i o n . 

The Corrosion Mechanism 

Corrosion i n h i b i t i o n is generally described as the 
i n t e r f e r e n c e of a substance f o r e i g n to the c o r r o s i v e 
medium with the corrosion r e a c t i o n or r e a c t i o n s , and i t 
is v i s u a l i z e d that such int e r f e r e n c e takes place 
through the adsorption of the i n h i b i t o r on the metal 
surface. While t h i s concept has been successful in 
many i d e a l i z e d s i t u a t i o n s , such as the corrosion of 
i r o n in hydrochloric a c i d CD i t s a p p l i c a t i o n has been 
f a r too general and too p r o l i f i c in order to advance 
the understanding of corrosion i n h i b i t i o n in any s i g n ­
i f i c a n t way. 

I t may therefore be h e l p f u l to discuss b r i e f l y a 
k i n e t i c model of the corrosion process i t s e l f and then 
derive from i t the various ways in which i n h i b i t i o n can 
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take place. This appears a l l the more necessary as cor­
r o s i o n a f t e r more than 5 0 years of i n t e n s i v e research 
is s t i l l considered in many textbooks to be a purely 
chemical process, while only s p e c i a l l i m i t i n g cases 
such as galvanic corrosion and perhaps p i t t i n g are r e c ­
ognized as electrochemical in nature. 

Let us emphasize from the beginning that a l l cor­
r o s i o n (the oxidative conversion of a metal to i t s met­
a l ions) is electrochemical in nature. This implies 
the existence of simultaneous anodic and cathodic cur­
rents of equal magnitude across the i n t e r f a c e of the 
metal. I t is by no means necessary (although some­
times u s e f u l ) , to postulate permanent l o c a l i z e d anodes 
and cathodes as a microscopic concept with f i x e d space 
coordinates in order to develop a k i n e t i c model a p p l i ­
cable to the rates of the corrosion processes. The cor­
r o s i o n r e a c t i o n s , tha
metal and the cathodi
may indeed take place with s t a t i s t i c a l d i s t r i b u t i o n in 
time and space on the surface of the metal. The proof 
of t h i s t h e s i s was given by Wagner and Traud (JL) in 
1938 by means of the d i s c u s s i o n of the l i m i t i n g case 
of zinc amalgam d i s s o l u t i o n . L i q u i d zinc amalgam must 
be considered a completely homogeneous phase where i t 
is impossible to define, in a rigorous thermodynamic 
sense, l o c a l galvanic elements on the surface. The 
d i s s o l u t i o n of zinc amalgam in d i l u t e hydrochloric a c i d 
could therefore proceed by a chemical mechanism as 
shown in equations 1 and 2: 

Zn + 2H+ **{zn H2} 2 + (1) 

{Zn H21 2 + — - Z n + 2 + H 2 (2) 
This model v i s u a l i z e s that zinc atoms on the sur­

face of the amalgam form a t r a n s i t i o n complex with two 
protons which subsequently d i s s o c i a t e s i n t o zinc ions 
and hydrogen. I f t h i s mechanism were to p r e v a i l , the 
rate of hydrogen evolution (or oxidation of zinc) would 
have to depend on the concentration of the t r a n s i t i o n 
complex i f the second r e a c t i o n were rate determining, 
or on the product of the concentrations of zinc and the 
protons i f the f i r s t r e a c t i o n were rate determining. 
Wagner and Traud, however, have shown that the r a t e of 
the hydrogen evolution on a mercury surface is inde­
pendent of small concentrations of zinc and can there­
fore be determined el e c t r o c h e m i c a l l y on a pure mercury 
electrode. Conversely, the oxidation of zinc from zinc 
amalgam is e s s e n t i a l l y independent of the pH and can be 
measured at high pH without i n t e r f e r i n g hydrogen evo­
l u t i o n . One can therefore determine these two rates 
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over a wide p o t e n t i a l range and in the case of the hy­
drogen evolution f o r d i f f e r e n t pH fs. 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-
t r a l i t y in the system, one can now use the above.deter­
mined rate c h a r a c t e r i s t i c s f o r the two reactions in or­
der to p r e d i c t the r e s t p o t e n t i a l of corroding zinc amal­
gam, and to determine i t s corrosion r a t e . The result-
can then be v e r i f i e d independently by determining the 
rate of hydrogen evolution from zinc amalgam volumetric-
a l l y and by a l s o analyzing f o r zinc in the r e s u l t i n g 
s o l u t i o n . These experiments have indeed been success­
f u l and are considered s u f f i c i e n t proof f o r the postu­
l a t e of the electrochemical mechanism f o r the d i s s o l u ­
t i o n of zinc amalgam in d i l u t e hydrochloric a c i d , as 
shown by equations 3
odic reactions procee
each other. For a more d e t a i l e d d i s c u s s i o n of the d i s
s o l u t i o n of zinc amalgam the reader is r e f e r r e d to the 
o r i g i n a l l i t e r a t u r e or a d i s c u s s i o n by H. Kaesche (3). 

Zn * Z n + 2 + 2e (3) 

2 H + — * H 2 - 2e (4) 

f h i s v e r i f i c a t i o n of the electrochemical nature of the 
corrosion process also leads to the r e a l i z a t i o n of four 
d i s t i n c t and separate basic processes involved in 
c o r r o s i o n , which are l i n k e d together merely by the 
necessity of preserving e l e c t r o n e u t r a l i t y in the over­
a l l r e a c t i o n . These are 

a) the anodic or oxidative process; 
b) the cathodic or reductive process; 
c) the e l e c t r o n i c charge t r a n s f e r process in both 

d i r e c t i o n s across the i n t e r f a c e ; 
d) the i o n i c charge t r a n s f e r process which is r e ­

quired to maintain e l e c t r o n e u t r a l i t y on the 
e l e c t r o l y t e side due to the disappearance of 
i o n i c charges in the cathodic process and the 
formation of i o n i c charges in the anodic pro­
cess . 

One of these four reactions is u s u a l l y the slowest, and 
rate determining f o r the o v e r a l l process. Corrosion 
i n h i b i t i o n takes advantage of t h i s complexity of r e ­
actions by attempting to i n t e r f e r e with any of them 
i n d i v i d u a l l y or j o i n t l y . Thus a corrosion i n h i b i t o r 
may f u r t h e r slow the rate of the slowest r e a c t i o n or 
may bring about a rate l i m i t a t i o n of one or the other 
of the remaining three processes. While i t is general­
l y known that corrosion i n h i b i t o r s may a f f e c t the an-
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odic or the cathodic r e a c t i o n , i t is l e s s well known 
that i n h i b i t i v e means may a f f e c t e i t h e r the e l e c t r o ­
l y t i c conduction or even the e l e c t r o n i c conduction pro­
cess . 

Systematic C l a s s i f i c a t i o n Of Corrosion I n h i b i t o r s 

The several thousand substances which have in the 
past been observed to have corrosion i n h i b i t i v e pro­
p e r t i e s have often been c l a s s i f i e d in various ways. 
The s t a r t i n g point f o r such c l a s s i f i c a t i o n is the point 
of i n t e r f e r e n c e with the above sketched corrosion mech­
anism e i t h e r in a phenomenological or in a mechanistic 
way. A simple system f o r c l a s s i f i c a t i o n , which w i l l 
be discussed in more d e t a i l l a t e r , is based on whether 
the i n h i b i t o r i n t e r f e r e s with the anodic or cathodic 
r e a c t i o n . Thus i n h i b i t o r
cathodic i n h i b i t o r s
shown to be too s i m p l i s t i c and a more complex c l a s s i f i ­
c a t i o n was worked out by H. Fischer (JjJ on the basis of 
where, instead of how, in the complex interphase of a 
m e t a l - e l e c t r o l y t e system the i n h i b i t o r i n t e r f e r e s with 
the corrosion r e a c t i o n s . The m e t a l - e l e c t r o l y t e i n t e r ­
phase can be v i s u a l i z e d as c o n s i s t i n g of (a) the i n t e r ­
face per se, and (b) an e l e c t r o l y t e l a y e r interposed 
between the i n t e r f a c e and the bulk of the e l e c t r o l y t e . 
On t h i s basis Fisher d i s t i n g u i s h e d as shown in Table 1, 
between "Interface I n h i b i t i o n " and " E l e c t r o l y t e Layer 
I n h i b i t i o n . " 

Interface I n h i b i t i o n comes about by substances 
which p o s i t i o n themselves immediately at the surface 
of the metal and decrease the rates of p h y s i c a l , chem­
i c a l or electrochemical processes in the corrosion 
mechanism. Such processes may be: 

a) the charge t r a n s f e r per se; 
b) the i n t e r r u p t i o n of the c r y s t a l l a t t i c e ; 
c) the p a r t i a l steps involved in the anodic or 

cathodic r e a c t i o n s , that is chemical rea c t i o n s 
e i t h e r preceding or following the charge t r a n s ­
f e r r e a c t i o n s . 

Discussing i n t e r f a c e i n h i b i t i o n one f i n d s that 
the pure squeezing out e f f e c t ( s a l t i n g out e f f e c t ) , 
which may concentrate i n h i b i t i n g n e u tral molecules at 
the metal e l e c t r o l y t e i n t e r f a c e , w i l l be rather r a r e . 
However, i t is p o s s i b l e that the a c t i v i t y of ions or 
molecules taking place in the corrosion r e a c t i o n is de­
creased simply by the accumulation of n e u t r a l molecules 
in the v i c i n i t y of the metal surface. Such substances 
could be a l c o h o l , water soluble i n e r t s o l i d s in gen­
e r a l , or i n e r t ions. 
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Table I 
(A) 

Causes of I n t e r f a c e - I n h i b i t i o n and E l e c t r o l y t e - L a y e r -
I n h i b i t ion 
1. I n t e r f a c e - I n h i b i t i o n . 

1.1 caused by the squeezing out e f f e c t . 
1.2 caused by adsorption. 
1.3 caused by e l e c t r o s o r p t i o n . 
1.4 caused by coverage with a polymolecular or 

polymerous l a y e r . 

2. E l e c t r o l y t e - L a y e r - I n h i b i t i o n . 

2.1 mechanical E. caused by 
2.11 c o l l o i d s or suspensions
2.12 viscou
2.13 pores in

ers . 
2.2 chemical E. caused by substances r e a c t i n g with 

components of homogeneous p a r t i a l r e actions of 
the electrode r e a c t i o n . 

2.3 electrochemical E. caused by changes of the 
p o t e n t i a l in the d i f f u s e double layer dependent 
on a coverage of the i n t e r f a c e with ions 

Mostly however, these and other molecules as w e l l 
as ions or ion p a i r s coming from the e l e c t r o l y t e may 
be adsorbed on the m e t a l l i c (or semiconductive) part 
of the i n t e r f a c e . Disregarding the s p e c i a l case of the 
p o t e n t i a l of zero charge at the m e t a l l i c surface, the 
conductor w i l l u s u a l l y carry a p o s i t i v e or negative 
charge which may favor i t s coverage with charged or 
polar substances occuring near the i n t e r f a c e . I t is 
very d i f f i c u l t , however, to d i s t i n g u i s h between pure 
adsorption of n e u t r a l molecules on the surface of the 
corroding metal by means of Van der Waals or a chem­
i c a l f o r c e s , and e l e c t r o s o r p t i o n which takes place by 
p o t e n t i a l dependent e l e c t r o s t a t i c f o r c e s . Often the 
two mechanims operate in conjunction. I t has been 
shown f o r instance, that organic amines become much 
more e f f e c t i v e corrosion i n h i b i t o r s in a c i d medium i f 
a h a l i d e is present. Halide ions, p a r t i c u l a r l y i o d i d e , 
are strongly adsorbed on metal surfaces thus forming a 
negatively charged lay e r on the metal surface onto 
which protonated organic amines adsorb subsequently, 
with a r e s u l t i n g i n h i b i t i o n of corrosion r e a c t i o n s . 

F i n a l l y , one can t a l k about an i n t e r f a c e e f f e c t 
which is caused by coverage of the metal surface with 
a polymerous la y e r . Some authors think that c e r t a i n 
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i n h i b i t o r s such as the a c e t y l e n i c ones form a polymer 
layer on the surface of the metal. In other words, the 
monomeric i n h i b i t o r molecules undergo e i t h e r chemical 
or electrochemical r e a c t i o n on the metal surface such 
that a polymeric two dimensional system is formed which 
t i g h t l y adheres to the metal surface and i n t e r f e r e s 
with the rates of the corrosion r e a c t i o n s . 

A l l of the above i n h i b i t i o n phenomena are v i s u a l ­
ized as taking place immediately on the metal surface 
of the corroding specimen. Apparently, there are ways 
that one can a f f e c t corrosion reactions by i n t e r f e r i n g 
with processes which are not on the surface, but those 
in the v i c i n i t y of the surface, namely in the e l e c t r o ­
l y t e l a y e r c l o s e s t to the surface. E l e c t r o l y t e l a y e r 
i n h i b i t i o n may hinder the following p a r t i a l steps of 
electrode r e a c t i o n s : 

1) Transport o
t i o n s to or fro

2 ) P a r t i a l steps of the homogeneous chemical r e ­
actions within the e l e c t r o l y t e l a y e r . This 
can be accomplished by: 
a) purely mechanical obstacles assembled in the 

e l e c t r o l y t e layer (mechanical e l e c t r o l y t e 
layer i n h i b i t i o n ) ; 

b) by chemical reactions of components of the 
electrode r e a c t i o n s with substances assem­
bled in the e l e c t r o l y t e layer (chemical 
e l e c t r o l y t e l a y e r i n h i b i t i o n ) ; 

c) by electrochemical e f f e c t s such as a change 
of the z e t a p c t e n t i a l in the d i f f u s e part of 
the double l a y e r which co n t r o l s the migra­
t i o n of components of electrode r e a c t i o n s . 
This is c a l l e d the electrochemical e l e c t r o ­
l y t e l a y e r i n h i b i t i o n . 

For more d e t a i l e d d i s c u s s i o n of the various phe­
nomenological i n h b i t i o n mechanism the reader is r e f e r r e d 
to the o r i g i n a l l i t e r a t u r e . (4_) 

I t is obvious now that corrosion i n h i b i t i o n is not 
a simple phenomena, and a d e c i s i o n may have to be made 
whether i t may be more u s e f u l to discuss corrosion in­
h i b i t i o n along mechanistic l i n e s or by means of a tab­
u l a t i o n of chemical compounds which have been found e f ­
f e c t i v e under s p e c i f i c circumstances. However, the d i ­
gestion of exhaustive table s of chemical compounds and 
t h e i r a p p l i c a t i o n as corrosion i n h i b i t o r s as presented 
in C. Nathan's book (JL) leaves the reader as d i s s a t i s ­
f i e d and puzzled as do elaborate c l a s s i f i c a t i o n sys­
tems of corrosion i n h i b i t o r s which i n v a r i a b l y lack ex­
perimental s u b s t a n t i a t i o n and have at t h i s stage l i t t l e 
p r e d i c t i v e value. 
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As a consequence i t is judged to be more u s e f u l 
f o r the novice in the f i e l d of corrosion i n h i b i t i o n to 
f a m i l i a r i z e himself with some of the fundamental in­
v e s t i g a t i v e means and subsequently be confronted with 
some s p e c i a l cases of corrosion i n h i b i t i o n which may or 
may not lend themselves to g e n e r a l i z a t i o n . 

Experimental Observation of Corrosion I n h i b i t i o n 

The study of corrosion processes in recent years 
has been almost e n t i r e l y based on the so c a l l e d Evans 
diagram. Considering how often t h i s diagram has been 
misused or misrepresented suggests that a b r i e f d i s ­
cussion may again be in order at the r i s k of being 
repetive or t r i v i a l . 

The Evans diagram ( 1 ) is a graphical presentation 
in semilogarithmic coordinate
i c r e a c t i o n rate
pendent on p o t e n t i a l . The basis f o r the Evans diagram 
is the corrosion model discussed above: 

Me ^Me n + + ne (5) 

Ox + n e — ^ R e d n - (6) 

These p a r t i a l r eactions proceed with equal reac­
t i o n rates when the metal is f r e e l y corroding. In or­
der to express the r e a c t i o n rates in terms of a cur­
rent, the conversion per time is m u l t i p l i e d by the 
Faraday constant according to the foll o w i n g equation: 

J = Q' · F · η (7) 
Where J equals current, η number of electrons t r a n s ­
f e r r e d per molecule, F equals Faraday constant and Q" is 
the rate of the r e a c t i o n expressed in terms of moles 
per un i t time. I f the above equation is divided by the 
surface area the current density can be expressed as 
follows : 

J = - _ 0 . F.n 
— · — , (8) 

The p a r t i a l anodic ( i a ) and cathodic ( i Q ) current 
d e n s i t i e s are then expressed as exponential functions 
of the ov e r - p o t e n t i a l ( n a n c ) which is the d i f f e r e n c e 
between the operating p o t e n t i a l (ε) and the eq u i l i b r i u m 
p o t e n t i a l ( E a E c) of the p a r t i c u l a r p a r t i a l r e a c t i o n . 
These r e l a t i o n s h i p s are shown g r a p h i c a l l y and e x p l i c i t ­
l y in F i g . 1 . Thus by d e f i n i n g the anodic and cathodic 
current p o t e n t i a l r e l a t i o n s h i p s f o r a corroding system 
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and by p l o t t i n g them as shown in a p o t e n t i a l vs log i 
diagram, one q u i c k l y f i n d s the point where the two 
l i n e s i n t e r c e p t , which is the p o t e n t i a l at which anodic 
and cathodic r e a c t i o n rates are equal. The current at 
t h i s point becomes corrosion current or corrosion r a t e 
while the corresponding p o t e n t i a l is the corrosion po­
t e n t i a l . 

I t must be r e a l i z e d that in a corroding system the 
p a r t i a l currents cannot be d i r e c t l y observed. I f a 
corroding piece of metal is made an electrode in an 
electrochemical c e l l the corrosion reactions already pro­
ceed with a given r a t e . The metal w i l l therefore as­
sume the corrosion p o t e n t i a l (ecorr) and the system is 
in a steady state condition as opposed to an e q u i l i ­
brium state. No current w i l l flow in the external c i r ­
c u i t at t h i s point. I f now by means of an external 
c i r c u i t the p o t e n t i a
in the anodic or cathodi
odic current w i l l flow in the external c i r c u i t ( H^iext). 
This observed external current is the equivalent of the 
a l g e b r a i c sum of the anodic and cathodic p a r t i a l cur­
rents and can therefore be predicted from the i n d i v i ­
dual c h a r a c t e r i s t i c s as shown in F i g . l . I f the oper­
at i n g p o t e n t i a l is s u f f i c i e n t l y negative of the corro­
sion p o t e n t i a l , the c u r r e n t - p o t e n t i a l behavior of the 
external current w i l l resemble the p a r t i a l cathodic 
c h a r a c t e r i s t i c because under these conditions the an­
odic current has become extremely small. The p o t e n t i a l 
regions where e i t h e r of the p a r t i a l reactions is neg­
l i g i b l y small with respect to the other are c a l l e d the 
T a f e l regions. The current p o t e n t i a l behavior in the 
T a f e l regions of an a c t i v e l y corrosing piece of metal 
are often used to draw conclusions with respect to the 
mechanism of the p a r t i a l corrosion r e a c t i o n s . It is 
therefore in p r i n c i p a l p o s s i b l e to e s t a b l i s h the Evans 
diagram from fundamental knowledge of the i n d i v i d u a l 
r e a c t i o n s or experimentally by studying the p o l a r i z a ­
t i o n behavior of a corroding piece of metal in a given 
environment. For more d e t a i l e d d e r i v a t i o n of e l e c t r o ­
chemical rate equations see C D . 

I t is important to remember that some assumptions 
have been made in the d e r i v a t i o n of F i g . l . F i r s t , the 
equations given there are a p p l i c a b l e only i f the e l e c ­
tron t r a n s f e r is the rate determining step in the par­
t i a l c o rrosion reactions. This is important with r e ­
spect to the c a l c u l a t i o n of the T a f e l slope (RT/anF) or 
the i n t e r p r e t a t i o n of an experimental one. I t is f u r ­
ther assumed that during the p o l a r i z a t i o n of the t e s t 
electrode (corroding piece of metal) the composition of 
the s o l u t i o n in the v i c i n i t y 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 p o l a r i z a t i o n r a p i d l y leads to d i f f u s i o n l i m i t a t i o n 
( d i f f u s i o n over-potential) while secondary rea c t i o n s 
during p o l a r i z a t i o n in the anodic d i r e c t i o n often lead 
to p r e c i p i t a t i o n of metal hydroxides and consequently 
pa s s i v a t i o n phenomena. 

In s p i t e of such experimental d i f f i c u l t i e s the 
Evans diagram has been extremely u s e f u l in determin­
ing c e r t a i n c h a r a c t e r i s t i c s of i n h i b i t o r s . In a c i d so­
l u t i o n s f o r example, the electrode reactions follow a 
behavior which is quite p r e d i c t a b l e on the basis of the 
e l e c t r o n t r a n s f e r being the rate determining step. 
Thus Hackerman (JJ and Nobe (JL) have studied such sys­
tems extensively and found that the e f f e c t i v e n e s s of 
c e r t a i n amine i n h i b i t o r s can be explained by t h e i r ad­
sorption behavior. Th
proved to be p r e d i c t a b l
structure and c o n f i g u r a t i o n . 

In n e u t r a l or a l k a l i n e s o l u t i o n , or solutions of 
low c o n d u c t i v i t y , however, one f i n d s very small T a f a e l 
regions, or the T a f a e l regions are e s s e n t i a l l y nonexis­
tent. The reasons f o r such behavior are many: 

a) Stern (JL) f o r example has shown that the cath-
odic p o l a r i z a t i o n curves f o r i r o n corroding in oxygen 
free sodium c h l o r i d e s o l u t i o n show hydrogen ion d i f ­
f usion l i m i t a t i o n at a current of 10" 4 a/cm2 at a pH of 
2. Thus in such systems above a pH 1.5 e s s e n t i a l l y no 
T a f e l region is observed due to a d i f f u s i o n over-po­
t e n t i a l . 

b) Resistances or over-potentials other than those 
determining the rate of the e l e c t r o n t r a n s f e r r e a c t i o n 
are often included in the current p o t e n t i a l measure­
ment. The most frequent s i t u a t i o n is the i n c l u s i o n 
of an ohmic r e s i s t a n c e which occurs between the work­
ing electrode and the reference electrode. Such ohmic 
e l e c t r o l y t e r e s i s t a n c e s can e a s i l y be determined by 
p o s i t i o n i n g the reference electrode at varying distances 
from the working electrode, or by various mathemati­
c a l procedures i n c l u d i n g automatic iR-drop compensating 
e l e c t r o n i c devices. Mansfeld has r e c e n t l y discussed 
the e f f e c t of such r e s i s t a n c e on current p o t e n t i a l 
curves (10). A more serious r e s i s t a n c e often i n f l u e n c ­
ing the p o t e n t i a l determination in p o l a r i z a t i o n studies 
is caused by the formation of.a corrosion product lay e r 
on the surface of the corroding t e s t electrode. This 
s i t u a t i o n is considerably more complex because, f i r s t , 
t h i s a d d i t i o n a l r e s i s t a n c e is most l i k e l y not ohmic in 
nature due to the semiconducting properties of the cor­
r o s i o n product layer and second, anodic and cathodic 
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reactions do not n e c e s s a r i l y take place at the same l o ­
c a t i o n . Thus the anodic r e a c t i o n can be v i s u a l i z e d as 
taking place at the metal-scale i n t e r f a c e while the 
cathodic r e a c t i o n may take place at the s c a l e - e l e c t r o ­
l y t e i n t e r f a c e . The r e s u l t a n t p o l a r i z a t i o n diagram is 
shown in F i g . 2 . Note that not only the external 
current is subject to an iR drop (the case most often 
discussed) but the p a r t i a l currents are also subject to 
a d i s t o r t i o n caused by the a d d i t i o n a l r e s i s t a n c e . I t 
must f u r t h e r be remembered that the r e s i t a n c e may be 
d i f f e r e n t in magnitude f o r the cathodic and anodic par­
t i a l currents. This s i t u a t i o n was discussed by Hausler 
( 1 1 ) in some d e t a i l . 

E f f e c t Of I n h i b i t o r s On P o l a r i z a t i o n Behavior 

One of the mos
f i c u l t to understan
is in f a c t that i n h i b i t o r s do not a f f e c t anodic and 
cathodic reactions to the same degree. Thus one f i n d s , 
as shown in F i g . 3 that in some instances the cath­
odic r e a c t i o n rate is reduced while the anodic r e a c t i o n 
r a t e remains the same or v i c e versa. As can r e a d i l y be 
understood from the diagram in F i g . 3 , t h i s d i s t i n c ­
t i o n can be made on the basis of a s h i f t in the corro­
sion p o t e n t i a l and i f more d e t a i l e d information is r e ­
quired from a complete study of the p o l a r i z a t i o n 
curves. A b r i e f remark maybe in order here with r e ­
spect to the terminology used in such cases, as i t is 
often confusing: Cathodic i n h i b i t i o n r e s u l t s in a s h i f t 
of the corrosion p o t e n t i a l in the anodic or negative 
d i r e c t i o n while anodic i n h i b i t i o n r e s u l t s in a poten­
t i a l s h i f t in the cathodic or more p o s i t i v e d i r e c t i o n . 
It has been shown in the l i t e r a t u r e many times that 
some systems are c l a s s i c a l l y behaved as w i l l be d i s ­
cussed in more d e t a i l e d below, while others may show 
both e f f e c t s , that is, a combination of anodic and 
cathodic i n h i b i t i o n in varying degrees. Therefore, 
while the corrosion p o t e n t i a l may give a preliminary 
i n d i c a t i o n of the i n h i b i t o r mechanism, p o l a r i z a t i o n 
curves should be recorded f o r more complete assessment 
of i t s mode of a c t i o n . This is a l l the more important 
since a reduction of the anodic r e a c t i o n r a t e , f o r in­
stance, coupled with an a c c e l e r a t i o n of the cathodic 
r e a c t i o n r a t e may r e s u l t in a large cathodic p o t e n t i a l 
s h i f t with no change in the o v e r a l l corrosion r a t e . 
Conversely, i f both anodic an cathodic r e a c t i o n rates 
are reduced to the same extent as shown in Fig.M-» no 
s h i f t in the corrosion p o t e n t i a l is observed while the 
i n h i b i t i o n e f f e c t is the l a r g e s t p o s s i b l e . Table 2 i l -
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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 2 5 C. 

I n h i b i t o r Concentration Weight loss Corrosion 
of I n h i b i t o r mg/2 5cm2. P o t e n t i a l 

(mol/1) day mV vs. H 2 

Blank 0 
A n i l i n e 0.0063 
D i e t h y l a n i l i n e ^ 0.0063 
p-Phenylene diamine 0.0 06 3 
3-Naphthyl-amine s a t . s o l
Phenyl-α-naphthyl amin
Pyridine 
Quinoline 
Quinoline 
^a-Naphthoquinoline 
a-Naphthoquinoline 
β-Naphthoquinoline 
β-Naphthoquinoline 
2,4,-Dimethylquinoline 
2,4,-Dimethylquinoline 
2,6-Dimethylquinoline 
2,6-Dimethylquinoline 
Ethylquinolinium bromide0.0063 
A c r i d i n e 
A c r i d i n e orange 
A c r i d i n e red 
A c r i f l a v i n e 
Water soluble Petroleum 
sulfonate 
Sulfonated o i l 
Commercial I n h i b i t o r 

0.0063 
0. 063 
0.0063 
0.063 

0063 
063 
0063 
063 
, 0063 
, 063 

A 
Β 
C 
D 

s a t . s o l . 
s a t . s o l . 
s a t . s o l . 
s a t . s o l . 

s a t . s o l . 
s a t . s o l 
s a t . s o l . 
s a t . s o l . 
s a t . s o l . 
s a t . s o l . 

956 
943 
513 
886 
374 

370 
122 
78 
59 
73 
58 

321 
178 
175 
64 
63 

404 
24 
61 

112 

170 
23 
23 
44 
85 
51 

235 
233 
209 
225 
210 

201 
181 
177 
172 
178 
172 
192 
176 
192 
170 
184 
227 
201 
184 
196 

212 
227 
227 
216 
218 
223 
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lustrâtes these points in a survey of p o t e n t i a l s h i f t s 
and corrosion rates f o r various i n h i b i t o r s on carbon 
s t e e l in s u l f u r i c a c i d . Such r e l a t i v e l y simple e l e c ­
trochemical techniques therefore can be considered use­
f u l t o o l s for the r a p i d assessment of i n h i b i t o r a c t ­
i v i t y and f o r the purpose of obtaining preliminary in­
formation on a p o s s i b l e i n h i b i t i o n mechanism. How­
ever, p o l a r i z a t i o n measurements, e i t h e r in the form of 
"Linear p o l a r i z a t i o n measurements" or T a f e l - s l o p e de­
terminations are fraught with p e r i l ( c . f . Hausler 11). 
Even i f a system is r e l a t i v l y w e l l behaved, the i n f o r ­
mational value obtained from p o l a r i z a t i o n curves is 
r e l a t i v e l y small and should be combined with more ex­
tensive determination of the electrode k i n e t i c param­
et e r s , adsorption studies and mass t r a n s f e r studies 
in order to e l u c i d a t e the mechanism of a p a r t i c u l a r 
corrosion i n h i b i t o r
i n h i b i t i v e e f f e c t s
t i o n of the interphase chemistry w i l l eventually lead 
to the p r e d i c t i v e c r i t e r i a f o r i n h i b i t o r behavior. 

Very few such i n v e s t i g a t i o n s have been c a r r i e d out 
in the past. I t appears that i n v e s t i g a t o r s were 
mostly s a t i s f i e d with demonstrating the i n h i b i t o r y 
e f f e c t of chemical substances and subsequently f o r c i n g 
those substances i n t o one or the other simple mechan­
i s t i c concepts. The few i n v e s t i g a t i o n s which have 
pinpointed v a s t l y more complex behavior, have mostly 
been overlooked. In the i n t e r e s t of stimulating more 
research in the f i e l d of i n h i b i t o r chemistry, t h i s r e ­
view s h a l l s t r e s s the more e x o t i c i n v e s t i g a t i o n s . In 
p a r t i c u l a r i t w i l l be suggested that chemical reactions 
of i n h i b i t o r s occuring in the interphase between cor­
r o s i o n products and the i n h i b i t o r are a more general 
and widespread phenomenon than has generally been be­
l i e v e d in the past. 

I n h i b i t i o n By Thiourea And Quinoline Derivatives 

A large number of i n v e s t i g a t i o n s in a c i d media 
have l e d to the conclusion that the i n h i b i t i o n e f f e c t 
caused by r e l a t i v e l y small and simple molecules is due 
to t h e i r adsorption on the metal surface. Compounds of 
t h i s nature u s u a l l y contain s u l f u r and nitrogen, or are 
of the groups of higher a l k y l - a l c o h o l s and f a t t y a c i d s . 
T y p i c a l compounds to be discussed here in more d e t a i l 
are quinoline and thiourea d e r i v a t i v e s . F i g . 5 shows 
a comparison of the e f f e c t i v e n e s s of several such 
compounds determined by means of weight loss measure­
ments on carbon s t e e l in 5% s u l f u r i c a c i d at 40° C. 
as a f u n c t i o n of the i n h i b i t o r concentration. A cur-
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sory examination of Fig.5 might lead to the conclusion 
that the r e l a t i o n s h i p s of corrosion r a t e vs. i n h i b i t o r 
concentration are b a s i c a l l y quite s i m i l a r f o r the two 
classes of compounds and d i f f e r only q u a n t i t a t i v e l y 
with respect to the e f f i c i e n c y . I t w i l l be shown how­
ever, that there are indeed profound d i f f e r e n c e s be­
tween the two classes of i n h i b i t o r s . Hoar and Holiday 
(12) found r e l a t i v e l y simple conditions as a r e s u l t of 
t h e i r i n v e s t i g a t i o n of the corrosion i n h i b i t i o n of i r o n 
in 5% s u l f u r i c a c i d by 2,6-dimethylquinoline. These 
authors determined f i r s t the external c u r r e n t - p o t e n t i a l 
curves in the u n i h i b i t e d s o l u t i o n and then the anodic 
p a r t i a l c u r r e n t - p o t e n t i a l curves at d i f f e r e n t i n h i b i ­
t o r concentrations and the quantity of d i s s o l v e d i r o n 
in the e l e c t r o l y t e at c e r t a i n electrode p o t e n t i a l s . 
The d i f f e r e n c e between the anodic external current and 
the independently determine
(dissolved Fe) is th
The r e s u l t s as obtained by Hoar and Holiday are shown 
in Fig.6. The dashed curve represents the external 
p o l a r i z a t i o n behavior in the absence of i n h i b i t o r and 
the black l i n e s are the T a f e l slopes f o r the anodic 
p a r t i a l current density (the metal d i s s o l u t i o n ) f o r 
d i f f e r e n t i n h i b i t o r concentrations. The cathodic par­
t i a l current density (hydrogen eveolution) is found f o r 
a l l values of the i n h i b i t o r concentrations in the shad­
ed area. Therefore, i t is obvious that the i n h i b i t o r 
in t h i s case acts e x c l u s i v e l y by reducing the anodic 
r e a c t i o n rate but not the cathodic one. 

Kaesche and Hackerman (13) have i n v e s t i g a t e d the 
i n h i b i t i o n of several a l i p h a t i c and aromatic amines on 
pure i r o n corroding in IN hydrochloric a c i d . These 
authors observed in t h i r t e e n out of fourteen cases that 
the i n h i b i t i o n was both anodic and cathodic, a l b e i t 
predominantly anodic. The exception was methylamine 
which acted only c a t h o d i c a l l y . In the case of the cor­
r o s i o n i n h i b i t i o n on pure i r o n by β-naphthoquinoline in 
sodium s u l f a t e / s u l f u r i c a c i d s o l u t i o n one observes 
a simple p a r a l l e l s h i f t of the anodic and cathodic 
T a f e l l i n e s towards smaller values of current density. 
Here the e f f e c t is almost symetrical, i n d i c a t i n g that 
t h i s i n h i b i t o r acts to the same extent upon anodic and 
cathodic r e a c t i o n r a t e s . Therefore, the e f f e c t of 
3-naphthoquinoline can be explained on the basis that 
i t s adsorption blocks a f r a c t i o n θ of the metal surface 
f o r a l l electrode r e a c t i o n s . I f equation 9 describes 
the external p o l a r i z a t i o n behavior in terms of a func­
t i o n of the p a r t i a l current p o t e n t i a l r e l a t i o n s h i p f o r 
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 Η2^0^ at 
40°C for various concentrations of 2,6-dimethylquinoline (3) 

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



9. H A U S L E R Corrosion Inhibition 281 

( i e x t > o = i i I n
) o - e ' £ P [ e / ( B a n > o ] - ( i c a t h > o -

e * P i - e / < B c a t h > o ! <9> 
where: i° = exchange current density 

ε = electrode p o t e n t i a l 
B a n = anodic T a f e l slope 

B c a t h = cathodic T a f e l slope 
then equation 10 describes the p o l a r i z a t i o n behavior of 
i n h i b i t e d electrodes in the same terms: 

( i e x t >I=(i£ n>I e x P I ε ' < B a n >i H i c a t h >I· 

^ - { ^ ^ c a t h ^ f ( 1 0 ) 

I f the i n h i b i t o r doe t a f f e c t th  T a f e l slope  (se
β-naphthoquinoline)

( Ban>o = < B a n ) i ; ( B c a t h ) 0 = ( B c a t h ) l <H> 

the i n h i b i t e d anodic current density is a simple f r a c ­
t i o n of the u n i n h i b i t e d anodic current density as shown 
in equation 12. 

( i ° a n ) ! = ( i ° ) Λ (1-Θ) (12) an ± an ο 
and f o r the cathodic p a r t i a l current 

<i°cath>I = <icath>ο ( 1 " θ ) ( 1 3 ) 

I t follows that the i n h i b i t e d external current is a 
s i m i l a r f r a c t i o n of the u n i n h i b i t e d external current 
as i n d i c a t e d in equation 14 

( iext>I = <iext>o <1"θ> 
I t also follows that the degree of i n h i b i t i o n in t h i s 
case is d i r e c t l y p r o p o r t i o n a l to the f r a c t i o n of the 
surface covered with adsorbed i n h i b i t o r : 

^ o r r - l i g h r 

P= =9 (15) 
T O 
1 c o r r 

In general, however, these equations are not a p p l i c a b l e 
since symmetrical anodic and cathodic i n h i b i t i o n is a 
rare case. In the case of dimethylquinoline which, as 
shown in Fig.6, does not a f f e c t the cathodic hydrogen 
evo l u t i o n , Hoare and Holiday (1?) have proposed a 
d i f f e r e n t approach. One can assume that two kinds of 
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atomic t s i t e s occur on the s t e e l surface. There might 
be a s i t e S]_ occurring at a frequency N]_ where the 
anodic metal d i s s o l u t i o n occurs, and a l l other s i t e s , 
S2 occurring with a frequency N 2. One f u r t h e r assumes 
that N-L is much smaller than N2 and that the cathodic 
hydrogen evolution occurs on a l l s i t e s S-̂  and S 2 . Ad­
sorption now occurs to a d i f f e r e n t degree on the s i t e s 

with a coverage 9-j_ and a coverage 9 2 on the s i t e s 
S 2 . I f we then f u r t h e r neglect the cathodic hydrogen 
evolution on the s i t e s S i because of t h e i r n e g l i g i b l e 
c o n t r i b u t i o n , equation lb r e s u l t s : 

(iextîl = <*2η>ο ( 1 " θ 1 ) e x p f ε / ( B a n > J " (igat>o' 
( l - 9 2 ) e x p | - e / ( B c a t h ) 0 | (16) 

Since dimethylquinolin
i n h i b i t o r i t is probabl
sorbed. One can f u r t h e r speculate that the adsorption 
occurs only on the s i t e s S-, , that is the l a t t i c e d i s ­
s o l u t i o n s i t e s which w i l l favor the adsorption of 
f o r e i g n molecules from an energetic point of view. 
Therefore, 9 2 w i l l be approximatly zero. Equation 16 
then reduces to equation 17: 

( iext>I = ( i a V o ( 1 - θ 1 } e x P I e 1 ( Ban>ci " ' i g a t h V 
e x p j - e / ( B c a t h ) 0 j (17) 

By proper adjustment of the parameter 9-j_ the curves in 
Fig.6 can then be c a l c u l a t e d . 

S i m i l a r c a l c u l a t i o n s have been c a r r i e d out f o r the 
i n h i b i t i o n of i r o n c orrosion in h y d r o c h l o r i c a c i d by 
V i c t o r i a blue which, according to Elze and Fischer (14) 
does not a f f e c t the T a f e l slopes, but reduces both the 
anodic and cathodic p a r t i a l reactions to a d i f f e r e n t 
degree. In t h i s p a r t i c u l a r case θ]_ and 9 2 have to be 
adjusted by way of a t r i a l and e r r o r c a l c u l a t i o n . 

This simple model of the i n h i b i t o r a c t i o n which 
is based e s s e n t i a l l y on the p o t e n t i a l independence of 
the i n h i b i t o r adsorption is, however, often not ap­
p l i c a b l e . Kaesche (15) i n d i c a t e s that the corrosion 
i n h i b i t i o n of pure i r o n in s u l f u r i c or p e r c h l o r i c a c i d 
by phenyl-thiourea strongly a f f e c t s the slopes of the 
p o l a r i z a t i o n curves, leaving the corrosion p o t e n t i a l s 
almost unchanged Fig.7. In f a c t , the p o l a r i z a t i o n 
curves f o r the i n h i b i t e d s i t u a t i o n do not e x h i b i t r e a l 
T a f e l behavior. This behavior f i n d s a p a r t i a l explan­
a t i o n in the f a c t that the mechanism of the hydrogen 
evol u t i o n appears to be changed in the presence of 
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phenylthiourea. S p e c i f i c a l l y , i t appears the e l e c t r o ­
chemical desorption of hydrogen is g r e a t l y hindered. 
This mechanism may p o s s i b l y f i n d confirmation in the 
independently observed f a c t that in the presence of 
phenylthiourea considerably more hydrogen d i f f u s e s i n t o 
the metal. However, the i n h i b i t i o n mechanism of phenyl-
thiourea is probably considerably more complicated than 
that, as can be seen from the very complex r e l a t i o n ­
ship of the corrosion p o t e n t i a l with the i n h i b i t o r con­
cent r a t i o n . This is shown in Fig.8, in comparison 
with a s i m i l a r r e l a t i o n s h i p f o r g-naphthoquinoline. 
Hoar (16) found that in the corrosion i n h i b i t i o n of 
i r o n in hydrochloric a c i d by β-naphthoquinoline, the 
corrosion p o t e n t i a l increases monotonically with in­
creasing i n h i b i t o r concentration, while in the case of 
o - t o l y l t h i o u r e a one observes f i r s t a decrease of the 
corrosion p o t e n t i a
i n h i b i t o r concentrations
h i b i t i o n of the cathodic p a r t i a l r e a c t i o n at small in­
h i b i t o r concentrations is exhibited also by phenyl-
thiourea according to Kaesche. Furthermore, in the 
s e r i e s of the thiourea d e r i v a t i v e s one often f i n d s cor­
r o s i o n a c c e l e r a t i o n at small concentrations, as f o r in­
stance in the case of phenylthiourea at concentrations 
of 10- moles per l i t e r . This appears to be due to a 
small cathodic decomposition of thiourea and i t s de­
r i v a t i v e s in the course of which hydrogen s u l f i d e is 
formed. As is well known, hydrogen s u l f i d e tends to 
accelerate c o r r o s i o n , in p a r t i c u l a r the anodic p a r t i a l 
r e a c t i o n of d i s s o l u t i o n of i r o n , which has been demon­
str a t e d independently by other authors (17). 

I t is generally assumed that ions which can a c c e l ­
erate e i t h e r or both p a r t i a l reactions in a corrosion 
process are capable of being adsorbed on the i r o n sur­
face. Thus i t is known that hydrogen s u l f i d e ions 
which accelerate both p a r t i a l reactions of a c i d cor­
r o s i o n (although predominantly the anodic one), and 
formic a c i d molecules which catalyze the cathodic par­
t i a l r e a c t i o n but i n h i b i t the anodic one, as w e l l as 
commercial i n h i b i t o r s which reduce both p a r t i a l r e ­
actions , are in f a c t adsorbed on the i r o n surface. As 
a consequence the mere f a c t that adsorption takes place 
cannot be used to p r e d i c t an expected change in cor­
r o s i o n rate as i t is also known that h a l i d e ions cat-
a l i z e the anodic d i s s o l u t i o n of indium, while hydroxy1 
adsorption catalyzes the anodic d i s s o l u t i o n of i r o n . 
Furthermore, i t is also known that c e r t a i n ions can 
act e i t h e r as a c a t a l y s t or an i n h i b i t o r when adsorb­
ed on the metal surface depending on the type of metal 
considered. K o l o t y r k i n (IB) observed that the adsorp-
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Figure 7. Poforization of carbonyl iron in IN NaClO^/HClO^ at pH 2, 25°C 
deaerated, with and without 7 · 10~5 mol/L phenylthiourea (3) 
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Figure 8. Weight loss and rest potential 
of mild steel in 10% HzSOh as a function 
of the concentration of β-naphthoquino-

line and o-tolylthiourea (3) 
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t i o n of iodine ions c o n s i s t e n t l y increases the hydrogen 
over-voltage on s i l v e r but decreases i t on mercury. On 
lead one observes that small amounts of adsorbed iodine 
increase the hydrogen o v e r - p o t e n t i a l , l a r g e r amounts, 
however, decrease i t . In the case of the hydrogen ev­
o l u t i o n i t is probably the heat of adsorption of the 
atomic hydrogen on a p a r t i c u l a r metal which controls 
the a c c e l e r a t i o n or i n h i b i t i o n of t h i s r e a c t i o n upon 
adsorption of a f o r e i g n ion. With respect to the 
k i n e t i c s of the anodic d i s s o l u t i o n of metal, however, 
the important parameter is most l i k e l y the strength of 
the complex formation between surface metal atoms and 
the adsorbed p a r t i c l e . I f the complex formation is 
weak, therefore hardly a f f e c t i n g the bonding forces 
holding the surface atoms in the metal l a t t i c e , one 
would expect i n h i b i t i o n through simple blocking of the 
d i s s o l u t i o n s i t e s . Conversely
act between the surfac
p a r t i c l e , one would expect c a t a l y s i s of the metal d i s ­
s o l u t i o n . Along these l i n e s one also has to consider 
the p o s s i b i l i t y that one kind of adsorbed p a r t i c l e can 
be displaced by a d i f f e r e n t kind. One would therefore 
suggest that increasing the concentration of thiourea 
d e r i v a t i v e s eventually leads to corrosion i n h i b i t i o n 
because of competitive adsorption with the hydrogen 
s u l f i d e ion which causes a c c e l e r a t i o n of corrosion. 

A c c e l e r a t i o n of corrosion has been demonstrated 
with strong complexing agents such as EDTA s a l t s . How­
ever, as EDTA is su b s t i t u t e d with longer a l k y l chains, 
the c a t a l y t i c e f f e c t is gradually l o s t and i n h i b i t i o n 
is obtained. This strongly suggests that the adsorp­
t i o n of the i n h i b i t o r p a r t i c l e on the metal surface, 
a purely i n t e r f a c i a l phenomenon, is not the predominant 
feature to be studied, but that in f a c t the chemistry 
in the interphase, in p a r t i c u l a r , 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 (JJï) on the 
d i s s o l u t i o n of i r o n in 0.5 molar s u l f u r i c a c i d in the 
presence of thiourea at 40° C. The r e s u l t s of t h i s 
study, which was conducted as a function of the flow 
r a t e , are shown in Fig.9. I t appears that the uninhib­
i t e d d i s s o l u t i o n of i r o n follows expected mass trans­
f e r behavior both in the laminar and turbulent regions. 
However, at two i n h i b i t o r concentrations marked devia­
ti o n s from the expected mass t r a n s f e r behavior are ob­
served. Ross attempted to e x p l a i n these r e s u l t s on 
the basis that d i f f e r e n t i n h i b i t o r concentrations af­
f e c t the anodic and cathodic p o l a r i z a t i o n in d i f f e r e n t 
ways, taking also i n t o consideration that at small 
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thiourea concentrations hydrogen s u l f i d e is formed on 
the surface of the metal c a t a l i z i n g the anodic r e ­
a c t i o n , thereby achieving a corrosion rate which is 
higher than the blank corrosion r a t e . However, Ross 1s 
explanation leaves many ends untied. One has to ex­
p l a i n f i r s t of a l l the mass t r a n s f e r behavior f o r the 
u n i n h i b i t e d d i s s o l u t i o n of i r o n in s u l f u r i c a c i d . At 
a proton concentration of one normal and at corrosion 
rates as measured, proton d i f f u s i o n cannot be rate con­
t r o l l i n g . Second,the i r o n d i f f u s i o n away from the met­
a l surface is not expected to be rate l i m i t i n g , since 
i r o n can in f a c t d i f f u s e away from the surface as f a s t 
as i t is formed, a f a c t that has been experimentally 
v e r i f i e d by t h i s author (see below). One must then 
assume that the observed mass t r a n s f e r behavior is 
caused by a secondary r e a c t i o n most l i k e l y the d i s ­
s o l u t i o n of a corrosio
t a i n i r o n s u l f a t e s ar
as the monohydrate of the ferrous s u l f a t e , and f e r r i c 
s u l f a t e . In Ross 1s experiment oxygen was present 
since the author does not mention any precautions f o r 
keeping oxygen out of the experimental system. 

At low thiourea concentrations (2 e10~ molar) i t 
is observed that the corrosion rate v a r i e s approximate­
l y with the 1/5 power of the flow r a t e . This author 
has observed that, in hydrogen s u l f i d e saturated s o l u ­
tions at 70° C in the presence of small amounts of 
ammonium chloride* the cathodic p a r t i a l r e a c t i o n f o r 
i r o n corrosion varies with the l / 6 t h power of the flow 
r a t e . This maybe a coincidence; however, since the 
formation of hydrogen s u l f i d e and i r o n s u l f i d e on 
corroding i r o n surfaces in a c i d thiourea containing 
media has been observed independently by other authors, 
i t is quite l i k e l y that the abnormal mass t r a n s f e r be­
havior observed by Ross f o r the small thiourea concen­
t r a t i o n is in f a c t caused by an i r o n s u l f i d e l a y e r on 
the surface of the metal. At higher thiourea concen­
t r a t i o n s there may w e l l be competition between the 
thiourea molecule and the hydrogen s u l f i d e in the com-
plexing r e a c t i o n with i r o n . I t should be noted, that 
the next higher thiourea concentration is three orders 
of magnitude l a r g e r but achieves only a marginal in­
h i b i t i o n e f f e c t . One would therefore assume that 
thiourea is in competition with s u l f a t e or water f o r 
l i g a n d p o s i t i o n s around the i r o n . Since thiourea is a 
n e u t r a l molecule, 1 i t is quite understandable that i t 
w i l l reduce the d i s s o l u t i o n rate of i r o n s u l f a t e merely 
by blocking access of water molecules to the i r o n s u l ­
fate surface. A complete explanation of Ross's scanty 
data is complicated by the presence of oxygen which 
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w i l l i n t e r f e r e with the corrosion and complexing reac­
t i o n s on the surface of the metal. Nevertheless, t h i s 
p a r t i c u l a r i n v e s t i g a t i o n is of great value in that i t 
points out the importance of studying i n h i b i t o r e f f e c ­
tiveness under dynamic flow conditions, and in under­
l i n i n g f u r t h e r the importance of the chemistry occur­
r i n g in a phase immediately adjacent to the metal sur­
face but d i s t i n c t l y d i f f e r e n t from the bulk of the 
corrosive medium. 

Ac e t y l e n i c I n h i b i t o r s 

A c e t y l e n i c compounds have long been known as ef­
fective- corrosion i n h i b i t o r s in h y d r o c h l o r i c a c i d . 
Tedeschi and coworkers (20,21) have presented over the 
past 10 years extensive i n v e s t i g a t i o n s of these com­
pounds. Th e i r r e s u l t
and 5. Some of the
sons are the p o s i t i o n of the hydroxyl group and the po­
s i t i o n of the t r i p l e bond. Thus i t appears that the hy­
droxyl group has to be in α-position to the a c e t y l e n i c 
f u n c t i o n and optimum e f f i c i e n c y is obtained i f the 
a c e t y l e n i c f u n c t i o n is terminal. These two e f f e c t s can 
be explained on the basis of the tautomerism shown in 
equation 18. 

This formalism implies that the p o l a r i z a t i o n of 
the t r i p l e bond can be s t a b i l i z e d f i r s t by a nonclass-
i c a l carbonium ion and f u r t h e r by an α-keto-double bond 
c o n f i r g u r a t i o n which is known to complex strongly with 
t r a n s i t i o n metal ions. I t is noted that the hydroxyl 
group has to be located not only in α-position but on 
a secondary carbon atom f o r strong corrosion i n h i b i t i o n 
to r e s u l t . This is to be expected, since protons are 
much more apt to form n o n c l a s s i c a l carbonium ions than 
methyl groups. However, i f the terminal proton on the 
t r i p l e bond is s u b s t i t u t e d with a strong e l e c t r o p h i l i c 
group,the p o l a r i z a t i o n of the t r i p l e bond becomes 
strong enough to involve the above i n d i c a t e d tauto­
merism. 

One can f u r t h e r r a t i o n a l i z e that a compound with 
a non-terminal t r i p l e bond experiences some s t e r i c 
hindrance in the formation of complexes with t r a n s i ­
t i o n metal ions. Thus, the e f f e c t i n d i c a t e d in Table 3 
which Tedeschi ascribed to s t e r i c hindrance is rather 
a k i n e t i c e f f e c t concerning the intra-molecular s h i f t s 

(18) 
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Table I I I 

Decreasing I n h i b i t i o n 

1. Location of T r i p l e Bond: 
R x R]_ Rl 
r c h ^ £ 

2 OH 2 Ô H OH 

~ 2 R]_ = H or CH 3 R A _ c = c _ c = c _ c _ R 
R 2 = C H 3 ^ C 5 H 1 1 "L OH " " OH 

2. Sterichindrance
H H

H — 6 — C = C H > CH 3—6—C=CH>> C H 3 — Ç— C = C H 
OH ÔH OH 

3. A l k y l Chain Length: 
H 

R2—<jj—C=CH 

CH 3 

R2: C 5 H n > Οι+Η 9> C 3H y , N:H->C 2H 5> CH 3 

CH 3^ 
4. P o s i t i o n of T r i p l e Bond and Hydroxyl Function: 
CH 3 — C H 2 — C H 2 — C H — C = C H CH 3 — C H 2 — C = C — C H 2 —CH 2 — 0 H 

OH 

INHIBITOR NO INHIBITOR 
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Table IV 

Type Chain 
Formula OH Length Corrosion Rate 

OH—CH2—C===CH 1° 3 0. 026 
CH q 

OH—CH—C=CH 3° 4 >1.6 
I 
CH 3 

CH 3—CH 2—CH 2—CH—C=CH 2° 6 0. 002 
OH 

CHq 
C H 3 — C H — C H 2 — Ç — C = C

CHo OH 

Table V 

Formula Temperature Concentration Corrosion Rate 
Ç H 3 

lo C-
3 6H 

200 0.2 >1.8 
175 0.3 0.221 

<fH3 
C H 3 — Ç — C = C — C I 20 0 0 . 2 >1.8 

OH 175 0.3 0.243 
CH 3 

C H — b — C = C— I 200 0. 4 0. 004 
175 0.4 0.002 6H 

CH 3 
-( 

0—[CH 2—CH 2—0] H A c t i v i t y 
C H 3 — Ç — C = C H 17 5 0 .1 Some 

χ 
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necessary f o r complex formation. I t i s also i n t e r e s t ­
ing to note that s u b s t i t u t e d propargyl alcohols become 
more e f f e c t i v e as the a l k y l chain increases. This 
e f f e c t most l i k e l y has to do with the nature of the 
"adsorbed l a y e r " i n that increasing length of the a l k y l 
chain imparts greater hydrophobicity to the i n t e r f a c i a l 
l a y e r , thus squeezing out water molecules from the 
interphase. Quantitative r e s u l t s f o r t h i s e f f e c t are 
shown i n Table 4. 

The temperature e f f e c t of some a c e t y l e n i c d e r i v ­
a t i v e s i s quite s u r p r i s i n g . Dimethyl-propargyl 
al c o h o l loses i t s e f f i c i e n c y as the temperature r i s e s 
from 175° to 200° F. The f a c t that t h i s i s no longer 
true f o r the i o d i n e - s u b s t i t u t e d compound i s i n support 
of the above mechanism  Furthermore  i f the hydroxyl 
group on the dimethy
a p o l y o l group, th
l o s t , u n derlining the importance of the hydroxyl group 
as an i n t e g r a l part of the i n h i b i t i o n mechanism. I t 
should f u r t h e r be noted, that the equivalent compounds 
containing double bonds instead of the t r i p l e bond 
show no corrosion i n h i b i t i o n whatsoever. Tedeschi !s 
attempt to formalize the i n h i b i t i o n mechanism of 
a c e t y l e n i c compounds has r e c e n t l y been published, (22) 
and i s shown i n Table 6. Here the i n t e r a c t i o n of pro-
tonated alkynols such as methyl-butynol and hexynol 
with themselves and the metal surface i s i l l u s t r a t e d 
i n the b u i l d i n g up of a complex i n h i b i t o r m u l t i l a y e r . 
Such a charged molecular b a r r i e r i s analogous to a 
three-dimensional polymer i n which a large excess of 
protons i s kept from the metal by r e p u l s i o n of l i k e 
charges or by i n t e r a c t i o n with the basic π- f i e l d of 
the t r i p l e bond. 

According to Poling (23) IR studies have i n d i c a t e d 
that such f i l m s may be up to 200Â t h i c k . I f the aver­
age molecule i s estimated at about 4Â i n diameter, then 
a b a r r i e r of up to f i f t y molecules t h i c k i s p o s s i b l e . 
The a b i l i t y of the t r i p l e bond to f u n c t i o n as a Broen-
sted base i n hydrogen bonding with e i t h e r a c i d i c 
ethynyle protons or hydroxylgroups has also been proved 
by IR studies C23). 

The formation of such a space charge l a y e r i s i n ­
t u i t i v e l y appealing, although i t i s u n l i k e l y to extend 
very f a r . I f protons were to play a r o l e i n the b u i l d ­
up of a large three-dimensional polymerous network of 
the kind shown i n Table 6, then n e c e s s a r i l y some neg­
a t i v e counter ions would have to be b u i l t i n t o such a 
lay e r . However, a more serious flaw of t h i s model i s 
that i t cannot account f o r the migration of two or 
three valent metal ions through such a polymer l a y e r . 
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Table VI 

Methyl Butynol (MB) - Hexynol (H) 

(CH 3) 2C—Gs= CH + CH 3(CH 2 ) 2 Ç H—C=CH + H+ 

ÔH OH 

(MB) ( H ) 

H 
C 

? 3 H 7 
i H Ç — C a e C H — ( C H o ) 9 G — C ^ C H — 

" + H : 9 H H 0 : H + 

I 
Ç — ( C H ) 2 

"•"H : 0NH 

H C = = C — C ( C H 3 ) 2 / C o H 7 ( C H q ) 9 - C ~ C s C H , 3 2 / 3 7 3 2 , 
+ H 2 0 HC===C £H H : 0 H + -

FORMATION OF POLYMEROUS LAYERS WITH 
A C E T Y L E N I C COMPOUNDS IN HYDROCHLORIC 
ACID ON METAL SURFACES 
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In hydrochloric a c i d f o r instance at room temperature 
the corrosion r a t e at 9 5% i n h i b i t i o n i s s t i l l several 
hundred mpy fs. Therefore,under steady state con­
d i t i o n s there i s a f l u x of i r o n ions across the i n t e r ­
phase which must be accommodated i n the i n h i b i t i o n mech­
anism. This could be done more e a s i l y by assuming a 
corrosion product layer of d i s c r e t e thickness composed 
of a complex formed from metal ions and i n h i b i t o r . De­
t a i l s of t h i s model w i l l be discussed below. 

Thus, i t i s important to point out that any model 
of the i n h i b i t i o n mechanism has to include not only an 
explanation of the i n t e r f e r e n c e with the surface 
k i n e t i c s but also with the charge t r a n s f e r processes 
across the boundry la y e r . 

The study of such t r a n s f e r processes was one of 
the purposes of a f a i r l y extensive i n v e s t i g a t i o n of the 
i n h i b i t i o n of corrosio
a c e t y l e n i c corrosio
t h i s i n v e s t i g a t i o n were: the concentration of the 
a c i d , the concentration of the i n h i b i t o r , the flow r a t e 
and the oxygen concentration i n the c o r r o s i v e medium. 
While most of the experimental data were obtained by 
means of the so c a l l e d r e s i s t a n c e probe, p o l a r i z a t i o n 
measurements were c a r r i e d out i n order to e l u c i d a t e 
some of the more p e c u l i a r r e s u l t s . The experimental 
arrangement i s more f u l l y explained i n (24). 

O r i g i n a l l y i t had been intended to f i n d a cor­
r e l a t i o n between i n h i b i t o r c o n s t i t u t i o n and i n h i b i t o r 
a c t i v i t y . The approach taken i n evaluating the data 
e s s e n t i a l l y followed the t h i n k i n g of other i n v e s t i g a ­
t o r s i n the f i e l d . I t was assumed that the parameters 
of an adsorption isotherm would be a means to c o r r e ­
l a t e chemical structure with i n h i b i t o r performance 
(15.)· 

I f one assumes that the blank corrosion r a t e 
( I° o r > r) represents the t o t a l number of " a c t i v e s i t e s " 
on the surface of a corroding metal and that the i n ­
h i b i t e d c o r r o s i o n rate ( i i n h ) represents the t o t a l 

c orr 
number of a c t i v e s i t e s minus the i n h i b i t e d s i t e s , then 
equation 15 i s an expression f o r the f r a c t i o n of the 
surface which i s covered by i n h i b i t o r molecules. Thus, 
as explained p r e v i o u s l y , θ stands f o r the f r a c t i o n a l 
coverage of the surface with i n h i b i t o r and i s , of 
course, equal to the percent p r o t e c t i o n as defined by 
equation 15. The dependence of coverage θ on the con­
ce n t r a t i o n of the i n h i b i t o r , within the assumptions and 
r e s t r i c t i o n s made pre v i o u s l y , i s given by the adsorp­
t i o n isotherm of a p a r t i c u l a r i n h i b i t o r . A t y p i c a l ad­
sorption isotherm was derived by Langmuir and i s given 
i n equation 19: 
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Q = ΐ η Π (19) 
1 + K C i n h 

where Κ i s the Langmuir adsorption constant. Rearrang­
ing equations 15 and 19 give equation 20, which shows 
the r e l a t i o n s h i p between the percent p r o t e c t i o n and 
i n h i b i t o r concentration discussed e a r l i e r : 

C . ^ = — (20) 
i n h Κ (1-P) 

I t i s necessary to discuss some of the inherent assump­
t i o n s of t h i s approach. I t has been pointed out e a r l i e r 
that an i n h i b i t o r doe
odic and cathodic r e a c t i o
are nonetheless u s e f u l i f the blank corrosion current 
( I § o r r ) i s i n f a c t p r o p o r t i o n a l to the t o t a l number of 
s i t e s that can p o s s i b l y adsorb i n h i b i t o r . T h i s , how­
ever, i s not n e c e s s a r i l y so, as i t has been shown that 
often a s u b s t a n t i a l corrosion rate i s observed at sat­
u r a t i o n coverages by the i n h i b i t o r . 

A number of adsorption isotherms have been proposed 
i n the l i t e r a t u r e and have been used f o r such cor­
r e l a t i o n purposes. Of these the Langmuir adsorption 
isotherm shown i n equations 19 and 20 i s the simplest 
one. I t i s based on the assumption that a l l s i t e s are 
e n e r g e t i c a l l y equal, that i s the heat of adsorption 
i s independent of coverage. I t can be seen from equa­
t i o n 20 t h a t , i f the logarithm of the i n h i b i t o r concen­
t r a t i o n i s p l o t t e d against the logarithm of P/(l-P), a 
s t r a i g h t l i n e with u n i t slope should r e s u l t . Hence, 
t h i s c r i t e r i o n can be used to t e s t the Langmuir assump­
tions . 

Another adsorption isotherm was derived by 
Freundlich and i s shown i n equation 21. Here the 
logarithm of coverage i s d i r e c t l y p r o p o r t i o n a l to the 
logarithm of the i n h i b i t o r concentration. This i s o ­
therm i s only v a l i d at low coverage. I t assumes ex­
ponential dependence of adsorption energy on coverage. 

log θ = k - l o g . C i n h +k 2 (21) 
A s t i l l f u r t h e r isotherm (equation 22) i s a t t r i ­

buted to Tempkin and assumes a l i n e a r dependence of the 
adsorption energy on f r a c t i o n a l coverage. 

θ = I β log C i n h + const (22) 
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This assumption i s supported i f a p l o t of Ρ vs 
l o g C ^ ^ y i e l d s a s t r a i g h t l i n e . In t h i s case, as i n 
the case of the Freundlich isotherm, competitive ad­
sorption between i n h i b i t o r molecules and e i t h e r water 
or other constituents of the corrosive medium i s part 
of the assumptions. Thus, except i n the case of the 
Langmuir isotherm, competitive adsorption i s recognized 
as important, hence the Langmuir isotherm seems some­
what i d e a l , not withstanding the f a c t discussed ear­
l i e r , that the adsorption may be hi g h l y s e l e c t i v e with 
respect to the electrode r e a c t i o n and may furthermore 
be p o t e n t i a l dependent. Hence, isotherm p l o t t i n g i s 
at best only a means to c o r r e l a t e data and to r e g i s t e r 
p o s s i b l e chemical e f f e c t s of the system on a purely 
comparative b a s i s . For a more d e t a i l e d d i s c u s s i o n of 
adsorption isotherms i n e l e c t r o l y t e systems, the reader 
i s r e f e r r e d to the
Parsons (26) Delaha

In the course of studying some a c e t y l e n i c i n ­
h i b i t o r s i n hyd r o c h l o r i c acid,a number of d i f f e r e n t 
isotherm type c o r r e l a t i o n were found. Thus Fig.10 
shows a Langmuir p l o t f o r 2-butyne-l,4-diol i n 6N 
hydro c h l o r i c a c i d under aerated conditions. Two d i f ­
ferent commercial products of t h i s compound were used. 
I t i s shown that the s t r a i g h t l i n e r e l a t i o n s h i p i s 
obtained with a good r e p r o d u c i b i l i t y over three orders 
of magnitude of i n h i b i t o r concentration. In the l i g h t 
of what was sa i d above, t h i s was a s u r p r i s i n g r e s u l t , 
however, i t corresponds to other s i m i l a r observations 
reported i n the l i t e r a t u r e . 

Fig.11 .shows the same type of p l o t f o r the ident­
i c a l i n h i b i t o r i n hyd r o c h l o r i c a c i d of d i f f e r e n t con­
centrations. I t can now be seen that i n weaker hydro­
c h l o r i c a c i d the l i n e a r r e l a t i o n s h i p i s not retained. 
At the higher i n h i b i t o r concentrations i n h i b i t i o n i s 
reduced with respect to 6N hydroch l o r i c a c i d , while at 
the lower concentrations the i n h i b i t o r seems to be 
more e f f e c t i v e i n 4N than i n 6N hy d r o c h l o r i c a c i d . The 
decrease of i n h i b i t o r e f f i c i e n c y with decreasing a c i d 
concentration i s unexpected. No s i m i l a r r e s u l t s seem 
to have been reported elsewhere. 

An i n t e r e s t i n g e f f e c t i s observed, Fig,12, when 
the s i x normal h y d r o c h l o r i c a c i d s o l u t i o n i s deaerated 
with nitrogen. I t i s seen that the absence of oxygen 
reduces the e f f i c i e n c y of the i n h i b i t o r considerably. 

F i n a l l y F i g . 13, shows a comparison of 2-butyne-l, 
4 - d i o l , i n M-N hy d r o c h l o r i c a c i d under aerated and de-
aerated conditions. While at lower concentrations the 
presence of oxygen does not seem to be important at 
higher concentrations b e t t e r i n h i b i t o r e f f i c i e n c y i s 
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Figure 10. Inhibition of iron corrosion by 2-butyne-l,4-diol in 6N H CI aerated 
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Figure 12. Inhibition of iron corrosion by 2-butyne-l,4-diol in 6N HCl 
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Figure 13. Inhibition of iron corrosion by 2-butyne-l,4-diol 
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observed i n deaerated vs aerated hydrochloric a c i d , or 
i n other words, the reverse of the e f f e c t observed i n 
6N h y d r o c h l o r i c a c i d . 

S i m i l a r experiments with propargyl a l c o h o l are 
shown i n Fig.14. This s e r i e s of experiments was 
c a r r i e d out i n 4N h y d r o c h l o r i c a c i d under aerated and 
deaerated conditions. Apparently a d i f f e r e n t mechanism 
applies f o r propargyl alcohol because the curvature of 
the r e l a t i o n s h i p between p r o t e c t i o n and i n h i b i t o r con­
ce n t r a t i o n p l o t t e d i n Langmuir type fashion i s reversed 
from what was observed f o r butyne-diol. While the oxy­
gen e f f e c t with butyne-diol i n 4N hydrochloric acid 
was s i g n i f i c a n t only at higher i n h i b i t o r concentra­
t i o n s , i t becomes evident that f o r propargyl a l c o h o l 
oxygen reduces the i n h i b i t o r e f f i c i e n c y over a large 
concentration range. Most importantly propargyl 
alcohol i s more e f f e c t i v

In summary, i n d i r e c
dicate some s u r p r i z i n g r e s u l t s . F i r s t a rather large 
e f f e c t of small changes i n acid concentration i s ob­
served f o r the butyne-diol. I t would be rather d i f ­
f i c u l t to explain t h i s i n terms of adsorption theory 
because the adsorption isotherm i n 4N hydrochloric 
a c i d crosses the one obtained i n 6N h y d r o c h l o r i c a c i d . 

The pronounced and complex e f f e c t of oxygen i s 
even more unexpected i n terms of adsorption theory, 
because oxygen i s not thermodynamically stable under 
the conditions of i r o n c o r r o s i o n i n h y d r o c h l o r i c a c i d . 
Note a l s o , i n t h i s context, the oxygen e f f e c t i n 6N 
h y d r o c h l o r i c a c i d i s exactly opposite from 4N hydro­
c h l o r i c a c i d . And,finally, i n 4N acid we f i n d that the 
oxygen e f f e c t i s i n the same d i r e c t i o n f o r propargyl 
a l c o h o l and butyne-diol, with propargyl a l c o h o l being 
much stronger a f f e c t e d . In terms of adsorption theory 
one would expect the b e t t e r i n h i b i t o r to be adsorbed 
more strongly and hence les s a f f e c t e d by competitive 
adsorption. The experimental r e s u l t s i n d i c a t e the 
opposite. 

A complete and extensive r a t i o n a l f o r the r e j e c ­
t i o n of adsorption theroy i n the present case would 
e a s i l y go beyond the frame work of t h i s paper. How­
ever, since i n the area of a c e t y l e n i c i n h i b i t o r s the 
build-up of surface f i l m s up to 20 0 A has already been 
observed (25), i t maybe more f r u i t f u l to follow t h i s 
l i n e of reasoning. Further experimental e f f o r t , of 
course, ought to attempt to c l a r i f y the nature of t h i s 
surface f i l m . The above described e f f e c t s such as 
the a c i d and the oxygen e f f e c t are not immediately ob­
vious i f such a surface f i l m i s of the nature shown i n 
Table 6. However, some observations i n v o l v i n g the de-
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pendence of i n h i b i t e d corrosion rates on flow r a t e may 
shed f u r t h e r l i g h t on t h i s problem. 

Fig.15, shows the corrosion r a t e of i r o n i n 4N 
hydrochloric a c i d under aerated conditions as a func­
t i o n of flow rate and d i f f e r e n t i n h i b i t o r concentra­
t i o n s . I t i s noted that the blank corrosion rate i n ­
creases s l i g h t l y with flow rate while a somewhat^ 
stronger dependence i s observed f o r 0.01 and 0.02 per 
cent i n h i b i t o r s o l u t i o n s . At the stronger i n h i b i t o r 
concentration (0.1%) the flow dependence becomes com­
plex. 

Since these experiments were not c a r r i e d out under 
i d e a l l y defined flow conditions the dependence of cor­
r o s i o n r a t e on flow rate w i l l be discussed only i n a 
q u a l i t a t i v e manner. Under laminar flow conditions and 
mass t r a n s f e r c o n t r o l one would have expected the cor­
r o s i o n rate to increas
v e l o c i t y while unde
a l i t y would p r e v a i l . However, i n Fig.15 one f i n d s that 
the corrosion r a t e v a r i e s approximately with the 0.2 
to 0.3 power of the flow r a t e . I t appears therefore 
that the observed dependence on the flow r a t e does not 
obey conventional mass t r a n s f e r theory. A flow e f f e c t 
might be expected i n u n i n h i b i t e d hydrochloric a c i d be­
cause hydrogen bubbles, formed on the surface of the 
metal, are f a s t e r and more e a s i l y removed at higher 
flow r a t e s . While t h i s argument could be applied i n 
d i s c u s s i n g Fig.15, we f i n d i n Fig.16 that the flow 
e f f e c t at s i m i l a r corrosion rates i s much l e s s pro­
nounced under deaerated conditions. We therefore have 
to conclude that the observed flow e f f e c t i s not me­
cha n i c a l and cannot be r e l a t e d to pure mass t r a n s f e r 
c o n t r o l e i t h e r . In Fig.17, the flow dependence of the 
corrosion rate i s shown f o r 2-butyne-l,4-diol i n de­
aerated 4N hydrochloric a c i d . Note that the c o r r o s i o n 
rate appears to be noticeably a f f e c t e d only at the 
higher flow r a t e s . F i n a l l y , i n Fig.18, we observe that 
increased flow rate can e i t h e r increase or decrease the 
corrosion rate i n the presence of an i n h i b i t o r . This 
e f f e c t was observed reproducibly only i n 6N hydro­
c h l o r i c a c i d with 2-butyne-l,4-diol under deaerated 
conditions f o r 0.2% and 0.1% i n h i b i t o r concentration. 
This behavior i n d i c a t e s that the corrosion r a t e i s con­
t r o l l e d by the superposition of two p a r t i a l r e a c t i o n 
rates each of which i s mass t r a n s f e r dependent to a 
c e r t a i n extent. In terms of the model delineated i n 
Table 6, i t i s suggested that the three-dimensional 
polymeric la y e r made up by i n h i b i t o r molecules i s i n 
f a c t a three-dimensional chelate made up of i r o n ions 
and i n h i b i t o r molecules. The corrosion r a t e i s then 
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Figure 14. Effectiveness of acetylenic inhibitors 
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Figure 16. Corrosion of iron in 4N H CI, propargyl alcohol deaerated 
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Figure 17. Corrosion of iron in 4N HCl, 2-butyne-l,4-diol deaerated 
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Figure 18. 2-Butyne-l,4-diol, 0.2% ; (O) deaerated; (Φ) aerated 
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c o n t r o l l e d by the thickness of t h i s layer which, i n turn, 
i s dependent on the formation rate of the chelate as 
w e l l as i t s d i s s o l u t i o n r a t e . This suggested model 
i s n a t u r a l l y based on a number of assumptions, such as 
a p a r t i a l l y soluble chelate between the a c e t y l e n i c 
i n h i b i t o r and i r o n , and a d i f f e r e n t chemistry of the 
2-valent from the 3-valent chelate, i n order to explain 
the oxygen e f f e c t . Since t h i s chelate has a f i n i t e 
s o l u b i l i t y and i s constantly formed during the cor­
r o s i o n process, one can understand that i n one instance 
i t s d i s s o l u t i o n rate i s r a t e determining, while i n the 
other instance i t s formation r a t e maybe rate determin­
ing, the l a t t e r being c o n t r o l l e d by the mass t r a n s f e r 
of the i n h i b i t o r from the bulk of the s o l u t i o n to the 
surface of the metal. While many questions i n t h i s 
model have to be l e f t open at t h i s stage and await 
f u r t h e r i n v e s t i g a t i o n
an i n h i b i t e d i r o n electrod
the nature of the surface corrosion product l a y e r and 
hence the interphase chemistry defined above. Fig.19 
shows t y p i c a l p o l a r i z a t i o n curves obtained i n 4N hydro­
c h l o r i c a c i d under aerated and deaerated conditions and 
with 0.5% propargyl a l c o h o l (2M). The r e s u l t s i n ­
dicate the time dependence of the p o l a r i z a t i o n curves 
as w e l l as the dependence on scan r a t e . The blank 
corrosion r a t e s , which can be seen to increase with 
time, are an i n d i c a t i o n of the p r o g r e s s i v e l y l a r g e r 
surface area. The anodic T a f e l slopes are quite i n ­
dependent of scan rate while the cathodic T a f e l slopes 
appear to increase s l i g h t l y with f a s t e r scan r a t e s . 
This l a s t e f f e c t may be an i n d i c a t i o n of adsorption of 
a small impurity i n the e l e c t r o l y t e . The i n h i b i t e d 
c orrosion rates decrease with time and become e s s e n t i a l ­
l y constant a f t e r about two hours. These slopes are 
not dependent on scan rate or on corrosion r a t e . The 
most i n t e r e s t i n g e f f e c t i s observed when the i n h i b i t e d 
h y d r o c h l o r i c a c i d s o l u t i o n i s aerated: the anodic 
T a f e l slope increases while the cathodic T a f e l slope 
decreases dramatically. As would have been expected 
from the r e s i s t a n c e probe measurement the corrosion 
rate i n the aerated i n h i b i t o r s o l u t i o n increases. 
These observations have been found to be of general 
nature i n d i f f e r e n t h y d r o c h l o r i c a c i d as w e l l as vary­
ing propargyl a l c o h o l concentrations. While most of 
the observed e f f e c t s i n Fig.19 could be explained i n 
terms of conventional electrochemical k i n e t i c s , the 
f a c t i s t h a t i n the presence of oxygen and propargyl 
a l c o h o l the cathodic curve shows a l i m i t i n g current be­
havior and i s rather d i f f i c u l t to understand. However, 
i f one were to assume an i r o n - i n h i b i t o r chelate f i l m 
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Figure 19. Corrosion of iron in 4N hydrocaloric acid, aerated and deaerated with 
propargyl alcohol as inhibitor 

Table VI 

PROTECTIVE 
METAL COMPLEX 

I ,•1 

HYDRODYNAMIC 
BOUNDARY LAYER 

F e r F e ^ + 2e 2H + 2e — Κ 
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Fe Fe 

Inh Inh 
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on the surface of the metal, which i s more soluble i f 
the i r o n i s i n the three valent rather than the two 
valent state one, can r e a d i l y understand that a catho­
d i c current w i l l be p a s s i v a t i n g while anodic current 
w i l l p r o g r e s s i v e l y decrease i n h i b i t i o n . 

There i s therefore a c e r t a i n amount of evidence 
i n d i c a t i n g the b u i l d up of a d i s c r e t e phase on the 
surface of the metal c o n s i s t i n g most l i k e l y of a 
metal i n h i b i t o r - c h e l a t e s t r u c t u r e . In order to f u r ­
ther r a t i o n a l i z e the model, Table 7 i n d i c a t e s the d i f ­
ferent processes and parameters which c o n t r o l the 
chemistry i n t h i s interphase. The i r o n oxidation 
takes place at the i n t e r f a c e of the metal-chelate 
l a y e r ( p r o t e c t i v e complex). This then requires metal 
ions to migrate through the chelate l a y e r . The mech­
anism which permits t h i s process to take place i s 
borrowed from semiconductiv
the existence of i r o
ions i n the chelate l a y e r . Simultaneously, e l e c t r o n 
holes or free electrons have to be present to preserve 
the e l e c t r o n e u t r a l i t y . The cathodic r e a c t i o n may take 
place at the chelate-layer/hydrodynamic-boundary lay e r 
i n t e r f a c e , or at the metal surface. Furthermore, at 
at the chelate layer/hydrodynamic-boundary layer i n t e r ­
face i r o n ions react with the i n h i b i t o r to form the 
chelate. I t i s f u r t h e r assumed that the thickness of 
the chelate l a y e r i s rate c o n t r o l l i n g with respect to 
migration of charges through i t . The thickness i n 
turn i s determined by the i r o n ion concentration and 
the i n h i b i t o r concentration gradient through the 
hydrodynamic-boundary l a y e r . Thus one can r e a d i l y 
understand, at l e a s t q u a l i t a t i v e l y how a very complex 
superposition of mass t r a n s f e r rates i n the hydro-
dynamic-boundary l a y e r and charge t r a n s f e r rates i n 
the chelate l a y e r combine to generate the above d i s ­
cussed r e s u l t s . Taking furthermore i n t o consideration 
that the chemistry of the chelate l a y e r i s dependent 
on the valence state of i r o n , one can understand the 
e f f e c t of oxygen. While at t h i s stage, t h i s model i s 
perhaps only a r a t i o n a l e f o r the above discussed 
e f f e c t s , i t i s considered a more u s e f u l model than the 
o l d and antiquated adsorption t h e o r i e s , leading to new 
diagnostic experiments. 

Corrosion I n h i b i t i o n In The Presence Of Hydrogen Sul­
f i d e 

Introduction. The need f o r corrosion p r o t e c t i o n 
i n the presence of hydrogen s u l f i d e a r i s e s most pro­
minently i n the petroleum industry, s p e c i f i c a l l y pro-
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duction of crude o i l and the r e f i n i n g of i t . The pro­
cess streams i n these fundamental operations are 
characterized i n that they c o n s i s t of an aqueous and a 
hydrocarbon phase i n various proportions. Although the 
corrosion i s caused by the aqueous phase and i t s con­
s t i t u e n t s , corrosion i n h i b i t o r s used i n t h i s industry 
are both water and hydrocarbon soluble. I t i s i n t e r ­
e s t i n g to note that the hydrocarbon soluble corrosion 
i n h i b i t o r s have i n the past given the best r e s u l t s and 
t h e i r use i s s t i l l predominant, a recent NACE survey 
not withstanding. 

The importance of the use of corrosion i n h i b i t o r s 
i n the petroleum industry as a whole can be gauged by 
recent l i t e r a t u r e and patent reviews (29 .30 and u l ) · 
There are b a s i c a l l y two types of o i l soluble i n h i b i t o r s 
which have played a predominant r o l e  these are f a t t y 
acids and f a t t y amines
the voluminous paten
reasons, no d i s t i n c t i o n i s made with respect to the 
s p e c i f i c use of these two classes of i n h i b i t o r s . 
Nevertheless, one fin d s that the f a t t y amines are pre­
dominantly used i n hydrogen s u l f i d e containing media 
while the f a t t y acids have found a p p l i c a t i o n as cor­
r o s i o n i n h i b i t o r s i n media containing oxygen and car­
bon dioxide but no hydrogen s u l f i d e . Since the r e a l i t y 
of i n d u s t r i a l systems hardly ever f i t s such neat c l a s s i ­
f i c a t i o n s , i t i s not s u r p r i z i n g that commercial i n ­
h i b i t o r s are often mixtures or s a l t s of f a t t y amines 
and f a t t y a c i d s , and that claims of synergism are often 
found. 

Both f a t t y amines and f a t t y acids are known to be 
surface a c t i v e , that is' they adsorb on metal surfaces 
thereby forming ahydrophobous f i l m which forms a water 
impenetrable b a r r i e r . Keeping water molecules away 
from the metal interphase by a t h i n f i l m of f a t t y 
amines would reduce the oxydation of the metal. This 
simple mechanism has lead to the term " f i l m i n g amines" 
as a generic d e s c r i p t o r f o r t h i s group of corrosion 
i n h i b i t o r s . The experimental evidence f o r t h i s simple 
concept can be seen i n the p r a c t i c e of p e r i o d i c i n ­
h i b i t o r a p p l i c a t i o n r e s u l t i n g i n good corrosion i n ­
h i b i t i o n over extended periods of time. For instance, 
i n the o i l f i e l d , b e t t e r r e s u l t s are obtained by t r e a t ­
ing subsurface equipment such as i n s e r t pumps, o i l w e l l 
tubing and sucker rods p e r i o d i c a l l y with a c e r t a i n 
quantity of " f i l m i n g amine" i n h i b i t o r , rather than us­
ing such compounds on a continuous basis. Many studies 
have been published d e t a i l i n g the frequency of the 
treatment as w e l l as the quantity of i n h i b i t o r used 
per treatment as a func t i o n of o i l well parameters (32 
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and H ) . However, i f one looks at a subsurface s t r u c ­
ture which was p u l l e d from an o i l well, one f i n d s that 
the surface i s not only hydrophobic but looks black i n ­
stead of m e t a l l i c , as one might expect from laboratory 
experiments. This has subsequently led to the idea 
that the " f i l m i n g amine" i n h i b i t o r i s not adsorbed on 
the metal surface but on an i r o n s u l f i d e f i l m covering 
the metal surface. While the r e s u l t of a hydrophobic 
surface i s the same, the l a t t e r concept leads to a 
more rigorous d i s c u s s i o n of the i n h i b i t i o n mechanism 
and avoids some of the confusion which has been gen­
erated by d i a g n o s t i c t e s t s which were based on surface 
a c t i v i t y or wetting angle measurements performed on a 
clean metal surface. 

The proof of the importance of i r o n s u l f i d e i n 
the i n t e r a c t i o n between the corrosion i n h i b i t o r and 
the metal surface wa
shown (lu) that corrosio
enhanced and prolonged when the corrosion i n h i b i t o r 
was adsorbed on a p r e s u l f i d e d specimen rather than on 
the nonsulfided surface. These measurements were made 
elec t r o c h e m i c a l l y and gave support to the p r a c t i c a l 
well-known f a c t that p e r i o d i c " f i l m i n g " could i n h i b i t 
the c o r r o s i o n f o r r e l a t i v e l y long periods of time. 

In order to understand the i r o n s u l f i d e - i n h i b i t o r 
i n t e r a c t i o n , i t w i l l be necessary to review b r i e f l y 
the corrosion mechanism of i r o n i n the presence of 
hydrogen s u l f i d e i n a two-phase medium. 

Corrosion Of Iron In The Presence Of Hydrogen S u l f i d e 

I t has been known f o r a long time that i r o n 
corroding i n the presence of hydrogen s u l f i d e w i l l be 
covered by an i r o n s u l f i d e f i l m . One would there­
fore have expected that t h i s f i l m somehow a f f e c t s the 
k i n e t i c s of the corrosion process. Sardisco and co­
workers (35) c a r r i e d out c l a s s i c a l i n v e s t i g a t i o n s of 
the corrosion k i n e t i c s of i r o n as a f u n c t i o n of the 
p a r t i a l pressure of hydrogen s u l f i d e and carbon d i ­
oxide. The authors measured the o v e r a l l k i n e t i c s of 
the corrosion as w e l l as the rate of i r o n s u l f i d e f i l m 
formation and came to some conclusions with respect to 
the protectiveness of the i r o n s u l f i d e f i l m . The r e ­
s u l t s , however , were rather confusing and could not be 
f i t t e d i n t o conventional rate theory. 

I f i n f a c t the i r o n s u l f i d e b u i l d i n g up on the 
surface of the metal represents a r e s i s t a n c e to the 
corrosion processes,then one would expect that the 
corrosion rate decreases as the i r o n s u l f i d e f i l m i n ­
creases. In other words the corrosion k i n e t i c s would 
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not be l i n e a r (constant c o rrosion rate) but p a r a b o l i c 
( l i n e a r i t y between the corrosion rate and the square 
root of time). 

I t was shown, however, that the p a r a b o l i c i t y of 
s u l f i d e corrosion i s extremely s e n s i t i v e to the pre­
sence of minute q u a n t i t i e s of oxygen. I t i s believed 
that many of the e a r l i e r r e s u l t s may have been a f f e c t e d 
by the incomplete e l i m i n a t i o n of a i r from the corro­
si v e medium or i t s inadvertent presence. 

Careful measurements of the corrosion rate i n the 
presence of hydrogen s u l f i d e under rigorous exclusion 
of a i r showed almost pe r f e c t p a r a b o l i c corrosion k i n ­
e t i c s , i n d i c a t i n g the rate c o n t r o l l i n g f a c t o r of an 
i r o n s u l f i d e f i l m ( 3 0 . I t was subsequently also shown 
i n (37) that minute q u a n t i t i e s of oxygen, as l i t t l e as 
400 ppm i n the gas phase i n e q u i l i b r i u m with the cor­
r o s i v e media, accelerat
10 times r e s u l t i n g i
k i n e t i c s . Further studies (38) i n d i c a t e d that the 
thickness of the rate c o n t r o l l i n g i r o n s u l f i d e f i l m 
becomes constant although the t o t a l i r o n s u l f i d e scale 
maybe much l a r g e r than that. This was confirmed by 
electrochemical measurements over long periods of time. 
By a c t u a l l y weighing the amount of i r o n s u l f i d e b u i l t 
up on the corroding specimen as a f u n c t i o n of pH and 
oxygen concentration (3JL)> i t was shown that the "pro-
tectivèness" of the rate c o n t r o l l i n g i r o n s u l f i d e f i l m 
increases with i n c r e a s i n g pH and decreases with i n ­
creasing oxygen concentration. However, the concen­
t r a t i o n of d i s s o l v e d s u l f i d i c s u l f u r has e s s e n t i a l l y 
no e f f e c t on i r o n s u l f i d e f i l m i n the region of 1500 
to 25,000 ppm (1Z). 

A most s u r p r i s i n g behavior was found when the po­
l a r i z a t i o n current of a corroding specimen was observed 
as a f u n c t i o n of flow r a t e . Fig.20 shows the r e s u l t s 
which were obtained. Anodic and cathodic p o l a r i z a t i o n 
currents i n milliamps at p o t e n t i a l s of +_ 50 m i l l i v o l t s 
from the corrosion p o t e n t i a l are p l o t t e d against flow 
r a t e . In s e v e r a l runs reproducible behavior was ob­
served. The cathodic current v a r i e s with flow rate to 
the -g- th power, while the anodic current v a r i e s with 
flow rate to the ^_ th power. This r e l a t i o n s h i p holds 
true over more than one decade of flow r a t e s . I t i s 
very d i f f i c u l t to explain such r e s u l t s i n terms of 
conventional mass t r a n s f e r l i m i t a t i o n s . I t i s w e l l 
known that the d i f f u s i o n l i m i t e d current v a r i e s ap­
proximately p r o p o r t i o n a l l y to the flow rate i n the t u r ­
bulent region and with the square root of flow r a t e i n 
the laminar region. I f on the other hand the p o l a r i z a ­
t i o n current was transport l i m i t e d across the c o r r o s i o n 
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Figure 20. Iron corroding in H2S containing medium 
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product layer,no dependency on flow rate should be 
found. 

I t i s therefore necessary to postulate a more com­
plex mechanism, such as i s suggested i n Table 8. Since 
the corroding metal i s covered by a corrosion product 
l a y e r , the f o l l o w i n g reactions have to take place at 
the metal/scale i n t e r f a c e : a. oxidation of i r o n ; b. the 
consumption of e l e c t r o n holes by electrons (or p o s s i b l y 
discharge of protons with subsequent s o l u t i o n of hydro­
gen i n the metal); c. the combination of i r o n ion va­
cancies with newly formed i r o n ions. The l a t t e r two 
processes take place with the release of energy. These 
reactions necessitate a concentration gradient through 
the corrosion product l a y e r of i r o n ion vacancies and 
e l e c t r o n holes. ( I t i s understood that the mechanism 
could be w r i t t e n i n terms of i r o n ions moving i n t e r -
s t i t i a l l y , i n which
tron conductor. Thi
ever). Since the corrosion process takes place with 
formation of i r o n s u l f i d e the following reactions have 
to take place at the scale l i q u i d i n t e r f a c e : a. f o r ­
mation of i r o n s u l f i d e and i r o n ion vacancies; b. d i s ­
charge of protons to form hydrogen and e l e c t r o n holes; 
c. i f oxygen i s present, the e l e c t r o n holes can be 
formed by reduction of oxygen. The formation of hy­
drogen from protons also necessitates a proton con­
ce n t r a t i o n gradient i n the l i q u i d phase ( i f oxygen i s 
present, the corresponding oxygen concentration grad­
i e n t would have to e x i s t as w e l l ) . The reactions tak­
ing place at the scale l i q u i d interphase can be v i s ­
u a l i z e d as e q u i l i b r i u m r e a c t i o n s . This means that the 
s u l f i d e concentration influences the i r o n ion vacancy 
concentration i n the s c a l e , and the proton concen­
t r a t i o n i n the l i q u i d a f f e c t s the e l e c t r o n hole con­
ce n t r a t i o n i n the s c a l e . Since the nature of the 
scale determines the rate of the s o l i d state t r a n s f e r 
phenomena, and the flow rate determines the l i q u i d 
boundary l a y e r concentration gradient, hence the 
l i q u i d - s o l i d i n t e r f a c i a l proton, H 2S and oxygen concen­
t r a t i o n s , i t follows that l i q u i d and s o l i d state mass 
and charge t r a n s f e r are l i n k e d together by the chemical 
e q u i l i b r i a e s t a b l i s h e d at the s c a l e - l i q u i d i n t e r f a c e . 

An attempt was made to formulate these r e l a t i o n ­
ships a n a l y t i c a l l y , i n order to confirm the dependence 
of corrosion rate on flow rate observed i n F i g . 2 0 . 
Thus equation 23 r e s t a t e s the formation of i r o n ion 
vacancies and e l e c t r o n holes at the s c a l e / l i q u i d i n t e r ­
face. v 

H 2S £l-*Fe£ + 2 Φ + FeS + H 2 ( 2 3 ) 
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2H+ Κ 2-**2H6 + Fe" (24) 

2(FeS) = (H*) + (Φ) (25) 

I t i s also assumed, fol l o w i n g Simkovich (2JL), that 
protons can d i s s o l v e i n t e r s t i t i a l l y i n the i r o n s u l f i d e 
l a t t i c e (equation 24). The requirement f o r e l e c t r o -
n e u t r a l i t y i n the i r o n s u l f i d e l a t t i c e leads to equation 
25. Assuming the r a t i o of hydrogen p a r t i a l pressure to 
hydrogen s u l f i d e p a r t i a l pressure to be constant, 
equations 2 3 through 2 5 can be rearranged to: 

and 

2 Κ Ί 

(Θ)* 
1 + 

Kr 
(H+) (26) 

(Φ)' 
A + Β (H +) 

(27) 

i n d i c a t i n g the cube of the e l e c t r o n hole c o n c e n t a t i o n 
to be i n v e r s e l y p r o p o r t i o n a l t o the proton concen­
t r a t i o n . According t o Bennett and Meyers (40.) the mass 
f l u x accross the l i q u i d boundary l a y e r can be f o r m u l a t ­
ed as f o l l o w s : 

cath N H + K 0 (C P cH +) Re}- (Sc) 
1/3 

(28) "3 W H 
= K 4 (C^+-CH+) (Urn) * 

Ο 
where (%+-CH+) = Proton gradient i n l i q u i d boundary 

layer 
Re^ = Reynolds number 
Sc = Schmitt number 
Urn = Average flow v e l o c i t y 
K4 = combined constants 

Since i n the system i n v e s t i g a t e d only the l i n e a r 
v e l o c i t y changes, a l l other v a r i a b l e s and constants are 
lumped together i n . Assuming now that the e l e c ­
t r o n i c c o n d u c t i v i t y of the scale i s the l i m i t i n g f a c ­
t o r rather than the i o n i c one, the cathodic current can 
be set to be p r o p o r t i o n a l to the e l e c t r o n hole concen­
t r a t i o n times the e l e c t r o n hole m o b i l i t y : 

Lcath (29) 

S u b s t i t u t i n g equation 27 into equation 29 
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( i c a t h ) 3 =*Φ — : — ( 3 0 ) 

catn Φ A+B(H +) 
and f i n a l l y with equation 2 8 o ç ^ 2 0 ^ " t a ^ n s 

( i ) 3 - K 4 · U m 
Q l c a t h ; " 1/2 (31) 

c um " B i c a t h 
I t i s d i f f i c u l t to estimate a l l the constants i n 

quation 31 i n order to a r r i v e at a q u a n t i t a t i v e evalua­
t i o n . However, since the current increases with i n ­
creasing mean v e l o c i t y , i t might be said the e f f e c t s 
nearly cancel i n the denominator of equation 31. This 
would mean that indeed the cathodic current becomes a l ­
most p r o p o r t i o n a l t  th  v e l o c i t  with th  1/6 
power. Even though
q u a n t i t a t i v e , i t s t i l  suggests a reasonable explantio
f o r the rather unusual mass t r a n s f e r e f f e c t observed 
i n F i g . 20. The above r a t i o n a l e applies only to the 
cathodic current, however, a s i m i l a r d e r i v a t i o n can be 
used to c a l c u l a t e the anodic current dependence on 
flow r a t e . 

I n h i b i t o r I n t e r a c t i o n With The Iron S u l f i d e Surface 

Since protons are discharged i n the corrosion process, 
and since these protons are furnished from the corro­
sive medium, there must e x i s t some mechanism f o r pro­
ton adsorption on the i r o n s u l f i d e surface. I t i s 
reasonable to assume that on the i r o n s u l f i d e surface 
there are s u l f i d e groups, the valences of which are 
not t o t a l l y n e u t r a l i z e d by i r o n molecules. These 
p a r t i a l l y n e u t r a l i z e d s u l f i d e centers can adsorb pro­
tons. This leads to the p o s t u l a t i o n of a protonated 
i r o n s u l f i d e surface group: - FeS—H . This surface 
group f a c i l i t a t e s the discharge of hydrogen according 
to equation 32. 

2 JFeS - H ( - 2Θ z~*z2 JFe-S~| + H 2 (32) 

where : 
Φ = e l e c t r o n hole; p o s i t i v e charge 

In order to stop the corrosion process t h i s r e ­
acti o n has to be impeded. This can be achieved i f the 
proton adsorbed on the surface containing the i r o n s u l ­
f i d e species i s replaced by a c a t i o n , the reduction of 
which i s not as e a s i l y accomplished as the reduction 
of the proton. I t i s suggested that the a l k y l ammonium 
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ion can d i s p l a c e the proton v i a an ion exchange mech­
anism described i n équation 3 3 , the e q u i l i b r i u m con­
stant of t h i s r e a c t i o n being designated as K^: 

JFeS-Hf + RNH^ ^=^5JFeS-RNH3| + H + (33) 

where : > 
FeS-RNH^f = surface complex 

I t should be noted that t h i s i s not a simple ad­
sorption of the a l k y l ammonium ion on the surface of 
the i r o n s u l f i d e but can be considered as an i o n i c r e ­
a c t i o n i n which a proton i s being set f r e e . I t i s now 
reasonable to consider the f a c t o r s which may influence 
the concentration of the surface complex formed from 
i r o n s u l f i d e and the a l k y l ammonium ion  Going 
through a simple s e r i e
i t i s found that th
plex equals the product of a s e r i e s of e q u i l i b r i u m con­
stants times the proton concentration of the medium, as 
shown i n equation 34. 

(JFeS-RNH3|) = K 4 · K± · K 2 · (H +) · C N ' C s (34) 

formation constant 
d i s s o c i a t i o n constant of surface FeS-H 
d i s s o c i a t i o n constant of amine 
proton concentration 
concentration of amine 
concentration of s u r f a c e - s u l f i d e 
JFe-S"| + JFe-SH| 

The two main f a c t o r s which a f f e c t the concen­
t r a t i o n of the surface complex are i t s formation con­
stant K4 and the pH. The l a t t e r has been shown to be 
true experimentally (Table 9 ) . 

Chemistry Of Corrosion I n h i b i t o r s . There are two 
questions which a r i s e with respect to . These are 
1. How can the formation constant of the surface com­

plex be increased? 
2. Why i s n ' t the adsorption process r e v e r s i b l e ? 
That i s to say, why do small concentrations of amine 
(0.25 ppm) lead to large surface coverage and con­
sequently large i n h i b i t o r e f f i c i e n c y ? 

Although water molecules do not appear i n Equa­
t i o n 3 4 , i t i s nevertheless reasonable to assume that 

where : 

Κ 
K l 
κ 2 

(H +) 
cN 
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Table IX 

Concentration i n ppm f o r 90-95% Protection 

I n h i b i t o r 
pH 

4.2-4. 5 
pH 
6-6.5 

pH 
7-7.2 

Armand 2.5 10-15 20 

Kathy 2.5-3 10 20 

Norman 3-4 7-10 20 

Dora Talbot 

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 i r o n s u l f i d e surface i s covered with a layer or 
more of water molecules, because the proton adsorbed 
on the .surface i r o n s u l f i d e has a tendency to di s s o ­
c i a t e and, the r e f o r e , needs to be solvated. The fr e e 
a l k y l ammonium ion and i t s counter i o n , e.g.., a b i s u l ­
f i d e i o n , are both solvated by water. In the adsorp­
t i o n step an e l e c t r o n i c a l l y n e u t r a l surface complex 
i s formed. Thus, a proton solvated by water and i t s 
counter i o n , the b i s u l f i d e i o n , are set f r e e . The 
e s s e n t i a l l y n e u t r a l surface complex, does not require 
s o l v a t i o n and because of i t s hydrophobic nature w i l l 
have a tendency to di s p l a c e water molecules from the 
i r o n s u l f i d e surface. Since the desorption process 
would again require s o l v a t i o n of the i r o n s u l f i d e sur­
face, i t 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 i t can be predicted that an i n h i b i t o r with 
a higher l i p o p h i l i c character w i l l be more permanently 
adsorbed. 

I t i s known that amines become more l i p o p h i l i c , 
or water i n s o l u b l e , with increasing a l k y l chain length. 
Thus water soluble amines such as morpholine (TablelO) 
show no i n h i b i t i o n e f f i c i e n c y at these small concen­
t r a t i o n s because t h e i r adsorption i s as easy as t h e i r 
desorption. 
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Table 10 also shows a comparison between differ­
ent propylenediamine derivatives with decreasing mole­
cular weight. A tallow propylenediamine (C^g) 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 
11 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 (2J.)  oleylamine is 
quite effective in
propylenediamine derivativ
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 c o r r o s i o n c r a c k i n g is the phenomenon by 
which alloys fail by c r a c k i n g when s imultaneously 
s t r e s s e d and expose
occur a t s t r e s s l e v e l
cause failure i n air. While the a p p l i c a t i o n of the 
s t r e s s may be multi-axial, it is necessary f o r it to 
have a tensile component and c r a c k i n g will u s u a l l y 
occur p e r p e n d i c u l a r l y to it. S t ress c o r r o s i o n c r a c k i n g 
represents the most h i g h l y localized form o f c o r r o s i o n 
that is ever encountered. 

While the d i s c u s s i o n in this chapter i s  conf ined 
to metallic alloys, s t r e s s c o r r o s i o n c r a c k i n g is p a r t 
of a l a r g e r range of phenomena, s i n c e s i m i l a r failures 
occur in n o n m e t a l l i c m a t e r i a l s , e.g., g lass in H2O, 
organic polymers in p o l a r s o l v e n t s , alumina in H2O. 
Furthermore, whi le most o f the d i s c u s s i o n is conf ined 
to a l l o y s c r a c k i n g in aqueous environments, s i m i l a r 
c r a c k i n g in some alloys occurs in organic liquids, 
steam, dry gases and in both liquid and solid meta ls . 
The amount of c o r r o s i v e may be q u i t e s m a l l . F a i l u r e s 
have been caused, f o r example, by the perspiration 
res idue of a s i n g l e fingerprint. Within the conf ines 
of a short c h a p t e r , it is not p o s s i b l e to d i s c u s s 
every example of such failures. The d e s c r i p t i o n s b e ­
low are conf ined mainly to s t r e s s c o r r o s i o n c r a c k i n g i n 
aqueous media. 

As an industrial problem s t r e s s c o r r o s i o n c r a c k i n g 
is of c o n s i d e r a b l e importance. There is a long h i s t o r y 
of major and minor failures, particularly i n the chemi ­
c a l i n d u s t r y and in the t r a n s p o r t i n d u s t r y , particu­
larly of components i n ships and p l a n e s . It is a major 
potential source o f failure in the n u c l e a r power 
i n d u s t r y in which, f o r example, a u s t e n i t i c s t a i n l e s s 
s t e e l s may fail i n high purity water c o n t a i n i n g oxygen 
and c h l o r i d e ions at the level o f ppb. 

0-8412-0471-3/79/47-089-321$07.50/0 
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A l a r g e amount of research e f f o r t has been devoted 
to the s u b j e c t and the p u b l i s h e d l i t e r a t u r e i s q u i t e 
immense. Many conferences have been h e l d . Anyone 
concerned t o l e a r n more about the s u b j e c t can f i n d h i s 
way by t a k i n g (1_/<2/3_/4 fs) as a s t a r t i n g p o i n t . 

There comes a p o i n t w i t h most t e c h n o l o g i c a l prob­
lems when s u f f i c i e n t i s known about a s u b j e c t t o enable 
p r e d i c t i o n s t o be made. These may be made p o s s i b l e by 
a fundamental understanding of the problem or by the 
development of e m p i r i c a l r e l a t i o n s h i p s which have been 
di s c e r n e d without an a p r i o r i understanding. To the 
p r a c t i s i n g metal user e i t h e r background i s acceptable 
provided t h a t i t g i v e s s u f f i c i e n t p r e d i c t i v e c a p a c i t y 
w i t h which to a v o i d or a t l e a s t reduce the i n c i d e n c e of 
f a i l u r e s . This stage has not been reached w i t h s t r e s s 
c o r r o s i o n c r a c k i n g . A l o t i s known about the problem 
but i t i s not alway
when or even whethe
to show below why t h i s u n c e r t a i n t y e x i s t s . I t must a l s o 
be added t h a t the method of t e s t i n g becomes important. 
T h i s , t o o, i s t h e r e f o r e d i s c u s s e d . 

In t h i s chapter some general remarks are made 
about the problem. This i s f o l l o w e d by a d e t a i l e d d i s ­
c u s s i o n of mechanisms, and a t the end p r e v e n t a t i v e 
measures are i n d i c a t e d . 
General Features of S t r e s s C o r r o s i o n C r a c k i n g 

S t r e s s c o r r o s i o n c r a c k i n g i s a complicated s u b j e c t , 
unless t h a t i s emphasized a t the beginning, then the 
f i n e d e t a i l s of phenomenological and mechanistic f a c ­
t o r s w i l l not be a p p r e c i a t e d . In order to gain some 
understanding of s t r e s s c o r r o s i o n c r a c k i n g , i t i s neces­
sary t o r e a l i z e t h a t three d i f f e r e n t d i s c i p l i n e s are a t 
work i n any s t r e s s c o r r o s i o n s i t u a t i o n . These are 
p h y s i c a l m e t a l l u r g y , e l e c t r o c h e m i s t r y and f r a c t u r e 
mechanics. 

P h y s i c a l M e t a l l u r g y . A l l commerical metal com-
ponents are p o l y c r y s t a i l i n e and a l l metal l a t t i c e s con­
t a i n both p o i n t and l i n e f a u l t s . Heat t r e a t a b l e a l l o y s 
f r e q u e n t l y c o n t a i n p r e c i p i t a t e s which may be very s m a l l 
(< 5 pm d i a ) . A l l a l l o y s c o n t a i n major a l l o y i n g e l e ­
ments but they c o n t a i n a l s o a range of n o n d e l i b e r a t e 
elements, both m e t a l l i c and n o n m e t a l l i c i n nature. I t 
i s p o s s i b l e t o show t h a t a l l these f a c t o r s , as w e l l as 
s u r f a c e f i n i s h , r e s i d u a l c o l d work and m e t a l l u r g i c a l 
h i s t o r y (what was done to the a l l o y i n b r i n g i n g the com­
ponent t o i t s present shape) may have an e f f e c t on 
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stress corrosion cracking, making an alloy more suscep­
t i b l e or less. Different batches of one alloy, both 
meeting the same alloy specification may exhibit 
markedly different levels of susceptibility, which i s 
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 w i l l usually be conversant, can cause 
much frustration and bewilderment to nonmetallurgists. 
Grain size i s of importance, an alloy generally becom­
ing more susceptible as the size i s increased. Grain 
shape i s 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
then in another. Suc
general heading of texture. Plastic deformation i n ­
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 i s usually increased by increasing the 
strength. Finally, the path of a crack may be trans-
granular or intergrandular. In some alloys i t i s 
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 w i l l 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 w i l l 
always affect stress corrosion reactions. Conductivity, 
pH, O 2 levels, solution composition and temperature are 
also important. 

Fracture Mechanics. The manner in which a speci­
men i s stressed may affect stress corrosion suscepti­
b i l i t y . A condition of plane strain, achieved when the 
specimen thickness is above a certain value which i s 
related to i t s strength (5) , may sometimes promote 
greater susceptibility than i s 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 c r i t i c a l flaw depth criterion 
is sometimes attempted. Loading mode is also c r i t i c a l , 
being the relation between the directions of applied 
stress and the plane of cracking. 

Systems of Stress Corrosion Cracking 
Stress corrosion cracking i s often described as 

arising between an alloy and a specific environment. 
Failures of α-brass in ammoniacal solutions would be a 
typical example. However, i t has become increasingly 
clear in recent year
corrosion cracking ca
ment. The specific aspect of the corrodent i s 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 i s necessary to promote stress corrosion. An 
attempt to answer this question i s made below in the 
discussion on mechanisms. With these reservations, a 
l i s t of stress corrosion cracking systems (alloy + 
corrodent) is given in Table I, which i s 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 i s usually 
applied externally since i t i s then much easier to con­
t r o l and measure. The oldest and simplest test i s to 
measure how long a specimen takes to break — the time-
to-failure, t f . 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. 
F i r s t , the t f changes less markedly at stresses above 
the 0.1% proof stress than below i t . Secondly, i t i s 
not always clear whether a threshold stress exists 
below which stress corrosion failures w i l l not occur. 
This i s of obvious importance but i t has proved a 
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Table I Alloy/Environment Systems E x h i b i t i n g S t r e s s 
C o r r o s i o n C r a c k i n g 

A l l o y Environment 

M i l d s t e e l Ho

High s t r e n g t h s t e e l s Aqueous e l e c t r o l y t e s , p a r t i c u ­
l a r l y when c o n t a i n i n g ^ S 

A u s t e n i t i c s t a i n l e s s Hot, cone, c h l o r i d e s o l u t i o n s , 
s t e e l s c hloride-contaminated steam 

High N i a l l o y s High p u r i t y steam 
α-brass Ammoniacal s o l u t i o n s 
A l a l l o y s Aqueous, C l ~ , Br"" and I s o l u ­

t i o n s 
T i a l l o y s Aqueous CI , Br and I s o l u ­

t i o n s ; organic l i q u i d s , N 20^ 
Mg a l l o y s Aqueous CI /CrO^ s o l u t i o n s 
Zr a l l o y s Aqueous C l ~ s o l u t i o n s ; o r g a n i c 

l i q u i d s , I S) 350°C 
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d i f f i c u l t point to establish. Some stress corrosion 
systems have such a threshold, others do not. The 
point i s further discussed below. 

In examining a l l the metallurgical and electro­
chemical variables that together determine suscepti­
b i l i t y , the measurement of t f i s not altogether^satis­
factory since changes in t f can arise for two different 
reasons. Time-to-failure i s made up of two components, 
the time for the crack to i n i t i a t e (t^) and the time 
for i t to propagate ( t ) so that 

t. + t p = t f (1) 
Whether the effect of a changed variable on t f 

arises from alterations to t i or tp may be of funda­
mental significance and i t i s therefore important under 
some circumstances
between the component
that t i i s of greater consequence than tp (a) because 
i t i s frequently the case that t i >> tp, and (b) be­
cause i t would seem self-evident that what cannot 
i n i t i a t e cannot propagate. In practice, however, such 
considerations are too simple. It i s 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 i s an 
incipient stress corrosion crack, the considerations of 
i n i t i a t i o n are unimportant because they are irrelevant. 
What then becomes important i s whether the crack w i l l 
propagate and at what rate. 

Such considerations have given rise to the use of 
precracked notched specimens, lik e those that are used 
in measuring a metallurgical factor known as Fracture 
Toughness (5). The dimensions of such specimens are 
determined Ey 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 
σ χ d/2, where c is the crack depth. It has units 
ΜΝ·π\~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 r the question arises 
of a threshold which i s such specimens i s termed K-£ S C C 

where the subscript I refers to the loading mode(5) . 
The whole term represents that value of Κ below 
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Figure 1. Relationships between time-to-failure (tf) and applied stress (σ) com­
monly observed in stress-corrosion cracking 
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Figure 2. Retàionship between tf and 
initial value of stress intensity factor (K) 
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which failure does not occur. Since the i n i t i a t i o n 
time i s very small in relation to t f (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 K j . s c c to K j c 

(the fracture toughness in air) is a useful ratio of 
relative susceptibility. For Ti alloys, for example, 
i t 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 i s mainly concerned with 
propagation, attention was subsequently focused upon 
measuring velocity ν as a function of K. A general 
schematic picture of results obtained i s shown in 
Figure 3. A maximum of 3 stages of cracking may be 
observed. Stage I (the extent of which w i l l be deter­
mined by the differenc
at the Stage I / I I transition
dence of crack velocity ν upon K. For Al and T i alloys 
an activation energy for this stage of 112 kJ*mol~1 has 
been determined (2). Stage I I , sometimes referred to 
as the plateau velocity, i s generally interpreted as 
being caused by the chemical or electrochemical reac­
tion at the crack t i p being limited by diffusion of a 
c r i t i c a l reactant or product within the solution. The 
idea i$ supported by observations (2) that increasing 
the solution viscosity lowers the plateau velocity. An 
example of this i s shown in Figure 4 (2). An activa­
tion energy of 12-21 kJ»mol"1 for this region has been 
obtained both for Al and T i alloys. Stage III i s 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 a l l 
the major variables, one at a time, for their effect 
upon crack velocity. As a result, i t becomes possible, 
i f 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-
gicall y equivalent or interchangeable. Examples of 
this have been given in the literature (5). 
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Figure 4. The effect of solution viscosity upon the log v:K relationship of an 
aluminium alloy (2) 
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Figure 5. Effect of overaging on stress-corrosion-crack velocity in an aluminum 
alloy (2) 
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Figure 6. Schematic of the influence of pH on stress-corrosion-crack velocity in 
titanium alloys (2) 
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Figure 7. Effect of solution concentration upon stress-corrosion-crack velocity in 
an aluminum alloy (2) 
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The Importance of R e p a s s i v a t i o n 
In many of the a l l o y systems shown i n Table I , the 

s t a b l e c o n f i g u r a t i o n of the a l l o y s u r f a c e i s t h a t i t i s 
f i l m e d . Many of the a l l o y s , e.g., s t a i n l e s s s t e e l s , A l , 
T i , Zr and Mg a l l o y s are o n l y usable i n such a c o n d i ­
t i o n . Such a c o n s i d e r a t i o n a p p l i e s not o n l y t o these 
a l l o y s covered w i t h a t h i n p a s s i v e f i l m but a l s o t o 
those on which r e l a t i v e l y t h i c k f i l m s are formed. The 
p o s s i b l e mechanisms by which s t r e s s c o r r o s i o n c r a c k i n g 
occurs are concerned w i t h r e a c t i o n s between unfilmed 
metal and the environment. Before c o n s i d e r a t i o n of 
these i t i s necessary t o c o n s i d e r how these v a r i o u s 
types of f i l m break down i n i t i a l l y . While many of the 
a l l o y s e x h i b i t p i t t i n g , i t i s not necessary f o r p i t t i n g 
as such t o precede crack propagation  P i t t i n g i s asso­
c i a t e d w i t h s t a t i c unstresse
i s a s s o c i a t e d w i t h a
The a p p l i c a t i o n of a s t r e s s c r e a t e s a s u r f a c e s t r a i n -
r a t e (or creep s t r a i n - r a t e , s i n c e i t i s very low). Of 
fundamental importance i s the i n t e r a c t i o n o f the de­
forming s u r f a c e and the r e a c t i o n s on the metal s u r f a c e . 
The s u b j e c t i s not a simple one, but the main p o i n t s 
can best be envisaged by attempting t o draw the r e p e t i ­
t i v e segment of events o c c u r r i n g a t a crack t i p o r a t 
the base of a s u r f a c e f l a w . This i s attempted i n 
F i g u r e 8. The a p p l i c a t i o n of a s t r e s s c r e a t e s a s l i p 
step which breaks the p a s s i v e f i l m which i s i n 
e q u i l i b r i u m w i t h the s o l u t i o n . There i s abundant 
experimental evidence t h a t such events take p l a c e 
(e.g., 6). The s l i p step h e i g h t w i l l u s u a l l y be very 
much g r e a t e r than the f i l m t h i c k n e s s and the f i l m i s 
u s u a l l y r e l a t i v e l y b r i t t l e . Both these would appear 
to be necessary c o n d i t i o n s f o r the s i t u a t i o n d e p i c t e d 
i n F i g u r e 8. A f t e r f i l m f r a c t u r e , r e a c t i o n then occurs 
between the newly c r e a t e d metal s u r f a c e and the e n v i ­
ronment. The s p e c i f i c type of r e a c t i o n w i l l be 
considered below s i n c e i t i s the important process t h a t 
determines crack propagation. But the time a v a i l a b l e 
f o r t h i s r e a c t i o n t o occur w i l l be determined by the 
r e p a i r time of the f i l m , commonly r e f e r r e d t o as the 
r e p a s s i v a t i o n time (7). As soon as the f i l m f r a c t u r e s , 
i t w i l l s t a r t t o reform s i n c e the e q u i l i b r i u m c o n d i t i o n 
of the s u r f a c e i s t h a t i t i s f i l m e d . I t has been argued 
(7) t h a t the delay i n r e p a s s i v a t i o n i s of c r u c i a l im­
portance. I f r e p a s s i v a t i o n occurs too r a p i d l y , there 
w i l l not have been time f o r enough r e a c t i o n to occur t o 
cause an increment of crack growth. I f r e p a s s i v a t i o n 
occurs too s l o w l y , then too much r e a c t i o n may have 
occ u r r e d , g i v i n g r i s e t o crack b l u n t i n g and p i t t i n g . 
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A Β 

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 f a c t o r i s the r e p a s s i v a t i o n time s i n c e i t 
determines f o r how long the metal and environment can 
r e a c t t o g e t h e r . 

F i g u r e 8 can be considered i n a more general sense. 
The p l a s t i c deformation t h a t c r e a t e s the s l i p step can 
be considered as a s t r a i n - r a t e t h a t , i n the most gen­
e r a l way, i s c r e a t i n g new, unfi l m e d , metal s u r f a c e . I t 
w i l l be governed by mechanical and m e t a l l u r g i c a l 
f a c t o r s . The process t h a t causes f i l m formation i s 
e l e c t r o c h e m i c a l and i t w i l l be dependent upon the 
p o t e n t i a l and a l l other e l e c t r o c h e m i c a l f a c t o r s . I t i s 
p o s s i b l e to c o n s i d e r t h a t s t r e s s c o r r o s i o n c r a c k i n g 
occurs when there i s a c r i t i c a l imbalance between these 
two r a t e processes — one c r e a t i n g f r e s h metal area, 
the other f i l m i n g t h a t area. Thus, the s i t u a t i o n de­
p i c t e d s c h e m a t i c a l l y i n Fi g u r e 8 i s not merely t h a t o f 
a f i l m broken by a
be expected, and i
a l l o y s and metals i n environments t h a t are known not to 
cause s t r e s s c o r r o s i o n c r a c k i n g . What i s envisaged i n 
F i g u r e 8 i s a p a r t i c u l a r s e t of circumstances i n which 
p a s s i v a t i o n i s delayed f o r a narrow range of time i n t e r ­
v a l s . 

A good example of the importance of r e p a s s i v a t i o n 
i s shown i n Fi g u r e 9 (8). A t i t a n i u m a l l o y , Ti-5 A l -
2.5 Sn, i n the form of t e n s i l e specimens i s s t r a i n e d 
d y n amically i n two d i f f e r e n t s o l u t i o n s . In aqueous 
NaCl s o l u t i o n T i does not corrode and r e p a s s i v a t i o n can 
be expected to occur. At high crosshead speeds the 
t e s t ' i s over i n a very s h o r t time and there i s no time 
f o r crack i n i t i a t i o n . A f r a c t u r e i s observed f r a c t o -
g r a p h i c a l l y w i t h the e l o n g a t i o n t o f r a c t u r e and the 
t e x t u r e the same as i n a i r . At lower crosshead speeds 
s t r e s s c o r r o s i o n crack propagation occurs w i t h a con­
sequent r e d u c t i o n i n £f and c h a r a c t e r i s t i c cleavage 
fractography. At the lowest crosshead speeds the 
r e l a t i v e l y slow s t r a i n - r a t e induced on the surfa c e i s 
such t h a t r e p a s s i v a t i o n predominates over c r a c k i n g and 
no crack propagation occurs. F r a c t o g r a p h i c a l l y , a i r 
f r a c t u r e i s seen and e f i s hig h . Thus, i n the aqueous 
s o l u t i o n c r a c k i n g i s c o n f i n e d t o a narrow range of 
speeds. This behavior can be c o n t r a s t e d w i t h t h a t ob­
served f o r the same a l l o y exposed t o a CH3OH + 1 v o l . % 
cone HC1 mixture which i s c o r r o s i v e t o T i and i n which, 
t h e r e f o r e , no r e p a s s i v a t i o n might be expected. At high 
crosshead speeds the same behavior i s seen as t h a t 
observed i n the aqueous s o l u t i o n . At the lowest c r o s s -
head speeds, however, because no r e p a s s i v a t i o n i s 
p o s s i b l e , c r a c k i n g i s observed and because the t e s t 
takes i n c r e a s i n g l y long times as the crosshead speed i s 
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Figure 9. The rehtionship between elongation-to-failure (ef) and crosshead speed 
for a Ti-5Al-2.5Sn alloy exposed to (1) aqueous NaCl, and (2) a CH3OH/HCl 

mixture (8) 
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lowered, the €f f a l l s c o n t i n u a l l y . I t can be expected 
t h a t the crack v e l o c i t y would f a l l u n t i l i t became 
s i m i l a r to the c o r r o s i o n r a t e of the unstressed a l l o y 
which, i n t h i s example, i s s e l e c t i v e l y i n t e r g r a n u l a r . 
In the CH3OH s o l u t i o n no K j s c c o r any other t h r e s h o l d 
can be a n t i c i p a t e d and i t i s not found. In the aqueous 
s o l u t i o n a K i s c c can be expected, corresponding to 
t h a t value of Κ t h a t r e s u l t s i n so low a s u r f a c e s t r a i n -
r a t e t h a t r e p a s s i v a t i o n can occur. This s t r a i n - r a t e 
has been c h a r a c t e r i z e d έ (SO . K j s c c i s commonly 
observed i n T i a l l o y s exposed to aqueous c h l o r i d e s o l u ­
t i o n s . From F i g u r e 9 and a l l t h a t has been d e s c r i b e d , 
i t can be a p p r e c i a t e d t h a t K i s c c i s not a m a t e r i a l 
constant. For a given a l l o y i t v a r i e s according to the 
environment i n which i t i s measured. I t i s not an 
a l l o y t h a t has a t h r e s h o l d ; i t i s the a l l o y + e n v i r o n ­
ment which may e x h i b i

The type of experimen  encompasse  Fig u r
become i n c r e a s i n g l y important as a method of t e s t i n g . 
The c o n d i t i o n s are severe, the t e s t s are r a p i d and the 
imposed c o n d i t i o n s of a slow s t r a i n - r a t e are s i m i l a r to 
those o c c u r r i n g at a crack t i p . For reasons d i s c u s s e d 
below, experiments should be done p o t e n t i o s t a t i c a l l y . A 
recent conference (1_0) was devoted to the constant 
e x t e n s i o n r a t e t e s t , organized by A.S.T.M. 

The importance of r e p a s s i v a t i o n and the i n t e r a c ­
t i o n of t h i s process w i t h a s t r a i n i n g metal s u r f a c e 
probably c o n s t i t u t e s the essense of many s t r e s s c o r r o ­
s i o n c r a c k i n g mechanisms. Since r e p a s s i v a t i o n i s an 
e l e c t r o c h e m i c a l phenomenon, i t might be expected t h a t 
the necessary imbalance to achieve s t r e s s c o r r o s i o n , 
r e f e r r e d to above, w i l l occur o n l y over a narrow range 
of p o t e n t i a l , corresponding to a narrow range of r e ­
p a s s i v a t i o n r a t e s . Such r a t e s can be expected t o 
change markedly i n those regions of p o t e n t i a l where the 
p a s s i v e range changes to a p i t t i n g range or to an 
a c t i v e range, i . e . , where the f i l m i s changing from 
being the s t a b l e s u r f a c e c o n f i g u r a t i o n to where i t i s 
an unstable c o n f i g u r a t i o n . The zones of p o t e n t i a l 
where c r a c k i n g might be expected are shown i n F i g u r e 10. 
There are examples i n the l i t e r a t u r e of c r a c k i n g 
o c c u r r i n g i n such regions (2̂ ) . The s i t e of these 
regions depends upon a number of e l e c t r o c h e m i c a l 
f a c t o r s . S t r e s s c o r r o s i o n f a i l u r e occurs under open-
c i r c u i t c o n d i t i o n s when the c o r r o s i o n p o t e n t i a l of an 
a l l o y l i e s w i t h i n the p o t e n t i a l range f o r c r a c k i n g of 
t h a t a l l o y i n the p a r t i c u l a r environment. Systems de­
s c r i b e d i n Table I f a l l i n t o t h i s category. I t must be 
emphasized t h a t under c o n t r o l l e d p o t e n t i a l c o n d i t i o n s 
s t r e s s c o r r o s i o n f a i l u r e may occur i n a l l o y s exposed to 
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environments which do not cause f a i l u r e under open c i r ­
c u i t c o n d i t i o n s , α-brass f a i l s i n ammonia under open 
c i r c u i t c o n d i t i o n s , as i s i n d i c a t e d i n Table I . When 
a n o d i c a l l y p o l a r i z e d , i t a l s o c r a c k s i n n i t r a t e and 
s u l f a t e s o l u t i o n s . Thus, the uniqueness of ammonia 
l i e s o n l y i n i t s a b i l i t y to cause c r a c k i n g under open 
c i r c u i t c o n d i t i o n s under a wide range of s o l u t i o n pH 
c o n d i t i o n s (other s o l u t i o n s , e.g., t a r t r a t e s o l u t i o n s , 
can a l s o cause c r a c k i n g over a narrow range of pH). 
This type of o b s e r v a t i o n a p p l i e s to other systems too 
and i t s importance cannot be exaggerated. I t has a 
bearing both on mechanistic i v e s t i g a t i o n s and on t e s t ­
i n g proceudres. I t i s f o o l i s h to t e s t o n l y under open 
c i r c u i t c o n d i t i o n s s i n c e , i f c r a c k i n g occurs i n a poten­
t i a l range not i n c l u d i n g the open c i r c u i t p o t e n t i a l , 
s u s c e p t i b i l i t y w i l l be missed i n l a b o r a t o r y c o n d i t i o n s . 
I f i n s e r v i c e use th
the c r a c k i n g range,
appear to be a simple p o i n t , but such problems do a r i s e 
and cause c o n f u s i o n . T e s t i n g should always be done 
over a range of p o t e n t i a l l a r g e r than t h a t l i k e l y t o be 
encountered i n s e r v i c e under the most extreme c o n d i ­
t i o n s . 

R e p a s s i v a t i o n processes have become an important 
s u b j e c t i n s t r e s s c o r r o s i o n s t u d i e s and a l s o i n other 
forms of c o r r o s i o n , e.g., p i t t i n g c o r r o s i o n and c o r r o ­
s i o n f a t i g u e . A range of s c r a t c h i n g and s t r a i n i n g 
e l e c t r o d e techniques have been employed. While i t i s 
not p o s s i b l e to go i n t o d e t a i l , the r e s u l t s have to be 
examined i n r e l a t i o n to the techniques employed, e.g., 
has r e p a s s i v a t i o n s t a r t e d before the s c r a t c h i n g or 
s t r a i n i n g has stopped? I t i s important a l s o to know 
whether the c u r r e n t measured under p o t e n t i o s t a t i c 
c o n d i t i o n s i s a complete anode c u r r e n t or the d i f f e r ­
ence between an anode c u r r e n t and a cathode c u r r e n t 
(most commonly due to H + i o n r e d u c t i o n ) . T y p i c a l r e ­
p a s s i v a t i o n r a t e s correspond to an equation (11) of 
the type: 

i - i Q = ( i 1 - i 0 ) t ~ b (2) 
where i = c u r r e n t a f t e r time t , ÎQ = c u r r e n t a f t e r com­
p l e t e r e p a s s i v a t i o n , i-j = c u r r e n t a f t e r one second and 
b i s a constant. The constant b v a r i e s w i t h p o t e n t i a l . 
Under c e r t a i n c o n d i t i o n (11) the r e l a t i o n s h i p s i s given 
by — 

i = i exp(-gt) max (3) 
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where 3 i s a constant, and i m a x i s the i n i t i a l maximum 
value of the c u r r e n t a f t e r d e s t r u c t i o n of the f i l m . 
When a f i l m i s broken, the i n i t i a l monolayer adsorbs 
w i t h i n 20-50 ms (12). The measured c u r r e n t i s made up 
p a r t l y of d i s s o l u t i o n and p a r t l y of f i l m f ormation, 
the r a t i o between them f a l l i n g w i t h time. 

S t r e s s C o r r o s i o n Mechanisms 
The circumstances under which the f i l m i s broken 

and r e p a i r e d have been d e s c r i b e d a t l e n g t h s i n c e they 
c o n t r o l the subsequent r e a c t i o n time d u r i n g which the 
crack a c t u a l l y grows. I t has been s t r o n g l y emphasized 
s i n c e unless t h i s p o i n t i s understood c o n f u s i o n can 
a r i s e because the a l t e r a t i o n of an experimental v a r i ­
a b l e , e.g., p o t e n t i a l or pH  may have a g r e a t e r e f f e c t 
on r e p a s s i v a t i o n the
l e s s t h a t p o s s i b i l i t
i n t e r p r e t a t i o n i s l i k e l y t o a r i s e on o c c a s i o n . An 
example i s given below w i t h r e s p e c t to the e f f e c t of 
c a t h o d i c p o l a r i z a t i o n on s t r e s s c o r r o s i o n c r a c k i n g of 
T i a l l o y s i n aqueous c h l o r i d e s o l u t i o n s . I t i s a 
general p o i n t and i s not o f t e n emphasized. 

The Mechanism of C r a c k i n g 

Why does c r a c k i n g occur? This i s the most d i f f i ­
c u l t q u e s t i o n t o answer. Many ex p l a n a t i o n s have been 
put forward and w i t h s t r e s s c o r r o s i o n c r a c k i n g o c c u r r ­
i n g i n so many a l l o y s i t i s not u n l i k e l y t h a t some 
very s p e c i f i c p o i n t s apply here and t h e r e . An example 
might be the a c t i o n of voluminous c o r r o s i o n product i n 
wedging open a crack f o r which there i s evidence i n 
i s o l a t e d cases. O v e r r i d i n g many such t i n y phenomeno-
l o g i c a l p o i n t s , c r a c k i n g mechanisms can be d i v i d e d 
i n t o (1) a c t i v e path, (2) hydrogen embrittlement, (3) 
s t r e s s s o r p t i o n and (4) c o r r o s i o n f i l m f r a c t u r e . 

I t i s now intended to d i s c u s s the e s s e n t i a l f e a ­
t u r e s of these mechanisms. I t must be emphasized t h a t 
these are general c a t e g o r i e s and much s u b d i v i s i o n i s 
p o s s i b l e , p a r t i c u l a r l y i n the case of hydrogen em­
b r i t t l e m e n t . There i s no reason t h a t c r a c k i n g should 
not occur by a mechanism t h a t t r a v e r s e s more than one 
of the above, e.g., a combination of anodic d i s s o l u ­
t i o n and hydrogen embrittlement. These four c a t e g o r i e s 
are i n no way e x c l u s i v e from each oth e r . 

A c t i v e Path. Since the term s t r e s s c o r r o s i o n 
c r a c k i n g i m p l i e s c o r r o s i o n , i t i s not s u r p r i s i n g t h a t 
the f i r s t mechanism ever proposed was t h a t c r a c k i n g 
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occurred by p r e f e r e n t i a l d i s s o l u t i o n over a narrow pre­
f e r r e d f r o n t along a path t h a t was p r e - e x i s t i n g (13). 
This was probably t r u e f o r the p a r t i c u l a r system Eëing 
i n v e s t i g a t e d , but s i n c e c r a c k i n g occurs i n a l l o y s which 
most c e r t a i n l y do not have a p r e - e x i s t i n g path, more 
recent ideas have attempted t o e x p l a i n the l o c a l i z e d 
c o r r o s i o n by a process i n v o l v i n g r e p a s s i v a t i o n of the 
crack s i d e s , thus c o n c e n t r a t i n g the c u r r e n t a t the t i p 
where v a r i o u s forms of d i r e c t i o n a l l o c a l i z e d d i s s o l u ­
t i o n occurs. The p o s s i b l e p r e f e r e n t i a l c o r r o s i o n of 
d i s l o c a t i o n s p i l e d up a t the crack t i p as a r e s u l t of 
the a c t i n g s t r e s s has been considered a t l e n g t h over 
many years. The s t r a i n energy a s s o c i a t e d w i t h such 
p i l e - u p s of d i s l o c a t i o n s provides l i t t l e a d d i t i o n a l 
d r i v i n g f o r c e f o r d i s s o l u t i o n · As a r e s u l t a t t e n ­
t i o n has focused on minute c o m p o s i t i o n a l changes i n a 
metal l a t t i c e o c c u r r i n
which may cause s i g n i f i c a n
d i s s o l u t i o n on an a t o m i s t i c s c a l e (1_5) · These ideas 
were o r i g i n a l l y a s s o c i a t e d w i t h e l e c t r o n microscope 
observations of the edges of e l e c t r o p o l i s h e d t h i n 
f o i l s where regions of d i s l o c a t i o n p i l e - u p s showed, 
very d i r e c t i o n a l d i s s o l u t i o n (16). Such processes 
g i v e r i s e to unusual morphological e f f e c t s ( V7) and 
may cause t u n n e l c o r r o s i o n (1_8) . 

At some stage i t i s necessary t o know whether the 
c u r r e n t f l o w i n g i s s u f f i c i e n t to account f o r the maxi-
mun v e l o c i t y of the c r a c k , a requirement sometimes 
r e f e r r e d to as f f a r a d a i c e q u i v a l e n c e 1 . From the a p p l i ­
c a t i o n of Faraday's laws and assuming t h a t d i s s o l u t i o n 
accounts f o r 10095 of the crack propagation then: 

where ν = crack v e l o c i t y , J - chemical e q u i v a l e n t , F = 
the Faraday, ρ = a l l o y d e n s i t y and i = d i s s o l u t i o n 
c u r r e n t d e n s i t y . 

For a number of s t r e s s c o r r o s i o n c r a c k i n g systems, 
e.g., m i l d s t e e l , a u s t e n i t i c s t a i n l e s s s t e e l s , measured 
bare sur f a c e c u r r e n t d e n s i t i e s appear to be of the 
r i g h t order of magnitude (_3) · For other a l l o y s , e.g., 
T i a l l o y s , i n which the crack v e l o c i t i e s are very much 
higher than i n s t e e l s , much hig h e r c u r r e n t d e n s i t i e s 
are r e q u i r e d , of the order r e q u i r e d f o r e l e c t r o c h e m i c a l 
machining. T h e i r e x i s t e n c e has been claimed (2). 

Reference to F i g u r e 8, together w i t h the concept 
of r e p a s s i v a t i o n , i n d i c a t e s d u r i n g the propagation o f 
cracks the c u r r e n t should c o n s i s t of a number of succes­
s i v e t r a n s i e n t s . One i s shown i n F i g u r e 11, which 
might be taken to correspond t o the sequence of events 
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t 

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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d e s c r i b e d i n F i g u r e 8. What i s important i s the t o t a l 
amount of c o r r o s i o n , represented by the charge, which 
i s hatched i n F i g u r e 11. I t has been argued (9) t h a t 
s t r e s s c o r r o s i o n crack propagation occurs as a r e s u l t 
of the passage of a constant charge Q m i n / which then 
i n i t i a t e s the next increment of crack growth. Crack 
a r r e s t occurs i f r e p a s s i v a t i o n occurs before Q m i n has 
passed. From such c o n s i d e r a t i o n s , w i t h i n t e g r a t i o n o f 
the a p p r o p r i a t e r e p a s s i v a t i o n r a t e equation over the 
time l i m i t s between su c c e s s i v e s l i p step events, i t 
has been p o s s i b l e to d e r i v e the shape of the c o r r o s i o n 
c u r r e n t : time curves of Stages I and I I shown i n F i g ­
ure 3 (9) . 

Hydrogen Embrittlement. At the crack t i p i n many 
a l l o y s l o c a l a c i d i t y and low p o t e n t i a l s ensure t h a t 
hydrogen i o n discharg
T i , Zr a l l o y s and f o
p l a i n carbon s t e e l s and a l s o f o r Mg a l l o y s i n which 
the crack t i p s o l u t i o n i s a l k a l i n e . The q u e s t i o n i s 
whether any of these a l l o y s crack as a r e s u l t of H 
a d s o r p t i o n which occurs a f t e r n e u t r a l i z a t o n has 
occurred 

H + + e = Hads ( 5 ) 

and before d e s o r p t i o n has occurred by e i t h e r 

Hads + H + + e = H 2 ( 6 ) 

or 

Hads + Hads - H 2 ( 7 ) 

i n a c i d i c s o l u t i o n s and the e q u i v a l e n t r e a c t i o n s appro­
p r i a t e f o r a l k a l i n e s o l u t i o n s i n the case of Mg a l l o y s . 
Some p r o p o r t i o n of Hads w i l l be absorbed by the a l l o y 
i n any s i t u a t i o n . An important r a t i o i s H (absorbed/ 
H (evolved) and t h i s i s l i k e l y to be very s e n s i t i v e to 
c a t h o d i c poisons i n the s o l u t i o n and to c e r t a i n e l e ­
ments w i t h i n the a l l o y . C r acking i n A l and T i a l l o y s 
and i n high s t r e n g t h s t e e l s i s a c c e l e r a t e d by the 
presence of c a t h o d i c poisons. This i s very strong 
evidence t h a t H p l a y s a r o l e i n the c r a c k i n g process. 

A f t e r e n t e r i n g the metal i t may c o l l e c t i n s i d e 
t r a p s and cause decohesion. I t may combine around i n ­
c l u s i o n s and cause l o c a l regions of very h i g h p r e s s u r e , 
r e s u l t i n g i n b l i s t e r i n g and p o s s i b l y even f i s s i o n i n g . 
In T i and Zr a l l o y s i t may form hydrides which i n t e r ­
a c t w i t h the l a t t i c e , promoting cleavage by impeding 
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the movement of d i s l o c a t i o n s . The e f f e c t s of H on the 
mechanical p r o p e r t i e s of metals i s a very complex sub­
j e c t and no attempt has been made other than to i n d i ­
c ate s e v e r a l p o s s i b l e general e f f e c t s . Another area 
of some d i f f i c u l t y i s t h a t the d i f f u s i o n r a t e s of H 
o f t e n appear to be too slow to account f o r the ob­
served crack propagation r a t e s . The r e c o n c i l i n g o f 
these c o n t r a r y o b s e r v a t i o n s c a l l s f o r c o n s i d e r a b l e 
care. 

S t r e s s S o r p t i o n . This mechanism supposes t h a t 
the r e a c t i o n between a species i n the environment and 
the metal atoms a t the crack t i p can cause a r e d i s t r i ­
b u t i o n of e l e c t r o n s i n the o r b i t s of the atoms so t h a t 
the bond between them i s weakened (19). I t i s not 
p o s s i b l e to c i t e experimental dat  tKat would t 
t h i s concept f o r th
absence may merely r e f l e c t the d i f f i c u l t i e s of o b t a i n
i n g such data. 

C o r r o s i o n F i l m F r a c t u r e . At v a r i o u s times i t has 
been suggested t h a t the f r a c t u r e of c o r r o s i o n product 
f i l m s a t the crack t i p w i t h t h e i r subsequent reforma­
t i o n c o n s t i t u t e s the main forward movement of the 
crac k . The evidence f o r such a mechanism i s not t e r ­
r i b l y c l e a r . Thick f i l m formed on s t e e l s and b r a s s e s , 
f o r example, may form by p r e c i p i t a t i o n from s o l u t i o n 
r a t h e r than by d i r e c t c o r r o s i o n of the metal to a 
s o l i d compound. Where t h i s o c c u r s , the i n i t i a l d i s ­
s o l u t i o n t h a t precedes the p r e c i p i t a t i o n would appear 
to f i t i n t o the a c t i v e path category. I f f r a c t u r e of 
the p r e c i p i t a t e d f i l m i s necessary, then i t becomes a 
matter of choice whether t h i s c o n s t i t u t e s a separate 
category or a s p e c i a l case of the a c t i v e path mechanism. 
For m i l d s t e e l and brasses t h i s type of e x p l a n a t i o n i s 
commonly a s s o c i a t e d w i t h i n t e r g r a n u l a r c r a c k i n g . What 
needs t o be e x p l a i n e d i s why p r e f e r e n t i a l c o r r o s i o n of 
the g r a i n boundary oc c u r s . Often t h i s i s a t t r i b u t e d 
to the presence w i t h i n the g r a i n boundary of an u n i ­
d e n t i f i e d element i n s o l i d s o l u t i o n which a l t e r s the 
d i s s o l u t i o n k i n e t i c s . I t i s a requirement t h a t the 
f i l m i s s u f f i c i e n t l y p r o t e c t i v e to reduce the r e a c t i o n 
r a t e to an i n s i g n i f i c a n t value so t h a t i t s f r a c t u r e i s 
necessary f o r the crack propagating r e a c t i o n to be r e ­
i n i t i a t e d . On b r a s s , f o r example, i n ammoniacal 
s o l u t i o n s t h i c k f i l m s form over a wide range of pH but 
i t i s o nly over a narrow range t h a t t h i s type of mech­
anism may apply (2), corresponding to the formation of 
a r e l a t i v e l y p r o t e c t i v e f i l m . 
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D i s t i n g u i s h i n g between the v a r i o u s mechanisms and 
how they apply t o v a r i o u s a l l o y systems i s not an easy 
matter. I t i s d i f f i c u l t t o design experiments t h a t 
g i v e c l e a r unambiguous answers. Rather elementary 
p o i n t s can be made i n order to show some of the d i f f i ­
c u l t i e s . 

Anodic p o l a r i z a t i o n w i l l f r e q u e n t l y shorten t f 
and a l s o r a i s e the crack v e l o c i t y to a maximum a s s o c i ­
ated w i t h the onset of simultaneous p i t propagation. 
These e f f e c t s are not n e c e s s a r i l y evidence t h a t an 
a c t i v e path mechanism i s o p e r a t i v e . I f the p o t e n t i a l 
of the crack t i p i s such t h a t H + i o n discharge can 
occur then the g r e a t e r ease of a c i d i f i c a t i o n a t the 
crack t i p as a r e s u l t of the a p p l i c a t i o n of anodic 
p o l a r i z a t i o n may i n c r e a s e the amount of hydrogen 
a b s o r p t i o n and thereby i n c r e a s e the crack v e l o c i t y i f 
a hydrogen embrittlemen
v e r s e l y , anodic p o l a r i z a t i o  a p p l i e
r e s u l t s i n a lower crack v e l o c i t y i n n e u t r a l s o l u t i o n s 
(20) when the p o t e n t i a l i s r a i s e d i n t o the re g i o n 
wEere the f i l m t h a t forms under open c i r c u i t c o n d i ­
t i o n s i s u n s t a b l e . The same c u r r e n t i s thereby spread 
over a much wider area, g i v i n g r i s e t o a much higher 
crack d e n i s t y . The crack v e l o c i t y i s t h e r e f o r e r e ­
duced. In t h i s system an a c t i v e path mechanism i s 
o p e r a t i v e , y e t crack v e l o c i t y i s reduced by anodic 
p o l a r i z a t i o n . Such c o n t r a r y i n t e r p r e t a t i o n s need not 
be c o n f u s i n g . They serve t o u n d e r l i n e t h a t i t i s 
necessary t o look c l o s e l y a t the consequences of a 
given experimental technique. This can be p a r t i c u ­
l a r l y important f o r workers attempting t o i n t e r p r e t 
r e s u l t s obtained w i t h one technique on two q u i t e 
d i f f e r e n t a l l o y s . 

Cathodic p o l a r i z a t i o n w i l l g e n e r a l l y shorten t f 
f o r a l l o y s t h a t are s u s c e p t i b l e t o hydrogen e m b r i t t l e ­
ment. This i s not u n i v e r s a l l y t r u e , however. I f 
c r a c k i n g i s o c c u r r i n g j u s t below Ε £ t (Figure 10), 
then c a t h o d i c p o l a r i z a t i o n w i l l a c c e l e r a t e the r e p a s s i ­
v a t i o n process. This i s not a case of cat h o d i c pro­
t e c t i o n l o w e r i n g the c o r r o s i o n p o t e n t i a l t o the 
e q u i l i b r i u m p o t e n t i a l of the anode r e a c t i o n . For T i 
a l l o y s the a b s o r p t i o n o f hydrogen occurs r e a d i l y on 
unfilmed s u r f a c e s . On f i l m e d s u r f a c e s hydrogen e n t r y 
i s very much reduced because the pa s s i v e f i l m has a 
low hydrogen p e r m e a b i l i t y . A l s o , the pa s s i v e f i l m i s 
not r e a d i l y reduced c a t h o d i c a l l y . Thus, c a t h o d i c 
p o l a r i z a t i o n of T i a l l o y s i n n e u t r a l c h l o r i d e s o l u ­
t i o n s a r r e s t s crack propagation and prevents crack 
i n i t i a t i o n even though the mechanism of c r a c k i n g i s 
t h a t of hydrogen embrittlement. This i s an example i n 
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which the r o l e of the p o t e n t i a l on the r e p a s s i v a t i o n 
process i s more important then i t s r o l e on the mech­
a n i s t i c r e a c t i o n o c c u r r i n g on the unfilmed metal su r ­
f a c e . In very strong a c i d s o l u t i o n s , i n which the 
f i l m i s unstable and r e p a s s i v a t i o n w i l l not t h e r e f o r e 
occur, c a t h o d i c p o l a r i z a t i o n has no e f f e c t on crack 
v e l o c i t y (2J_, 2) . Where an a c t i v e path mechanism i s 
o p e r a t i v e , c a t h o d i c p o l a r i z a t i o n w i l l always lengthen 
t f and lower the crack v e l o c i t y , e v e n t u a l l y causing 
crack a r r e s t . 

Some a l l o y s e x h i b i t r e v e r s i b l e embrittlement, 
e.g., Mg (22), A l (22), T i (24) and Zr (25) a l l o y s . 
For each a l T o y , experiments H â v e been done i n which 
specimens were exposed unstressed, to s o l u t i o n s t h a t 
can cause c r a c k i n g , under a v a r i e t y of c o n d i t i o n s . I f 
broken i n a i r immediately a f t e r removal from the s o l u ­
t i o n , specimens e x h i b i t e  €f
f r a c t u r e s u r f a c e s c h a r a c t e r i s t i
c r a c k i n g . I f lapse of time occurs between removal 
from s o l u t i o n and s t r e s s i n g , specimens e x h i b i t e d 
i n c r e a s e d values o f Zf and decreased amounts of s t r e s s 
c o r r o s i o n - t y p e f r a c t u r e w i t h i n c r e a s i n g l e n g t h of 
lapse of time. This behavior i s c h a r a c t e r i s t i c of hydro­
gen embrittlement f r a c t u r e and has been i n t e r p r e t e d as 
such f o r the four types of a l l o y s d e s c r i b e d . These 
are simple but very c l e a r experiments. 

P r e v e n t a t i v e Measures 
I t i s c l e a r l y important t o know how to a v o i d , or 

at l e a s t minimize the i n c i d e n c e of the occurrence of 
such a widespread type of f a i l u r e . The choices are r e ­
l a t i v e l y few i n number and can be c o n v e n i e n t l y con­
s i d e r e d under the headings of the words t h a t make up 
name of the problem. 

S t r e s s . From F i g u r e s 1 and 2 i t has alr e a d y been 
s t a t e d t h a t s t r e s s c o r r o s i o n c r a c k i n g can be reduced 
or a b o l i s h e d a l t o g e t h e r by reducing the s t r e s s l e v e l , 
depending upon whether the system e x h i b i t s a t h r e s h o l d 
s t r e s s o r Κ v a l u e . In p r a c t i c e t h i s may mean ensuring 
t h a t components are s t r e s s r e l i e f annealed, e.g., 
brass tubes a f t e r drawing, or t h a t welds are given 
post-weld heat treatements, s i n c e i t i s r e s i d u a l 
s t r e s s t h a t i s o f t e n the problem. To minimize f a i l u r e s 
i n s t e e l tube assemblies h a n d l i n g sour o i l w e l l s , f o r 
example, i t i s recommended t h a t a l l welds be kept be­
low a c e r t a i n hardness l e v e l (26). The hardness can 
be measured i n s i t u . Design can help i n reducing 
o p e r a t i n g s t r e s s l e v e l s a l s o . C r i t i c a l f l a w depth has 
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a l s o been mentioned. C o n t r o l l i n g f l a w depth i s e a s i e r 
to d e s c r i b e then to achieve but care should be taken 
to prevent l a r g e flaw depths, p a r t i c u l a r l y where a 
K I s c c l e v e l e x i s t s . There are examples of tanks being 
operated c o n t a i n i n g l i q u i d s t h a t cause s t r e s s c o r r o ­
s i o n c r a c k i n g w i t h r e s i d u a l and o p e r a t i n g s t r e s s e s 
c o n t r o l l e d so t h a t K j s c c i s not exceeded. For high 
s t r e n g t h a l l o y s overtempering or overaging w i l l o f t e n 
give a much more acceptable l i f e time a t the c o s t of a 
lower a l l o y s t r e n g t h . Such c o n s i d e r a t i o n s c a l l f o r a 
balance between the requirements of the p l a n t operator 
and the demands of the p l a n t designer. 

C o r r o s i o n . Reducing c o r r o s i o n by the use of i n -
h i b i t o r s w i l l commonly reduce or even e l i m i n a t e s t r e s s 
c o r r o s i o n c r a c k i n g , p o s s i b l y by moving the c o r r o s i o n 
p o t e n t i a l o u t s i d e th
these are r e f e r r e d t
i f t h i s i s t h e i r s o l e f u n c t i o n , c r a c k i n g w i l l occur 
i f the c o r r o s i o n p o t e n t i a l moves back i n t o the crac k ­
i n g range. The c o n t r a s t i s made w i t h safe i n h i b i t o r s 
which reduce or prevent c r a c k i n g even i f the c o r r o s i o n 
p o t e n t i a l i s i n the c r a c k i n g range. In p r a c t i c e the 
use of i n h i b i t o r s of e i t h e r category may be r e s t r i c t e d 
by (1) s o l u b i l i t y problems, (2) economic aspects and 
(3) p r a c t i c a l i t y l i m i t s . Many f a i l u r e s occur i n steam 
or under condensation c o n d i t i o n s . In both of these 
cases the t r a n s p o r t of i n h i b i t o r s to s i t e s of crack 
i n i t i a t i o n i s not f e a s i b l e . With other systems, how­
ever, q u i t e s m a l l a d d i t i o n s or changes may e l i m i n a t e 
problems, e.g., 1-2% H 20 t o CH3OH/HCI mixtures, u s i n g 
impure Ν20/| r a t h e r than pure N2O4, both f o r T i a l l o y s . 
Cathodic p r o t e c t i o n may a l s o achieve the same e f f e c t 
of a lowered c o r r o s i o n r a t e . As w i t h i n h i b i t o r s i t s 
use i s l i m i t e d and f o r much the same reasons. Mention 
must be made of c u r r e n t s t r e s s c o r r o s i o n c r a c k i n g 
problems i n gas trunk t r a n s m i s s i o n l i n e s i n the U.S.A. 
and elsewhere. A number of f a i l u r e s have occurred i n 
these l i n e s as a r e s u l t of c e r t a i n carbonate/bicarbo­
nate mixtures being generated i n the a l k a l i n e l i q u i d 
adjacent to the pipe by the a p p l i c a t i o n of cat h o d i c 
p r o t e c t i o n (*0 . This i s i n no way an argument a g a i n s t 
the use of such a p r o t e c t i o n method. I t i s merely a 
warning about p o s s i b l e e f f e c t s . These f a i l u r e s a l s o 
u n d e r l i n e some of the d i f f i c u l t technical/economic 
d e c i s i o n s attendant upon such f a i l u r e s . There are two 
q u i t e d i f f e r e n t questions to be s e t t l e d : (1) what can 
be done to reduce the in c i d e n c e of c r a c k i n g i n e x i s t ­
i n g p i p e l i n e s ? and (2) what can be done t o reduce the 
p o s s i b i l i t y o f c r a c k i n g i n p i p e l i n e s t o be i n s t a l l e d 
i n the future? Both t e c h n i c a l l y and economically the 
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questions pose a number of d i f f e r e n t problems. This i s 
i n some ways t y p i c a l of a l l p r e v e n t a t i v e measures. 
There are many f a c t o r s to be considered before s e t t l i n g 
upon an acceptable s o l u t i o n . 

The use of p a i n t i n g s and c o a t i n g s must be men­
t i o n e d . They are u s u a l l y a p p l i e d f o r other reasons — 
to reduce the r a t e of general c o r r o s i o n and the c o s t of 
c a t h o d i c p r o t e c t i o n . To the extent they are s u c c e s s f u l , 
they w i l l f r e q u e n t l y minimize the i n c i d e n c e of s t r e s s 
c o r r o s i o n f a i l u r e s . Coatings always have f a u l t s i n 
them and depending upon c o a t i n g s alone i s u s u a l l y un­
wise. I t i s i n t h e i r use w i t h systems of c a t h o d i c 
p r o t e c t i o n t h a t they are to be judged, together w i t h 
a b i l i t y to withstand s e r v i c e c o n d i t i o n s , e.g., c o n t i n ­
u a l temperature f l u c t u a t i o n s . 

I n c r e a s i n g the c o r r o s i o n r a t e might appear to be 
a r a t h e r d r a s t i c counte
s i o n c r a c k i n g . Sinc
c o r r o s i o n , extending c o r r o s i o n over the whole of the 
surface w i l l u s u a l l y l e s s e n the p r o b a b i l i t y of such 
f a i l u r e s . This approach i s u n l i k e l y ever to be a 
permanent remedy. I t i s employed i n making up mixtures 
c o n t a i n i n g HC1 to c l e a n a u s t e n i t i c s t a i n l e s s s t e e l 
p a r t s i n chemical p l a n t : the c o r r o s i o n r a t e i s main­
t a i n e d > 10 mpy (27). 

C r a c k i n g . P o s s i b l e e f f e c t s of plane s t r e s s / 
plane s t r a i n t r a n s i t i o n s have a l r e a d y been i n d i c a t e d . 
The e f f e c t i v e n e s s of the s t r a i n - r a t e i n promoting 
c r a c k i n g can be important where engi n e e r i n g s t r u c t u r e s 
are s u b j e c t to p e r i o d i c s t r a i n i n g , e.g., p i p e l i n e s . I t 
i s p o s s i b l e t o have i n t e r r u p t e d l o a d i n g s t r e s s c o r r o ­
s i o n c r a c k i n g i n which case the s t r e s s combines to 
produce a s t r a i n t r a n s i e n t t h a t generates a crack 
increment. This i s d i f f e r e n t from c o r r o s i o n f a t i g u e 
and the i n t e r f a c e between the two has been d i s c u s s e d 
(28). I n t e r r u p t e d l o a d i n g s t r e s s c o r r o s i o n c r a c k i n g 
can be of p a r t i c u l a r importance where the system ex­
h i b i t s a t h r e s h o l d under constant l o a d l a b o r a t o r y 
t e s t i n g c o n d i t i o n s . A s m a l l f l u c t u a t i o n i n load 
(±1-2%) can reduce the t h r e s h o l d by 50% (3). Unless 
l a b o r a t o r y t e s t s simulate a c c u r a t e l y s e r v i c e c o n d i ­
t i o n s , c o n f u s i o n and a l a c k of confidence are l i k e l y 
to ensue. 

Since a t e n s i l e component of s t r e s s i s r e q u i r e d , 
s t r e s s c o r r o s i o n c r a c k i n g can be prevented by p u t t i n g 
the s u r f a c e of a component i n t o compression, e.g., by 
short-peening. Where t h i s i s p r a c t i c a b l e , i t i s 
d e s i r a b l e . The treatment needs to be a p p l i e d uniform­
l y . I t w i l l not be e f f e c t i v e i f p i t t i n g occurs on the 
compressed l a y e r . 
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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 i t 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 corrosio
tleties of this interactio
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, i t 
promotes the i n i t i a l 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 i f 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 a b i l i t y to dissipate unwanted heat through 
cooling systems is v i t a l to operation of power genera­
ting stations and mos
lat ions . Open recirculat in
systems are assuming a steadily increasing proportion 
of utility and industr ia l cooling loads, as water short­
ages continue to l imit ava i lab i l i ty of once-through 
cooling water sources. 

Cooling water treatment programs all have similar 
objectives: 1) to maintain heat transfer eff iciency. 
2) To preserve operating efficiency of the overal l 
system. 3) To prolong service life of equipment. 

Protection of cooling system metals involves com­
plex interrelated problems of scale and deposit preven­
t ion, control of microbiological growths and other 
fouling sources, in addition to corrosion mitigation 
by inhibi tors . Corrosion control programs may be ex­
pected to vary considerably between systems, since 
each insta l lat ion 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 jobs 
of heat rejection. They include many different types 
and mechanical designs. In a major refinery or chemical 
process plant, residual heat in process f luids and 
gases may be employed for generation of high pressure 
steam, in heat exchangers of special design called 
waste heat boi lers . A waste heat boiler dissipates un­
wanted process heat while recovering i t s thermal energy 
in the form of useful steam. 

We l ive or work in air conditioned buildings which 
are total ly enclosed and don't have windows that can be 
opened. Such buildings accumulate heat from humans; 
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from s u n l i g h t ? and from l i g h t i n g systems. This heat 
must be disposed o f , so that we can l i v e and work i n 
comfort. A i r c o n d i t i o n i n g systems employ mechanical 
r e f r i g e r a t i o n u n i t s . The heat developed i n compression 
of r e f r i g e r a n t s used to remove b u i l d i n g heat must be 
disposed of by e x t e r n a l means such as c o o l i n g towers, 
evaporative condensers and spray ponds. 

Most c o o l i n g towers are o p e n - r e c i r c u l a t i n g types 
i n which heat r e j e c t i o n mainly i s accomplished by evapo­
r a t i o n of water. There a l s o are c l o s e d c o o l i n g systems 
(of which an automobile r a d i a t o r would be t y p i c a l ) , 
from which heat i s d i s s i p a t e d by the forced flow of 
a i r across r a d i a t i o n s e c t i o n s . In some combination 
systems, heat from c l o s e d c o o l i n g c i r c u i t s i s t r a n s f e r ­
red through heat exchangers i n t o c i r c u l a t i n g water 
which i s cooled by evaporative systems. 

Open R e c i r c u l a t i n g C o o l i n
F i g u r e 1 shows a t y p i c a l induced d r a f t c o o l i n g 

tower of wood c o n s t r u c t i o n . Powerful fans at the top 
draw a i r through l o u v e r s at the tower base, across the 
tower f i l l , and discharge i t through fan s t a c k s . From 
d i s t r i b u t i o n troughs l o c a t e d above the tower f i l l sec­
t i o n , incoming hot water from a b u i l d i n g or p l a n t flows 
downward over the f i l l ( p a cking), p a r t i a l l y evaporates, 
and i s cooled both by e v a p o r a t i o n , convection and con­
d u c t i o n . 

F i g u r e 2 i s a schematic of a n a t u r a l d r a f t , atmo­
s p h e r i c tower. Warm water i s d i s t r i b u t e d at the top, 
and moves down by g r a v i t y across wood f i l l . A i r i s 
drawn i n by chimney e f f e c t . F i g u r e 3 shows a long 
bank of atmospheric towers, f u n c t i o n i n g l i k e the one 
shown i n the schematic. F i g u r e A i l l u s t r a t e s major 
c h a r a c t e r i s t i c s of a c o o l i n g system combining a c l o s e d 
c o o l i n g s e c t i o n with an open (evaporative) c o o l i n g 
tower. This double r e c i r c u l a t i n g system might be used 
to r e j e c t unwanted heat from an i n t e r n a l combustion 
engine or process u n i t . F i g u r e 5 shows another c o n f i g ­
u r a t i o n of a double r e c i r c u l a t i n g system i n which a 
c l o s e d system heat exchanger i n the bottom of the tower 
i s cooled by evaporating water f l o w i n g down over i t . 

Let us consider how c o o l i n g towers work. What 
i s the r e l a t i o n s h i p of evaporation to c o o l i n g tower 
operation? By comparison, i n the process of generating 
steam, a f t e r heating feedwater to i t s b o i l i n g tempera­
tu r e one must add roughly 1,000 B r i t i s h thermal u n i t s 
(Btu) of heat energy f o r every pound of water, to cause 
a change of s t a t e from l i q u i d water to water vapor 
(steam). An evaporative c o o l i n g system a l s o r e q u i r e s 
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Figure 1. Cutaway section of induced draft cooling tower 
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Figure 2. Schematic of a natural draft cooling tower 
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DIE. S C L E N G I N E Ο P C Ν C Y C U E . 

1 
C L O S E D C Y C L E . 

^ H E A T E X C H A N G E R 

COOLING TOWER 

i i i 
W A T E R 

t t t 

R E C I R CWLATION P U M P 

Figure 4. Schematic of a double recirculating cooling system 
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Figure 5. Schematic of a double recirculating cooling system showing heat exchanger 
in bottom of cooling tower 
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e q u i v a l e n t h e a t i n p u t . T o c a u s e o n e p o u n d o f w a t e r 
t o e v a p o r a t e , we m u s t s u p p l y a b o u t 1 , 0 0 0 B t u o f h e a t 
e n e r g y f r o m some s o u r c e . I n a c o o l i n g s y s t e m we t r a n s ­
f e r u n w a n t e d h e a t f r o m a p i e c e o f e q u i p m e n t i n t o c o o l ­
i n g w a t e r , a n d c a u s e p a r t o f t h a t w a t e r t o e v a p o r a t e . 
I n t h e p r o c e s s we w i l l r e j e c t a b o u t 1 , 0 0 0 B t u f o r e v e r y 
p o u n d o f w a t e r c a u s e d t o e v a p o r a t e . P r a c t i c a l l y s p e a k ­
i n g , w h e n h o t w a t e r i s p a s s e d t h r o u g h a c o o l i n g t o w e r , 
a b o u t o n e p e r c e n t o f t h e w a t e r b e i n g c i r c u l a t e d m u s t 
e v a p o r a t e f o r e a c h 10 d e g r e e s F . t e m p e r a t u r e d r o p a c c o m ­
p l i s h e d i n t h e t o w e r . I n a c o o l i n g t o w e r c i r c u l a t i n g 
2 0 , 0 0 0 g a l l o n s p e r m i n u t e a n d o p e r a t i n g w i t h 1 0 0 d e g r e e s 
F . w a t e r c o m i n g i n a t t h e t o p , a n d 80 d e g r e e s F . w a t e r 
d i s c h a r g e d a t t h e b o t t o m , ( a 20 d e g r e e t e m p e r a t u r e 
d r o p ) we w i l l h a v e e v a p o r a t e d 2% o f t h e w a t e r c i r c u l a ­
t i n g , a t e v e r y p a s s t h r o u g h t h e t o w e r . 

W h a t s h o u l d h a p p e
a l k a l i n i t y a n d o t h e
c o o l i n g s y s t e m a n d c a u s e d t o e v a p o r a t e a n d c o n c e n t r a t e ? 
O n c e t h e l i m i t o f s o l u b i l i t y o f t h e d i s s o l v e d m i n e r a l s 
o r s a l t s i n t h a t w a t e r i s r e a c h e d , t h e y w o u l d b e g i n 
t o c o m e o u t o f s o l u t i o n a n d c r y s t a l l i z e i n s o l i d f o r m . 
T o t h e e x t e n t t h a t d i s s o l v e d s a l t s i n c l u d e c a l c i u m 
a n d m a g n e s i u m w h i c h c o u l d c o m b i n e w i t h s i l i c a , s u l p h a t e 
a n d c a r b o n a t e , t h e e n d r e s u l t m i g h t b e i n s o l u b l e s c a l e 
d e p o s i t s o n h e a t t r a n s f e r s u r f a c e s . We d o n ' t l i k e 
s u c h d e p o s i t s i n b o i l e r s . T h e y a r e e q u a l l y d e s t r u c ­
t i v e i n c o o l i n g s y s t e m h e a t e x c h a n g e r s , w h e r e a b i l i t y 
t o r e j e c t h e a t i s e s s e n t i a l t o c o n t i n u a t i o n o f p r o c e s s 
o p e r a t i o n s , r e f r i g e r a t i o n a n d a i r c o n d i t i o n i n g s y s t e m s . 
S o b y t h e e v a p o r a t i o n o f c o o l i n g w a t e r , we a c c o m p l i s h 
t h e b u l k o f t h e i n d u s t r i a l c o o l i n g j o b . S u c h s y s t e m s 
a l s o d i s s i p a t e some h e a t b y r a d i a t i o n a n d c o n v e c t i o n . 
B u t t h e m a j o r r e d u c t i o n o f h e a t i s a c c o m p l i s h e d b y 
e v a p o r a t i o n . A s we e v a p o r a t e a n d c o n c e n t r a t e c o o l i n g 
w a t e r , d i s s o l v e d m i n e r a l s s o o n w o u l d r e a c h l e v e l s a t 
w h i c h s c a l e d e p o s i t s w o u l d f o r m , i n t h e a b s e n c e o f 
c o r r e c t i v e m e a s u r e s . C a l c i u m c a r b o n a t e s c a l e c o n t r o l 
i s a m a j o r c o n c e r n . 

O n e way t o p r e v e n t C a C O ^ s c a l e i n c o o l i n g s y s t e m 
e x c h a n g e r s i s t o c o n v e r t c a r b o n a t e a n d b i c a r b o n a t e 
i o n s t o some o t h e r f o r m h a v i n g g r e a t e r s o l u b i l i t y i n 
h e a t e d w a t e r . C a C O - . h a s a v e r y l o w s o l u b i l i t y i n 
w a t e r ; n o t m o r e t h a n 20 t o 30 m g / l i t e r . L i k e m o s t 
o t h e r m a t e r i a l s t h a t f o r m s c a l e i n s i t u o n h e a t e d s u r ­
f a c e s , i t h a s a n e g a t i v e s o l u b i l i t y c u r v e , ( s o l u b i l i t y 
g o e s d o w n a s t e m p e r a t u r e g o e s u p ) . O t h e r s a l t s l i k e 
s o d i u m c h l o r i d e , s o d i u m c a r b o n a t e , s o d i u m s u l f a t e g e t 
m o r e s o l u b l e a s t e m p e r a t u r e r i s e s . 

A m o n g t h e e a r l y e f f o r t s m a d e t o p r e v e n t C a C O ^ 
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s c a l i n g and c o r r o s i o n of c o o l i n g s u rfaces and heat 
t r a n s f e r u n i t s was a p p l i c a t i o n of chemical e q u i l i b r i u m 
p r i n c i p l e s (the Calcium Carbonate S a t u r a t i o n Index) 
developed by W. F. L a n g e l i e r . (1, 2) L a n g e l i e r showed 
that each n a t u r a l water supply would be completely 
s t a b l e with respect to CaCO^ at a c e r t a i n pH, which he 
i d e n t i f i e d as pH . The water would be e x a c t l y s a t u r a t e d 
w i t h c a l c i u m carbonate, n e i t h e r unsaturated nor super­
s a t u r a t e d . The pH of a given water could be c a l c u l a t e d 
from simple data, Including calcium content, t o t a l 
a l k a l i n i t y , temperature and t o t a l d i s s o l v e d s o l i d s . 
Simple c h a r t s and nomographs were developed to s i m p l i f y 
d e t e r m i n a t i o n of pH . L a n g e l i e r a l s o proposed the 
S a t u r a t i o n Index, to show whether a water supply would 
be s t a b l e or unstable (with respect to CaCO^ s o l u b i l i t y ) 
at any given temperature and pH

Having determine
graphs or c a l c u l a t i o n s
a c t u a l pH of the water. S u b t r a c t pH from the a c t u a l 
pH; i f the r e s u l t i s a p o s i t i v e number t h i s i n d i c a t e s 
a s c a l i n g water, with more ca l c i u m carbonate i n s o l u t i o n 
than can be h e l d . The higher the p o s i t i v e s a t u r a t i o n 
index r i s e s , the greater w i l l be the s c a l i n g tendency. 
What i f the S a t u r a t i o n Index, (pH - p H g ) , i s a negative 
number? This i n d i c a t e s a water that i s undersaturated 
with c a l c i u m carbonate, and hungry to d i s s o l v e more. 
I f there, i s no c a l c i u m carbonate handy to be d i s s o l v e d , 
the water w i l l a t t a c k the metals of the system. In 
other words, a negative pH i n d i c a t e s a c o r r o s i v e water. 
The more negative the S a t u r a t i o n Index, the more c o r r o ­
s i v e the water w i l l be. 

John Ryznar of NALCO developed a u s e f u l m o d i f i c a ­
t i o n c a l l e d the S t a b i l i t y Index, based on e m p i r i c a l 
data from f i e l d l o c a t i o n s . The S a t u r a t i o n pH i s d e t e r ­
mined e x a c t l y the same way, but the Index i s obtained 
d i f f e r e n t l y . The S t a b i l i t y Index i s c a l c u l a t e d from 
(2 pH g - pH). I t always w i l l be a p o s i t i v e whole num­
ber. S t a b i l i t y Index numbers around 7 show the water 
i s q u i t e s t a b l e , n e i t h e r c o r r o s i v e nor s c a l i n g . As 
the S t a b i l i t y Index drops below 6, water becomes pro­
g r e s s i v e l y more s c a l i n g . On the other hand, as the 
S t a b i l i t y Index r i s e s above 7, water becomes progres­
s i v e l y more c o r r o s i v e . A c o o l i n g water with a S t a b i l i t y 
Index of 10 might produce severe to i n t o l e r a b l e c o r r o ­
s i o n c o n d i t i o n s . 

Some pioneers i n c o o l i n g system water treatment 
attempted to c o n t r o l c o r r o s i o n by S a t u r a t i o n Index ad­
justments alone, without a d d i t i o n of chemical i n h i b i t ­
o r s . U n f o r t u n a t e l y , most c o o l i n g systems i n c l u d e heat 
exchangers with wide temperature v a r i a t i o n s . A c o o l i n g 
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w a t e r c o m p l e t e l y s t a b l e a n d n o n - c o r r o s i v e a t 70 d e g r e e s 
F . m i g h t b e c o m e e i t h e r s c a l i n g o r c o r r o s i v e , w h e n p a s s ­
e d t h r o u g h a n e x c h a n g e r w h e r e t e m p e r a t u r e w a s r a i s e d t o 
1 3 0 d e g r e e s F . T h e r e f o r e , c o r r o s i o n c o n t r o l b y S a t u r a ­
t i o n I n d e x a d j u s t m e n t a l o n e r a r e l y o f f e r e d a p r a c t i c a l 
s o l u t i o n . 

T h e n e x t a p p r o a c h t o s c a l e c o n t r o l w a s r e d u c t i o n 
o f p o t e n t i a l c a l c i u m c a r b o n a t e b y a c i d i f i c a t i o n o f 
m a k e u p w a t e r . S u l f u r i c a c i d i s a d d e d t o r e d u c e a l k a ­
l i n i t y a n d c o n v e r t m o s t o f t h e c a l c i u m b i c a r b o n a t e 
t o c a l c i u m s u l f a t e . C a l c i u m s u l f a t e i s s o l u b l e u p 
t o a b o u t 1 , 7 0 0 p a r t s p e r m i l l i o n i n c o o l i n g w a t e r s a t 
o r d i n a r y t e m p e r a t u r e s , w h e r e a s c a l c i u m c a r b o n a t e s o l u ­
b i l i t y i s l e s s t h a n 30 p p m . S o b y s l i g h t l y a c i d i f y i n g 
m a k e u p w a t e r we g r e a t l y r e d u c e t e n d e n c y f o r c a l c i u m 
c a r b o n a t e d e p o s i t i o n . T h e c a l c i u m s u l f a t e l e v e l i n 
c o n c e n t r a t e d c o o l i n g
a d j u s t m e n t — m a n u a l l y

O b v i o u s l y w h e n we d e l i b e r a t e l y a d d s u l f u r i c a c i d 
t o c o o l i n g w a t e r , we r e d u c e a l k a l i n i t y a n d a l s o d e p r e s s 
p H . T h i s i n c r e a s e s c o r r o s i v i t y o f t h e c i r c u l a t i n g 
w a t e r , w h i c h i s s a t u r a t e d w i t h d i s s o l v e d o x y g e n , c o n ­
t a c t s m a n y d i s s i m i l a r m e t a l s , a n d i s e l e v a t e d i n t e m p e r ­
a t u r e . I n t h e p r o c e s s o f a c i d i f i c a t i o n t o p r e v e n t 
s c a l e d e p o s i t i o n s o h e a t t r a n s f e r e q u i p m e n t w i l l f u n c ­
t i o n e f f i c i e n t l y , we k n o w i n g l y b u i l d i n a d d e d c o r r o s i o n 
f a c t o r s a n d i n c r e a s e c o r r o s i o n c o n t r o l d i f f i c u l t y . Now 
we n e e d t o f i n d c o r r o s i o n i n h i b i t o r c o m b i n a t i o n s w h i c h 
w i l l b e p r a c t i c a l f o r u s e i n i n d u s t r i a l s y s t e m s ; c a n 
b e t o l e r a t e d f r o m t h e v i e w p o i n t s o f t o x i c i t y a n d p o l l u ­
t i o n c o n t r o l s a n d w i l l e f f e c t i v e l y p r o t e c t t h e s e m u l t i -
m e t a l c i r c u i t s d u r i n g t h e i r n o r m a l s e r v i c e l i f e o f 20 t o 
30 y e a r s . 

O n e e a r l y a p p r o a c h f o r c o o l i n g w a t e r c o r r o s i o n i n ­
h i b i t i o n w a s t h e u s e o f i n o r g a n i c p o l y p h o s p h a t e s . T h e s e 
c o m p l e x m o l e c u l a r l y d e h y d r a t e d p h o s p h a t e s c a m e i n t o 
w i d e s p r e a d i n d u s t r i a l u s e b e g i n n i n g i n t h e 1 9 3 0 ' s . 
T h e r e i s some d i s a g r e e m e n t a b o u t how p o l y p h o s p h a t e s 
f u n c t i o n a s c o r r o s i o n i n h i b i t o r s . G e n e r a l l y a c c e p t e d 
t h e o r y i s t h a t , i n a n a e r a t e d s y s t e m , t h e y c a u s e f o r m a ­
t i o n o f a p r o t e c t i v e s u r f a c e f i l m w h i c h c o n t a i n s b o t h 
i r o n o x i d e a n d p h o s p h o r u s , p e r h a p s a n i r o n p h o s p h a t e . 
P o l y p h o s p h a t e s w i l l n o t w o r k i n a s y s t e m t h a t i s d e v o i d 
o f o x y g e n , n o r i n a s t a g n a n t s y s t e m . P o l y p h o s p h a t e c o r ­
r o s i o n i n h i b i t i o n r e q u i r e d f l o w , t o r e p l a c e t h e i r o n -
p h o s p h a t e f i l m a s f a s t a s i t i s r e m o v e d o r d e p l e t e d . 
P o l y p h o s p h a t e s a r e u n s t a b l e a n d s u b j e c t t o p r o b l e m s i n 
h i g h t e m p e r a t u r e c i r c u i t s , o r w h e r e p H f l u c t u a t i o n 
o c c u r s . E c o l o g i c a l c o n s i d e r a t i o n s a l s o a r e i n v o l v e d , 
b e c a u s e o f p o s s i b l e p o l l u t i o n c o n t r i b u t i o n s o f r e s i d u a l 
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p h o s p h a t e s i n c o o l i n g t o w e r d i s c h a r g e s t o s u r f a c e 
w a t e r s — l a k e s , s t r e a m s , e t c . 

I n t h e e a r l y 1 9 5 0 ' s , c o m b i n a t i o n s o f a l k a l i c h r o -
m a t e ( a n a n o d i c i n h i b i t o r ) a n d p o l y p h o s p h a t e ( g e n e r a l l y 
a c c e p t e d a s c a t h o d i c ) c a m e i n t o p r o m i n e n c e f o r c o o l i n g 
s y s t e m c o r r o s i o n i n h i b i t i o n . T h e c o m b i n a t i o n o f c h r o -
m a t e w i t h p h o s p h a t e s p r o v e d h i g h l y e f f i c i e n t i n c o m p a r i ­
s o n w i t h s t r a i g h t p h o s p h a t e o r s t r a i g h t c h r o m a t e , a n d 
c o u l d b e u s e d a t s u b s t a n t i a l l y l o w e r c o n c e n t r a t i o n s . 
F o r e x a m p l e , a c o o l i n g s y s t e m t h a t h a d b e e n t r e a t e d 
w i t h 4 0 0 ppm a l k a l i c h r o m a t e , w i t h c o o l i n g w a t e r p H 
a d j u s t e d t o t h e n e u t r a l r a n g e o f p H 7 t o 8 , c o u l d b e 
e q u a l l y w e l l p r o t e c t e d b y a c o m b i n a t i o n o f c h r o m a t e a n d 
p o l y p h o s p h a t e , w i t h c h r o m a t e c o n c e n t r a t i o n o f 30 t o 40 
p p m , a n d p h o s p h a t e a t 10 t o 20 p p m . 

I n t h e l a t e 1 9 5 0 ' s , c h r o m a t e - p h o s p h a t e s y s t e m s 
i n c o r p o r a t i n g z i n c a
i n t r o d u c e d , f o l l o w e
o u t p h o s p h a t e . U s i n g c h r o m a t e - z i n c , o r p o l y p h o s p h a t e -
c h r o m a t e - z i n c i n h i b i t o r s i t w a s p o s s i b l e t o c u t w o r k i n g 
c o n c e n t r a t i o n s s t i l l f u r t h e r . I t w a s n e c e s s a r y t o 
c o n t r o l p H t o m a k e t h i s i n h i b i t o r s y s t e m f u n c t i o n e f ­
f e c t i v e l y . A t i n c r e a s e d p H ( a b o v e p H 7 . 5 ) t e n d e n c y f o r 
z i n c l o s s b y p r e c i p i t a t i o n i n c r e a s e s . F u r t h e r m o r e , p H 
r i s e may c a u s e h e a t e x c h a n g e r s t o b e c o m e f o u l e d b y z i n c 
h y d r o x i d e s l i m e s o r z i n c p h o s p h a t e . 

We h a v e m e n t i o n e d r e l a t i o n s h i p o f s c a l i n g a n d d e p o ­
s i t i o n t o c o r r o s i o n c o n t r o l . W h e n c o n s i d e r i n g d e p o s i ­
t i o n c a u s e s , w e ' r e c o n c e r n e d n o t o n l y w i t h c a l c i u m c a r ­
b o n a t e a n d c a l c i u m p h o s p h a t e , b u t a l s o w i t h d u s t a n d 
o t h e r i m p u r i t i e s . T h e c o o l i n g t o w e r a c t s a s a n e f f i c i e n t 
s c r u b b e r f o r s u c h s o l i d s , a n d f o r c o m b u s t i o n g a s e s 
s u c h a s s u l p h u r d i o x i d e w h i c h a r e p o t e n t r e d u c i n g a g e n t s 
f o r c h r o m â t e s . We m u s t a l s o c o n s i d e r m i c r o b i o l o g i c a l 
g r o w t h s w h i c h f o r m s l i m y d e p o s i t s a n d i n t e r f e r e w i t h 
h e a t t r a n s f e r . I n s h o r t , we m u s t b e c o n c e r n e d a b o u t 
a l l c a u s e s o f f o u l i n g i n c l u d i n g d e p o s i t i o n o f i n h i b i t o r 
r e a c t i o n p r o d u c t s , p r o c e s s l e a k a g e s a n d c o r r o s i o n p r o ­
d u c t s . A l l o f t h e p r e c e d i n g i m p u r i t i e s m u s t b e d e a l t 
w i t h e f f e c t i v e l y s o t h a t c o o l i n g w a t e r c o r r o s i o n i n h i b i ­
t o r s c a n f u n c t i o n . U n l e s s t h e m e t a l s u r f a c e s i n t h e 
s y s t e m a r e k e p t c l e a n a n d a c c e s s i b l e t o t h e i n h i b i t o r , 
t h e n t h e c o r r o s i o n i n h i b i t o r c a n n o t b e e x p e c t e d t o 
f u n c t i o n . I f we p e r m i t g r o w t h o f m i c r o b i o l o g i c a l l a y e r s 
o n a s u r f a c e , b o t h h e a t t r a n s f e r a n d c o r r o s i o n i n h i b i ­
t i o n w i l l s u f f e r . 

T h e n e e d t o k e e p m e t a l s u r f a c e s c l e a n l e d t o t h e 
d e v e l o p m e n t o f a d d i t i v e s c a l l e d a n t i f o u l a n t s a n d d i s ­
p e r s a n t s . M a n y n a t u r a l o r g a n i c s s u c h a s t a n n i n s a n d 
l i g n i n d e r i v a t i v e s h a v e b e e n u s e d a s d i s p e r s a n t s . A s a n 
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outgrowth of work o r i g i n a t e d i n the b o i l e r water chemis­
t r y f i e l d , i t became apparent t h a t s y n t h e t i c compounds 
based on a c r y l i c or m e t h a c r y l i c a c i d a l s o were u s e f u l 
as a n t i f o u l a n t s i n c o o l i n g c i r c u i t s . (3, 4, 5, 6) They 
a i d i n d i s p e r s i o n of s i l t , c o r r o s i o n products, residues 
from b a c t e r i a l growth and other f o u l a n t s . Other synthe­
t i c d i s p e r s a n t - a n t i f o u l a n t s i n c l u d e phosphated p o l y a l c o -
h o l s . A v a r i e t y of c h e l a n t / s e q u e s t r a n t s a l s o have been 
used, p a r t i c u l a r l y phosphonic a c i d d e r i v a t i v e s having 
s t r u c t u r e s analogous to the nitrogen-based c h e l a n t s EDTA 
and NTA. In p r a c t i c e the l a t e r c h e l a n t s are r a r e l y used 
because of t h e i r tendency to complex and remove p r o t e c ­
t i v e oxide l a y e r s from heat exchanger s u r f a c e s , p a r t i c u ­
l a r l y at lower pH l e v e l s commonly maintained i n c o o l i n g 
water. 

E a r l i e r the standard i n d u s t r i a l approach to preven­
t i o n of c a l c i u m carbonat
f u r i c a c i d was d e s c r i b e d
bicarbonate a l k a l i n i t y , convert c a l c i u m carbonate to 
c a l c i u m s u l f a t e , and r e g u l a t e s u l f a t e c o n c e n t r a t i o n by 
b l e e d o f f . C o r r o s i o n i n h i b i t o r s were added to p r o t e c t 
system metals. A new approach to i n d u s t r i a l c o o l i n g 
system treatment does not r e q u i r e a d d i t i o n of s u l f u r i c 
a c i d . I t i n v o l v e s a p p l i c a t i o n of phosphonate séques­
t r a n t s , d i s p e r s a n t s and s p e c i a l c o r r o s i o n i n h i b i t o r s , 
and provides d e p o s i t c o n t r o l equal to that o b t a i n a b l e 
when using s u l f u r i c a c i d . A v a i l a b i l i t y of phosphonate 
séquestrants makes p o s s i b l e combination s c a l e c o n t r o l 
and c o r r o s i o n i n h i b i t o r s that can be used without the 
n e c e s s i t y of reducing c o o l i n g water a l k a l i n i t y by a c i d 
feed. 

A l k a l i n i t y and c a l c i u m hardness of c i r c u l a t i n g 
water b u i l d up to a l e v e l determined by a l l o w a b l e opera­
t i n g c o n c e n t r a t i o n s . System pH u s u a l l y plateaus i n the 
s t a b i l i z a t i o n range of pH8 to 9. So long as the Lange­
l i e r S a t u r a t i o n Index of concentrated c o o l i n g water 
can be kept below +2.0 by b l e e d o f f , supplemental a c i d 
feed i s not r e q u i r e d f o r s c a l e c o n t r o l . 

For many l o c a t i o n s , the phosphonate/dispersant 
combination provides e f f e c t i v e s c a l e c o n t r o l without 
n e c e s s i t y of a c i d i f i c a t i o n . How does t h i s type of 
treatment f u n c t i o n as a c o r r o s i o n i n h i b i t o r ? One pos­
s i b l e e x p l a n a t i o n i s t h a t i f a surface i s c l e a n , f r e e 
from d e p o s i t s of any type that can set up l o c a l concen­
t r a t i o n c e l l s , then any c o r r o s i o n o c c u r r i n g w i l l be 
u n i f o r m l y d i s t r i b u t e d and reduced i n s e v e r i t y . T h i s 
permits normal s e r v i c e l i f e of system equipment. This 
approach to c o r r o s i o n c o n t r o l i s c a l l e d the "clean 
system concept." Copper i n h i b i t o r s ( t h i a z o l e s and 
t r i a z o l e s ) f u n c t i o n w e l l i n these combinations. Addi -
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t i o n a l c o r r o s i o n suppression i s provided by increased 
a l k a l i n i t y and pH i n n o n - a c i d i f i e d systems, p l u s i n h i b i ­
t o r p r o p e r t i e s of the phosphonate séquestrants. I t has 
a l s o been discovered t h a t other i n h i b i t o r s such as 
chromate can be used i n combination with s p e c i a l l y 
s e l e c t e d séquestrants to o b t a i n improved c o r r o s i o n 
i n h i b i t i o n . 

T h i s p r e s e n t a t i o n w i l l not attempt d e t a i l e d d i s c u s ­
s i o n of m i c r o b i c i d e s , which are e s s e n t i a l to maintenance 
of c l e a n metal surfaces needed f o r e f f e c t i v e c o r r o s i o n 
i n h i b i t i o n . A l l of the p r e v i o u s l y discussed needs a l s o 
must be met, i n c l u d i n g d e p o s i t c o n t r o l , a n t i f o u l a n t s to 
prevent l o c a l i z e d accumulations of suspended, i n s o l u b l e 
contaminants, and a d d i t i o n of c o r r o s i o n i n h i b i t o r s . The 
c o n t r i b u t i o n s of m i c r o b i i c i d e s and a s s o c i a t e d a n t i f o u l a n t s 
to c o r r o s i o n p r e v e n t i o n i n c o o l i n g systems cannot be 
minimized. We are concerne
b i o l o g i c a l growths (alga
l y and i n t e r f e r e with uniform water d i s t r i b u t i o n through 
the tower, but a l s o with slime formers that d e p o s i t i n ­
s i d e heat exchanger tubes, and which reduce e f f i c i e n c y 
of heat t r a n s f e r j u s t as would s c a l e d e p o s i t s . B i o c i d e s 
a l s o p l a y a key r o l e i n p r o t e c t i o n of wood s t r u c t u r a l 
members and wood f i l l s e c t i o n s a g a i n s t d e s t r u c t i o n by 
r o t or fungal microorganisms. 

The way i n which aq u a t i c growths and microorganisms 
can i n t e r f e r e w i t h uniform c i r c u l a t i o n , or screen o f f 
p a r t of heat exchange sur f a c e s from uniform contact with 
c o o l i n g water and c o r r o s i o n i n h i b i t o r s can be v i s u a l i z e d 
from F i g u r e 6. Thi s shows a s i z e a b l e accumulation of 
aquatic weeds on the i n l e t to a l a r g e heat exchanger. 
Some tubes are t o t a l l y blocked. A c t i v e c o r r o s i o n may be 
expected beneath d e p o s i t s where metal su r f a c e s are 
screened from f r e e c o n t a c t with i n h i b i t e d c o o l i n g water. 

Closed R e c i r c u l a t i n g C o o l i n g Systems 
In open r e c i r c u l a t i n g systems evaporation i s the 

major f a c t o r i n heat d i s p o s a l . In these evaporative 
systems c i r c u l a t i n g water i s c o n t i n u o u s l y scrubbed w i t h 
a i r , t h e r e f o r e s a t u r a t e d w i t h d i s s o l v e d oxygen. In 
c o n t r a s t , water i n c l o s e d r e c i r c u l a t i n g c o o l i n g systems 
u s u a l l y w i l l c o n t a i n minimum d i s s o l v e d oxygen, even 
though the systems may i n c l u d e vented expansion tanks. 

Closed c o o l i n g svstems operate at a p p r e c i a b l e pres­
sure, o f t e n 30 pounds per square inch or higher. They 
are e s s e n t i a l f o r temperature c o n t r o l of i n t e r n a l com­
b u s t i o n engines used i n automobiles, t r a c t o r s , t r u c k s , 
buses and r a i l w a y locomotives. D i e s e l engines a l s o 
provide motive power f o r r i v e r and lake v e s s e l s 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 d r i v e e l e c t r i c generators i n power p l a n t s , both 
for f u l l time and emergency stand-by use. 

In t y p i c a l r a i l w a y d i e s e l engines, c o o l i n g water 
i s pumped through water j a c k e t s or cored l i n e r s i n 
which the p i s t o n s work. I t then passes through the 
c y l i n d e r heads which must d i s s i p a t e tremendous heat 
created by combustion of d i e s e l f u e l under pressure; 
f i n a l l y i t r e t u r n s to an expansion tank v i a fan-cooled 
r a d i a t o r s e c t i o n s . A p a r a l l e l c o o l i n g flow passes 
through l u b r i c a t i n g o i l heat exchangers to remove a d d i ­
t i o n a l heat. 

In the design of r a i l w a y D i e s e l engines the b u i l ­
ders a p p a r e n t l y , d i d not recognize that there could be 
c o r r o s i o n problems w i t h i n the c o o l i n g c i r c u i t s . T h i s 
may e x p l a i n why some c o o l i n g systems in c l u d e d as many 
as twelve d i s s i m i l a r metals, a l l e l e c t r i c a l l y coupled 
together. Metals use
b r a s s , A d m i r a l t y , phospho
c a s t and wrought aluminum, t i n - p l a t e d A d m i r a l t y , s o l d e r 
and o t h e r s — i n a v a r i e t y of dangerous couples. 

The r a i l r o a d s were t o l d by locomotive b u i l d e r s t h a t 
when they bought D i e s e l s to rep l a c e steam locomotives, 
they could f o r g e t about water problems, u n f o r t u n a t e l y 
the designers were not c o r r o s i o n engineers, and d i d n ' t 
design c o o l i n g systems to withstand continuous c o n t a c t 
with high temperature c o o l i n g water. There was an 
added need f o r b o i l e r feedwater, s i n c e Diesel-powered 
t r a i n s s t i l l r e q u i r e d steam f o r heating c a r s , f o r l a v a ­
t o r i e s and f o r d i n i n g c a r s . This r e q u i r e d compact steam 
generators of unique d e s i g n , s m a l l enough to be i n s t a l ­
l e d aboard D i e s e l locomotives, yet capable of generating 
3 , 0 0 0 - 5 , 0 0 0 l b s . steam/hour. These b o i l e r s r e q u i r e d 
m i n e r a l - f r e e feedwater supplemented by c o r r o s i o n i n h i ­
b i t o r s . C o o l i n g systems a l s o needed h i g h - q u a l i t y makeup 
water, p l u s s p e c i a l c o r r o s i o n i n h i b i t o r s to p r o t e c t the 
m u l t i m e t a l c i r c u i t s . 

At some l o c a t i o n s where D i e s e l engines were used to 
d r i v e e l e c t r i c g e nerators, attempts were made to recover 
p a r t of the heat i n r e c i r c u l a t i n g c o o l i n g water. Engine 
c o o l a n t c i r c u l a t i n g at 30 pounds pressure and tempera­
ture s of 2 4 0 to 2 5 0 degrees F. was allowed to pass 
through an o r i f i c e i n t o an expansion chamber. P a r t of 
the water would f l a s h i n t o low pressure steam, which 
could be used f o r b u i l d i n g h e a t i n g . T h e o r e t i c a l l y , a l l 
the steam condensed i n space heaters and r a d i a t o r s 
would be recovered as condensate and returned to the 
engine c o o l i n g system. U n f o r t u n a t e l y , heating systems 
are never completely t i g h t , so l o s s e s of steam and con­
densate occurred. This created a need f o r continuous 
makeup to the c o o l i n g system—which i n e f f e c t had become 
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a s t e a m g e n e r a t o r . S i n c e i t w a s o p e r a t i n g a s a s t e a m 
g e n e r a t o r , t h e c o o l i n g s y s t e m now r e q u i r e d b l o w d o w n 
( t o c o n t r o l b u i l d - u p o f d i s s o l v e d s o l i d s ) , p l u s v o l a t i l e 
c o r r o s i o n i n h i b i t o r s c a p a b l e o f p r o t e c t i n g s t e a m - c o n d e n ­
s i n g a n d c o n d e n s a t e r e t u r n c i r c u i t s — p l u s t h e i n h i b i t o r s 
a l r e a d y n e e d e d f o r c o o l i n g s y s t e m c o r r o s i o n c o n t r o l . 

M o s t i n t e r n a l c o m b u s i o n e n g i n e s i n c l u d e f a n - c o o l e d 
r a d i a t o r s i n t h e i r c o o l i n g c i r c u i t s . F i g u r e 7 i s p a r t 
o f a t y p i c a l r a d i a t o r s e c t i o n . T h e c o m p l e t e r a d i a t o r 
s e c t i o n h a d 2 1 2 r e c t a n g u l a r t u b e s a b o u t o n e i n c h b y 
1 / 8 i n c h i n s i d e d i a m e t e r , w i t h t u b e m e t a l t h i c k n e s s 
a b o u t 0 . 0 0 5 i n c h . T h e t u b e m e t a l g e n e r a l l y w a s A d m i r a l ­
t y b r a s s , a 7 0 / 3 0 b r a s s w i t h 1% t i n . T h e h e a d e r a l s o i s 
A d m i r a l t y , c o v e r e d w i t h a 1 / 8 i n c h l a y e r 6 0 / 4 0 l e a d - t i n 
s o l d e r . T h e t u b e s f i r s t a r e l o c k e d i n p l a c e w i t h 9 0 / 1 0 
s o l d e r b e f o r e a p p l y i n g t h e s e a l i n g l a y e r o f 6 0 / 4 0 s o l d ­
e r . T h e r a d i a t o r t u b e
t i n p l a t e d . T h i s c o m b i n a t i o
r o s i o n c o u p l e o f A d m i r a l t y b r a s s w i t h t i n p l a t i n g i n 
c o m b i n a t i o n w i t h t w o s o l d e r s a n d s u b j e c t t o i n t e n s e 
s t r e s s e s i n t h e h e a d e r a r e a s . 

Some d i e s e l l o c o m o t i v e s m u s t w o r k u n d e r e x t r e m e 
c o l d w e a t h e r c o n d i t i o n s w i t h a l t e r n a t e p e r i o d s o f i d l i n g 
a n d m a x i m u m l o a d i n g . T h i s c a n c r e a t e e x t r e n i e r a d i a t o r 
s t r e s s e s w h i c h c o n t r i b u t e t o c o r r o s i o n . One s u c h l o c a ­
t i o n i s d e e p p i t o p e n c u t i r o n m i n e s o f N o r t h e r n M i n n e ­
s o t a . W h e n e n g i n e s w e r e i d l i n g , r a d i a t o r s e c t i o n s w e r e 
b y p a s s e d a n d w o u l d r e a c h a m b i e n t t e m p e r a t u r e , a s l o w a s 
- 4 0 d e g r e e s F . U n d e r h e a v y l o a d , r a d i a t o r s w o u l d b e 
h i t b y s u d d e n f l o w s o f c o o l i n g w a t e r a t t e m p e r a t u r e s 
o f 2 2 0 - 2 4 0 d e g r e e s F . T h e r e s u l t i n g s t r e s s l o a d s c r e ­
a t e d c o r r o s i o n f a i l u r e s o f t h e t i n - c o a t e d t u b e - s o l d e r 
j o i n t a t t h e h e a d e r . W a t e r l e a k s a n d r a d i a t o r f a i l u r e s 
r e s u l t e d . F i g u r e 8 i s a c l o s e u p o f o n e t u b e e n d f r o m 
a f a i l e d r a d i a t o r s e c t i o n . I n d i c a t i o n s o f s e p a r a t i o n 
o f t h e t u b e f r o m i t s s u r r o u n d i n g s o l d e r l a y e r c a n b e 
s e e n a t t h e r i g h t a n d l e f t t u b e s i d e s . 

M a n y y e a r s a g o , c e r t a i n A r c t i c e x p l o r e r s c a r r i e d 
f o o d i n c a n s s e a l e d w i t h p u r e t i n s o l d e r . U n d e r A r c t i c 
t e m p e r a t u r e s t h i s t i n s o l d e r b o n d f a i l e d c o m p l e t e l y . 
A p p a r e n t l y t h e t i n c h a n g e d f r o m a c r y s t a l l i n e f o r m t o 
a n a m o r p h o u s , p o w d e r e d s o l i d w h i c h d e s t r o y e d t h e s e a l 
i n t e g r i t y . R e s u l t i n g f o o d s p o i l a g e c a u s e d d e a t h s b y 
p o i s o n i n g . T h i s t y p e c o r r o s i o n f a i l u r e o f p u r e t i n , 
c a l l e d " t i n p e s t , " o r " t i n d i s e a s e , " a l s o h a d b e e n 
o b s e r v e d m a n y y e a r s a g o i n R u s s i a . R u s s i a n c a t h e d r a l s 
u s u a l l y w e r e n o t h e a t e d , a n d i n t h e w i n t e r w o u l d r e a c h 
e x t r e m e l y l o w t e m p e r a t u r e s . P i p e o r g a n s i n some c a t h e ­
d r a l s h a d p i p e s made o f p u r e b l o c k t i n . U n d e r e x t r e m e 
c o l d t e m p e r a t u r e s v i b r a t i n g o r g a n p i p e s w e r e k n o w n 
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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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t o d e v e l o p a r e a s o f " t i n p e s t " a n d f a i l m e c h a n i c a l l y . 
U n d e r e x t r e m e l o w t e m p e r a t u r e o p e r a t i o n s o f D i e s e l 

e n g i n e s t h e r a d i a t o r f a i l u r e s o c c u r r i n g s e e m e d t o i n ­
v o l v e v e r y s i m i l a r c o r r o s i o n r e a c t i o n s . A p p a r e n t l y t h e 
t i n l a y e r o n t h e t u b e s u r f a c e c o n v e r t e d t o a n a m o r p h o u s , 
p o w d e r f o r m , b r e a k i n g t h e b o n d b e t w e e n t u b e , s o l d e r a n d 
h e a d e r . F i g u r e 8 a l s o s h o w s e v i d e n c e o f s u r f a c e a t t a c k 
o n t h e s o l d e r l a y e r , b y c o n v e r s i o n o f t i n t o a m o r p h o u s 
f o r m . T h e c o r r o s i o n i n h i b i t o r u s e d i n t h e s e s y s t e m s 
w a s a b o r a t e - n i t r i t e - m e r c a p t o b e n z o t h i a z o l e p r o p r i e t a r y 
c o m p o s i t i o n . 

C l e a n r a d i a t o r t u b e s a r e r e a d i l y p r o t e c t e d b y 
c o n v e n t i o n a l a l k a l i n e c h r o m a t e o r b o r a t e - n i t r i t e c o r r o ­
s i o n i n h i b i t o r s i n c o o l i n g w a t e r . P a r t i a l l y c l o g g e d 
t u b e s , h o w e v e r , c r e a t e b o t h h e a t t r a n s f e r a n d c o r r o s i o n 
p r o b l e m s . F i g u r e 9 s h o w s a r a d i a t o r s e c t i o n w i t h 90% 
o f t h e t u b e s p a r t l y
s i l t a n d o i l y p a r t i c u l a t
f l o w s o f a b o u t 2 5 0 g p m , t h e s e c t i o n ' s 2 1 2 t u b e s e a c h 
s h o u l d c o n d u c t a b o u t 1 g p m , c o r r e s p o n d i n g w i t h a f l o w 
v e l o c i t y o f 4 - 5 f t . / s e c . I f 40% o f t u b e s a r e c l o g g e d , 
f l o w v e l o c i t y i n r e m a i n i n g o p e n t u b e s may a p p r o a c h 1 5 
t o 20 f t . / s e c . F r o m p r a c t i c a l e x p e r i e n c e a n d r e s e a r c h , 
t h e u p p e r l i m i t s o f f l o w v e l o c i t y f o r A d m i r a l t y b r a s s 
t u b e s a r e i n t h e r a n g e o f 5 - 7 f t . / s e c . W i t h h i g h e r f l o w 
v e l o c i i e s , t h e y a r e s u b j e c t t o i m p i n g e m e n t f a i l u r e s . 

I m p i n g e m e n t A t t a c k . T h i s i s a n e l e c t r o c h e m i c a l p h e n o m e ­
n o n i n w h i c h p a r t o f t h e s u r f a c e o x i d e i s r e m o v e d l o ­
c a l l y , l e a v i n g b a r e m e t a l w h i c h b e c o m e s a n o d i c . M e t a l 
l o s s b e g i n s a t a n o d i c s p o t s ; a s t h e p i t d e e p e n s , c a v i t a ­
t i o n a n d s c o u r i n g t a k e o v e r . T h e p i t s t e n d t o u n d e r c u t 
i n t h e d i r e c t i o n o f f l o w . L o o k i n g d o w n f r o m t h e t o p 
t h e y l o o k l i k e h o o f t r a c k s g o i n g i n a n u p s t r e a m d i r e c ­
t i o n . A s u n d e r c u t t i n g a r e a s e n l a r g e , s m a l l p i e c e s 
b r e a k a w a y t o p r o d u c e l a r g e h o l e s o r p e n e t r a t i o n f a i l ­
u r e s . L o o k i n g d o w n i n t o t u b e s w h e r e i m p i n g e m e n t f a i l ­
u r e s h a v e o c c u r r e d , o n e c a n s e e b r i g h t s p o t s t h a t l o o k 
l i k e t i n y d r i l l e d h o l e s . 

How m u c h c o o l i n g w o u l d o n e e x p e c t t o a c c o m p l i s h i n 
t h e h e a t e x c h a n g e r s h o w n i n F i g u r e 1 0 ? T h i s i s t h e 
r e s u l t o b t a i n e d w h e n u s i n g d i r t y m a k e u p w a t e r w i t h s i l t 
a n d c o r r o s i o n p r o d u c t s , w i t h n o p r e v e n t i v e m a i n t e n a n c e . 
C o o l i n g s y s t e m s m u s t b e d e s i g n e d t o p e r m i t m e c h a n i c a l 
c l e a n i n g a n d o t h e r p r e v e n t i v e m a i n t e n a n c e , o r e f f e c t i v e 
c o r r o s i o n c o n t r o l b e c o m e s i m p o s s i b l e . 

C o n c e n t r a t i o n C e l l s . L o c a t i o n s e n c o u r a g i n g s u c h a t t a c k 
a r e common i n c l o s e d c o o l i n g s y s t e m s . C o n s i d e r m e t a l s 
r i v e t e d t o g e t h e r , a s i n F i g u r e 1 1 . I n t h e c r e v i c e , 

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



W I L K E S Industrial Problems 369 

Figure 9. High coolant velocities in unclogged tubes of radiator section caused 
impingement attack and penetrating failures. 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 10. Poorly maintained heat exchanger; water passages clogged by silt, 
corrosion products, and other insoluble impurities 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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c o o l i n g water would have a s l i g h t l y lower oxygen con­
t e n t . C o r r o s i o n occurs i n the low oxygen space, the 
l o c u s of c o r r o s i o n i n an oxygen c o n c e n t r a t i o n c e l l . In 
c o n t r a s t , i n a somewhat s i m i l a r c o n s t r u c t i o n , c o r r o s i o n 
may be i n t e n s i f i e d at the open end of a c r e v i c e , away 
from the area of high metal i o n c o n c e n t r a t i o n . The 
c o r r o s i o n c u r r e n t flows from the metal towards the low 
metal ion c o n c e n t r a t i o n as shown i n F i g u r e 12^ In 
c o o l i n g systems many components are p o o r l y designed 
to prevent c r e v i c e c o r r o s i o n . 

An example of c o n c e n t r a t i o n c e l l c o r r o s i o n i s shown 
i n F i g u r e s 13 and L4. T h i s i s a bronze c i r c u l a t i n g 
pump from an engine c o o l i n g system. Normally t h i s a l l o y 
should be r e s i s t a n t to impingement attac k caused by high 
flow v e l o c i t y or p e r i p h e r a l speeds, p a r t i c u l a r l y i n 
a w e l l i n h i b i t e d c o o l i n g water  Yet both the a l l o y and 
r o t a t i o n a l speed mus
of r o t a t i o n was too
outer edge of the i m p e l l e r resembles impingement a t t a c k . 
However, on the reverse s i d e (Figure 14) there i s a 
w e l l d e f i n e d zone of p i t t i n g extending inward about 2 
inches from the outer rim. T h i s i n d i c a t e s a,metal ion 
c o n c e n t r a t i o n problem. I t has been suggested that i f 
we could cut through the i m p e l l e r and separate the outer 
1/3 from the inner p o r t i o n by an annular i n s u l a t i n g 
bushing, i t would be p o s s i b l e to d e t e c t c u r r e n t f l o w i n g 
from one zone to the o t h e r , when the i m p e l l e r i s t u r n ­
i n g . C o r r e c t i o n of t h i s type a t t a c k u s u a l l y r e q u i r e s 
e i t h e r a change of a l l o y to a more r e s i s t a n t m a t e r i a l , 
or r e d u c t i o n i n r o t a t i o n r a t e . In t h i s case, a s h a r p l y 
increased c o n c e n t r a t i o n of chromate c o r r o s i o n i n h i b i t o r 
d i d not a r r e s t the a t t a c k . 

M a n - f a i l u r e s i n maintenance of i n h i b i t o r concen­
t r a t i o n s o f t e n c o n t r i b u t e to c o r r o s i o n f a i l u r e s . F i g ­
ures 15 and Γ6 i l l u s t r a t e a f a i l e d c a s t i r o n i m p e l l e r 
from a switcher locomotive c o o l i n g system. P e n e t r a t i n g 
c o r r o s i o n , and c o r r o s i o n product d e p o s i t s i n w e l l - d e ­
f i n e d p a t t e r n s can be seen on the inner face. On the 
outer s i d e behind the vanes are deep c o r r o s i o n zones 
resembling c a v i t a t i o n c o r r o s i o n . A chromate c o r r o s i o n 
i n h i b i t o r was used i n the c o o l i n g water. I n v e s t i g a t i o n 
d i s c l o s e d t h a t n i g h t l y o v e r f i l l i n g w i t h untreated make­
up water was o v e r f l o w i n g the c o o l i n g system, and d i l u t ­
ing the i n h i b i t o r to a n o n - p r o t e c t i v e l e v e l . A f t e r 
completing r e p a i r s , the system was r e f i l l e d and i n h i b i ­
t o r l e v e l , a d j u s t e d . The f i l l i n g connection then was 
sealed and locked to prevent f u r t h e r untreated water 
a d d i t i o n . T h i s e l i m i n a t e d the pump c o r r o s i o n problem. 
D e z i n c i f i c a t i o n of Brass. Two forms of d e z i n c i f i c a t i o n 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 11. Typical attack location, oxygen concentration cell 

Figure 12. Typical attack location, metal-ion concentration cell 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 13. Bronze impeller of circulating pump damaged by impingement attack 
and concentration cells 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 14. Band of concentration cell corrosion damage on bronze pump impeller 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 15. Cast-iron pump impeller with cavitation corrosion damage 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 16. Opposite face of cast-iron impeller penetrated by cavitation corrosion. 
Note pattern of corrosion products deposition. 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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a r e e n c o u n t e r e d i n h e a t e x c h a n g e r t u b e s , p i p i n g a n d 
b r a s s h e a d e r s . I n l a y e r t y p e d e z i n c i f i c a t i o n , a t t a c k 
p r o c e e d s r e l a t i v e l y u n i f o r m l y f r o m t h e w a t e r s i d e . 
A f f e c t e d a r e a s c a n b e d i s t i n g u i s h e d b y t h e d u l l r e d 
c o l o r o f t h e c o p p e r - r i c h a r e a s w h e r e z i n c h a s d i s s o l v e d 
a w a y . L a y e r d e z i n c i f i c a t i o n u s u a l l y p r o c e e d s u n t i l 
l o s s o f s t r e n g t h o r p e n e t r a t i o n t o t h e r o o t o f t h r e a d e d 
a r e a s a l l o w s t h e c o m p o n e n t t o f a i l m e c h a n i c a l l y . I t 
g e n e r a l l y o c c u r s i n l o w h a r d n e s s , l o w p H c o o l i n g w a t e r , 
i n t h e a b s e n c e o f p r o p e r c o r r o s i o n i n h i b i t i o n , a n d 
i s a c c e l e r a t e d b y c h l o r i d e s a n d s u l f a t e s . 

A m o r e d a n g e r o u s f o r m o f d e z i n c i f i c a t i o n , k n o w n 
a s P l u g t y p e , c a u s e s p e n e t r a t i o n f a i l u r e s a n d s e r i o u s 
l e a k s . I n p l u g t y p e a t t a c k , z i n c i s s e l e c t i v e l y d i s ­
s o l v e d , w i t h c o p p e r b e i n g l e f t b e h i n d . I n some c a s e s 
i t a p p e a r s t h a t b o t h z i n c a n d c o p p e r d i s s o l v e , w i t h 
c o p p e r b e i n g r e d e p o s i t e
t h e c o r r o s i o n s p o t .
i d e n t i f i e d b y t h e d i s t i n c t i v e r e d s p o t s o f s p o n g y c o p p e r 
w h i c h s h o w u p o n t h e y e l l o w b r a s s s u r f a c e . I t i s d a n ­
g e r o u s b e c a u s e o f t h e s p e e d w i t h w h i c h l e a k s c a n o c c u r . 
L a y e r t y p e d e z i n c i f i c a t i o n u s u a l l y t a k e s l o n g e r t o 
r e a c h f a i l u r e . F i g u r e 1 7 s h o w s z o n e s o f p l u g t y p e 
a t t a c k i n t h e w a l l o f a b r a s s p i p e . F i g u r e 18 s h o w s 
a f a i l e d A d m i r a l t y b r a s s t u b e w a l l , b o t h u n e t c h e d a n d 
e t c h e d . T h e s p o n g y c o p p e r p l u g i s e a s i l y s e e n . I n 
t h e e t c h e d s p e c i m e n t h e n o r m a l g r a i n p a t t e r n o f A l p h a 
b r a s s a n d t h e p o r o u s c o p p e r p l u g i n t h e p i t t e d a r e a a r e 
s h o w n . I n c o l o r , t h e u n d a m a g e d b r a s s i s y e l l o w - g o l d , 
w h i l e t h e d e z i n c i f i e d p l u g i s d u l l r e d . P r o p e r l y m a i n ­
t a i n e d c h r o m a t e c o n c e n t r a t i o n s i n c o o l i n g w a t e r a r e 
s p e c i f i c a l l y e f f e c t i v e i n p r e v e n t i o n o f d e z i n c i f i c a t i o n . 
B u t t h e b e s t l o n g t e r m p r o t e c t i o n i n v o l v e s r e d e s i g n t o 
e l i m i n a t e z i n c , o r a t l e a s t , t o r e p l a c e h i g h - z i n c b r a s ­
s e s ( s u c h a s 6 0 - 4 0 y e l l o w b r a s s ) w i t h l o w - z i n c c o p p e r 
a l l o y s ; ( 8 0 - 1 0 - 1 0 o r 8 5 - 5 - 5 - 5 r e d b r a s s a r e g o o d ) . 
I n h i b i t e d b r a s s ( c o n t a i n i n g 1 / 2 % a r s e n i c o r 0 . 1 % a n t i ­
m o n y ) a l s o a r e e x c e l l e n t i n p r e v e n t i o n o f d e z i n c i f i c a -
t i o n . 

A l u m i n u m F a i l u r e s . M a n y D i e s e l e n g i n e c o o l i n g s y s t e m s 
w e r e f i r s t c o n s t r u c t e d w i t h a l u m i n u m h e a d e r s a n d o t h e r 
c o m p o n e n t s d i r e c t l y c o u p l e d t o c a s t i r o n b l o c k s , w i t h 
c o p p e r c o n n e c t i o n s , b r o n z e s c r e e n s a n d o t h e r d a n g e r o u s 
m u l t i - m e t a l c o u p l e s . T h e s e d a n g e r o u s c o m b i n a t i o n s 
p r o v e d a l m o s t i m p o s s i b l e t o p r o t e c t , e v e n w i t h h i g h 
c o n c e n t r a t i o n s o f c h r o m a t e c o r r o s i o n i n h i b i t o r s . I n 
t h e s e a l u m i n u m - c o p p e r a n d a l u m i n u m - i r o n c o u p l e s , f a i l u r e 
b y c o m p l e t e p e n e t r a t i o n o f 5 / 8 i n c h a l u m i n u m h e a d e r 
p l a t e s o c c u r r e d i n t h r e e m o n t h s o f s e r v i c e . 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 17. Light colored areas show plug-type dezincification in section of brass 
pipe 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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F i g u r e 19 i s a n e x a m p l e o f a n a l u m i n u m h e a d e r 
p l a t e d a m a g e d b y c o n t a c t w i t h h i g h a l k a l i n i t y , h i g h 
p H c o o l i n g w a t e r . F i g u r e 20 i s a p h o t o m i c r o g r a p h o f 
o n e s e c t i o n o f t h e p l a t e , i l l u s t r a t i n g t h e c r a c k i n g a n d 
e x f o l i a t i o n w h i c h o c c u r r e d . H y d r o g e n r e l e a s e d d u r i n g 
c o r r o s i o n r e a c t i o n s c a u s e s i n t e r n a l p r e s s u r e i n f i s ­
s u r e s , a c c e l e r a t i n g s w e l l i n g a n d s e p a r a t i o n o f t h i s 
r o l l e d p l a t e . U n d e r m a g n i f i c a t i o n o f 2 5 0 d i a m e t e r s , 
t h e c r a c k i n g a n d s w e l l i n g a r e c l e a r l y v i s i b l e . A f e w 
s m a l l n o d u l e s o f c o p p e r w e r e f o u n d s u g g e s t i n g t h a t p r e ­
s e n c e o f c o p p e r a l s o w a s i n v o l v e d i n t h i s c o r r o s i o n 
f a i l u r e . 

I n C a n a d a , a n u m b e r o f m i n e s w e e p e r s w e r e b u i l t 
u s i n g a l l n o n - m a g n e t i c m a t e r i a l s . T h e e n t i r e e n g i n e 
b l o c k w a s c o n s t r u c t e d o f a c l a d a l u m i n u m a l l o y . F o r 
c o r r o s i o n i n h i b i t i o n i n t h e c l o s e d c o o l i n g s y s t e m , a n 
i n h i b i t o r c o n t a i n i n
a p p l i e d . T h e p h o s p h a t e - b a s e
c o r r o s i o n o f t h e e n g i n e b l o c k s , r e s u l t i n g i n p e n e t r a ­
t i o n f a i l u r e s . D e e p p i t t i n g l e a d i n g t o p e n e t r a t i o n o f 
t h e c a s t a l u m i n u m b l o c k i s s h o w n i n F i g u r e 2 1 . M a n y o f 
t h e p i t s s e r v e d a s s t r e s s r a i s e r s , c a u s i n g c r a c k i n g . 
A t t h e b a s e o f t h e p i t s w h e r e r e d u c i n g a c t i o n a c c o m p a ­
n i e s c o r r o s i o n , c o p p e r d e p o s i t i o n c a n b e s e e n . C o p p e r 
c o m e s f r o m c o r r o s i o n o f b r o n z e c i r c u l a t i n g p u m p s , p h o s ­
p h o r - b r o n z e f i t t i n g s a n d c o p p e r a l l o y l i n e s . T h e s e 
c o o l i n g s y s t e m s c o u l d h a v e b e e n w e l l p r o t e c t e d b y a 
c h r o m a t e i n h i b i t o r , o r b y a b o r a t e - n i t r i t e - M B T p r o d u c t , 
b u t e x p e r i e n c e d a c c e l e r a t e d a t t a c k w h e n u s i n g t h e i m ­
p r o p e r p h o s p h a t e - s i l i c a t e i n h i b i t o r . 

F r e t t i n g A t t a c k . T h i s i s . a t y p e o f c o r r o s i v e a c t i o n 
i n w h i c h m e t a l t r a n s f e r s f r o m o n e b e a r i n g s u r f a c e t o 
a n o t h e r , w h e n v i b r a t i o n o r o t h e r m e c h a n i c a l f o r c e s 
c a u s e s l i g h t r e l a t i v e m o v e m e n t . I n F i g u r e .22 we a r e 
l o o k i n g d o w n i n t o t h e o p e n i n g o f a D i e s e l e n g i n e c y l i n ­
d e r b l o c k i n t o w h i c h a r i b b e d c y l i n d e r l i n e r i s s e a t e d . 
W h e r e t h e r i b s a r e i n c o n t a c t w i t h t h e e n g i n e b l o c k , 
t r a n s f e r o f m e t a l b y f r e t t i n g h a s o c c u r r e d . C o o l i n g 
w a t e r c i r c u l a t e s b e t w e e n t h e b l o c k a n d t h e l i n e r . T o 
p r e v e n t c r e v i c e a t t a c k b e t w e e n l i n e r r i b s a n d e n g i n e 
b l o c k , a n d a v o i d i n i t i a t i o n o f f r e t t i n g d a m a g e , b o t h 
e n g i n e b l o c k a n d l i n e r s u r f a c e s s h o u l d h a v e b e e n p r e -
t r e a t e d ( " p i c k l e d " ) w i t h a s t r o n g c o n c e n t r a t i o n o f 
a l k a l i n e c h r o m a t e i n h i b i t o r (1% t o 5% s t r e n g t h ) , b e f o r e 
a t t e m p t i n g t o s e a t t h e l i n e r . F i g u r e 2_3 s h o w s t h e 
r i b b e d a r e a a t t o p o f t h e l i n e r . A b s e n c e o f a d e q u a t e 
c o r r o s i o n c o n t r o l o f t h i s c o o l i n g s y s t e m i s s h o w n b y 
s e v e r e c r e v i c e c o r r o s i o n a n d f r e t t i n g d a m a g e o n t h e 
c o n t a c t f a c e s o f l i n e r r i b s , a n d a l s o b y t h e e x t e n s i v e 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 20. Section of failed aluminum plate showing cracking and exfoliation 
(magnification 215 diameters) 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 21. Section of clad-aluminum engine block which failed by pitting during 
use of improper inhibitor in coolant 

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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Figure 22. Fretting attack inside engine jacket at contact points with ribbed 
cylinder liner 

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

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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' w o r m h o l e ' c o r r o s i o n i n l i n e r w a l l s , i n t h e s e v e r e l y 
s t r e s s e d r e g i o n a t t h e b a s e o f l i n e r r i b s . 

C a v i t a t i o n - C o r r o s i o n . T h i s f o r m o f c o r r o s i o n a t t a c k , 
w h i c h c a u s e s l o c a l i z e d f a i l u r e s o f c y l i n d e r l i n e r s 
i n D i e s e l e n g i n e s , h a s b e e n r e s p o n s i b l e f o r s e r i o u s 
m a i n t e n a n c e p r o b l e m s i n p o w e r u n i t s o f t r u c k s , b u s e s , 
r a i l w a y l o c o m o t i v e s a n d m a r i n e t r a n s p o r t . T h e c o n c e n ­
t r a t e d a r e a o f a t t a c k , a n d s e v e r i t y o f c o r r o s i o n a r e 
c l e a r l y s h o w n i n F i g u r e 2 £ . T h e a r e a s o f g r e a t e s t 
a t t a c k o c c u r 90 d e g r e e s f r o m t h e c r a n k s h a f t c e n t e r l i n e 
o n t h e t h r u s t o r c o m p r e s s i o n s i d e ; a l i g h t e r a t t a c k may 
a p p e a r o n t h e o p p o s i t e s i d e . O t h e r c h a r a c t e r i s t i c s 
s h o w n i n F i g u r e 2_5 i n c l u d e : 1) H o n e y c o m b e d a p p e a r a n c e 
o f c o r r o d e d m e t a l . 2) C o r r o d e d s u r f a c e s s u b s t a n t i a l l y 
f r e e o f c o r r o s i o n p r o d u c t s . 3) A t t a c k o c c u r s i n s h a r p l y 
d e f i n e d a r e a s , i r r e g u l a
b o u n d a r i e s b e t w e e n a f f e c t e

C a v i t a t i o n c o r r o s i o n o f c y l i n d e r l i n e r s i s n o t 
c a u s e d b y h i g h v e l o c i t y w a t e r f l o w , n o r b y i m p i n g e m e n t 
o f c o o l a n t s t r e a m s . R a t h e r , i t a p p e a r s t h a t v i b r a t o r y 
e f f e c t s a r e p r i m a r i l y r e s p o n s i b l e . U n d e r t h e t r e m e n ­
d o u s s t r e s s e s o f f u e l c o m p r e s s i o n a n d c o m b u s t i o n i n t h e 
D i e s e l c y c l e , t h e s e 3 / 4 i n c h t h i c k c y l i n d e r l i n e r s 
v i b r a t e o r " r i n g " a t f r e q u e n c i e s e s t i m a t e d t o b e i n 
t h e r a n g e o f 7 , 0 0 0 t o 8 , 0 0 0 c y c l e s p e r s e c o n d , a n d 
h i g h e r . 

I n v i b r a t i n g a t s u c h h i g h f r e q u e n c i e s , t h e l i n e r 
m e t a l i s " j e r k e d " a w a y f r o m c o o l i n g w a t e r c o n t a c t i n g 
t h e s u r f a c e s o r a p i d l y a s t o r e d u c e l o c a l c o o l a n t p r e s ­
s u r e b e l o w t h e v a p o r p r e s s u r e o f t h e c o o l a n t f l u i d , 
f o r m i n g m i n u t e v a p o r - f i l l e d c a v i t i e s , o r " b u b b l e s . " 
W h e n t h e r e v e r s e v i b r a t i o n c y c l e o c c u r s , t h e v a p o r -
f i l l e d c a v i t i e s i n s t a n t l y i m p l o d e o r c o l l a p s e . T h e r e ­
c u r r i n g c o l l a p s e a n d r e f o r m a t i o n o f v a p o r - f i l l e d c a v i ­
t i e s o c c u r s i n m i c r o s e c o n d s . B e c a u s e t h e " b u b b l e s " 
f o r m a n d c o l l a p s e s o r a p i d l y , t h e e n e r g y t h e y r e l e a s e i s 
m e a s u r e d i n h u n d r e d s o f t o n s p e r s q u a r e i n c h . F r o m 
s t u d y o f p h o t o m i c r o g r a p h s o f f a i l e d m e t a l , i t a l s o 
a p p e a r s t h a t w h e n t h e s e v a p o r c a v i t i e s i m p l o d e o r c o l ­
l a p s e , t h e y d r i v e w a t e r a n d w a t e r v a p o r r i g h t i n t o 
t h e g r a i n s t r u c t u r e . W h e n t h e v a p o r c a v i t i e s f o r m 
a g a i n , a n d p r e s s u r e i s r e l i e v e d t r a p p e d w a t e r v a p o r 
e x p l o d e s u p w a r d . P h o t o m i c r o g r a p h s s h o w t h a t c r y s t a l ­
l i n e s t r u c t u r e h a s b e e n d i s t o r t e d a n d r e a r r a n g e d b y t h e 
t e n s i o n e f f e c t s o f e s c a p i n g w a t e r v a p o r . 

T h e u n w a n t e d e n g i n e v i b r a t i o n i s r e l a t e d t o c r a n k ­
s h a f t r o t a t i o n a l s p e e d , b u t i s c a u s e d b y e n g i n e i m ­
b a l a n c e , c r a n k s h a f t m i s a l i g n m e n t , o r e x c e s s i v e w e a r o f 
^ " l i n d e r l i n e r s a n d p i s t o n s o n t h e t h r u s t s i d e . I n 

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

Figure 24. Vibratory cavitation corrosion of large diesel engine cylinder which 
progressed to perforation (7) 

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

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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d i s c u s s i n g m e c h a n i c a l / p h y s i c a l f a c t o r s c o n t r i b u t i n g to 
c a v i t a t i o n - c o r r o s i o n of c y l i n d e r l i n e r s , S p e l l e r and 
LaQue (J) made the f o l l o w i n g suggestions: 
1) Reduce l i n e r v i b r a t i o n by any p r a c t i c a b l e means; 
i . e . , r e d e s igning l i n e r supports to introduce dampening 
e f f e c t s , or p r o v i d i n g c u s h i o n i n g . 
2) Develop and use harder, more r e s i s t a n t l i n e r metals. 
(Hard a l l o y c a s t i r o n l i n e r s respond b e t t e r to c o r r o ­
s i o n i n h i b i t i o n than do s o f t c a s t i r o n l i n e r s . ) 
3) Reduce op p o r t u n i t y f o r development of vapor c a v i ­
t i e s by o p e r a t i n g at higher pressures and temperatures 
i n c o o l i n g systems, and p o s s i b l y by i n t r o d u c t i o n of a i r 
bubbles as cushions a g a i n s t v a p o r - c a v i t y c o l l a p s e . 
4) M a i n t a i n chromate c o r r o s i o n i n h i b i t o r s i n c o o l i n g 
water at c o n c e n t r a t i o n s above 2,000 mg/1 (as CrO^), 
and hold c o o l a n t pH w i t h i n the range of 8.5-9.5. 
5) Include s u i t a b l
between c o r r o s i o n i n h i b i t o r

F i e l d experience showed that c y l i n d e r l i n e r s could 
not be p r o t e c t e d a g a i n s t c a v i t a t i o n - c o r r o s i o n by p l a t i n g 
w i t h chromium or harder metals, or by p l a s t i c c o a t i n g s . 
Both would explode o f f at the same r a t e as d i d the 
o r i g i n a l l i n e r metal. But t e s t s showed that s i n c e 
c o r r o s i o n f a c t o r s were i n v o l v e d , as w e l l as mechanical/ 
p h y s i c a l f a c t o r s , new c y l i n d e r l i n e r s could be p r o t e c t e d 
a g a i n s t c a v i t a t i o n c o r r o s i o n by proper c o n c e n t r a t i o n s 
of a l k a l i n e chromate i n h i b i t o r s . C a v i t a t i o n attack i n 
progress might not be a r r e s t e d on o l d e r l i n e r s of en­
gines with severe v i b r a t i o n a l problems, even when using 
chromâtes. But on newer engines, p r o p e r l y i n h i b i t e d 
w i t h chromate from the f i r s t day of s e r v i c e , c a v i t a t i o n 
c o r r o s i o n could be completely prevented. 

One other i n h i b i t o r type that w i l l prevent c a v i ­
t a t i o n - c o r r o s i o n i s the s o l u b l e o i l type, which i n c o r ­
porates a l i g h t m i n e r a l o i l p l u s e m u l s i f i e r s and adsorp­
t i o n - t y p e i n h i b i t o r s , such as organic amines. Un f o r t u ­
n a t e l y , although e f f e c t i v e i n c o n t r o l l i n g c a v i t a t i o n , 
( p o s s i b l y by cushioning e f f e c t s of the adsorbed o i l 
r e i n f o r c e d f i l m ) they s o f t e n and damage rubber connec­
t o r s and s e a l s , cause leakage and water l o s s . When 
e m u l s i f i e r s are exhausted, the o i l emulsion breaks, and 
a l l o w s o i l y f i l m s to form on heat t r a n s f e r s u r f a c e s . 
Some of the amine type e m u l s i f i e r s and i n h i b i t o r s are 
p o t e n t i a l l y d e s t r u c t i v e to copper a l l o y s i n the c i r c u l a ­
t i n g system, a l s o . One other type i n h i b i t o r that has 
been used e f f e c t i v e l y f o r many years i n c l o s e d c o o l i n g 
systems i s g e n e r i c a l l y i d e n t i f i e d as " b o r a t e - n i t r a t e . " 
These combinations use sodium n i t r i t e , b u f f e r e d by 
a l k a l i n e borates, and s i l i c a t e s w i t h supplemental i n h i ­
b i t o r s such as mercaptobenzothiazole, t h i a z o l e or benzo-

In Corrosion Chemistry; Brubaker, G., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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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, IL 60616 

Coal represents the greatest domestic reservoir of 
fossil energy available at the present time. Thus, i t 
is l i k e l y in the nea
supply increasingl
consumed energy. While greater usage of coal for di­
rect combustion is being projected, gasif icat ion of 
coal is an alternative to dwindling natural gas sup­
p l i e s . Gas produced by gasif icat ion can vary from low 
to high heating value depending on the gasif icat ion 
process employed. Low- and medium-Btu gas could be 
used for e l ec tr i c power generation, space heating, and 
industr ia l applications. High-Btu gas produced by gas­
ification can be used as a replacement for natural gas. 

Gasif ication of coal producing low- to medium-Btu 
gas is not a new process. However, several new gasif­
icat ion 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 gasif icat ion 
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 gasi f icat ion pro­
cesses accrue generally from operating temperatures of 
1 5 0 0 ° - 2 8 0 0 ° F and pressures of 150-1200 psi. Added to 
these conditions are low oxygen ac t iv i ty and high sul ­
fur ac t iv i ty in the product gas atmosphere. F i n a l l y , 
coal ash and sulfur sorbents present in the system can 
cause materials fa i lure by corrosion and/or erosion­
-corrosion. Current metal l ic alloys that were developed 

0-8412-0471-3/79/47-089-391$05.75/0 
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f o r h i g h oxygen and low s u l f u r a c t i v i t y environments 
are s u b j e c t t o o x i d a t i o n - c o r r o s i o n or e r o s i o n - c o r r o s i o n 
i n the g a s i f i e r environment. 
Background 

P r i o r to 1972, no i n f o r m a t i o n e x i s t e d on the be­
h a v i o r of high-temperature m a t e r i a l s i n g a s i f i c a t i o n 
environments. M a t e r i a l s data were a v a i l a b l e f o r h i g h -
pressure equipment at low o p e r a t i n g temperatures, or 
f o r low-pressure equipment at h i g h o p e r a t i n g tempera­
t u r e s . The emerging c o a l g a s i f i c a t i o n processes, 
t h e r e f o r e , represented a new environment f o r h i g h -
temperature m a t e r i a l s . Behavior of m a t e r i a l s , both 
m e t a l l i c and r e f r a c t o r y , c o u ld not be p r e d i c t e d based 
on t h e i r performance on t h e n - e x i s t i n g equipment. 

During 1972 th
po r t e d by the America
f o r t s i n c o a l g a s i f i c a t i o n m a t e r i a l s r e s e a r c h . Since 
1975 the major support f o r the program has been sup­
p l i e d by the Department of Energy i n cooperation w i t h 
AGA. F i v e phases o f e f f o r t have been d e f i n e d , w i t h work 
i n progress. These areas are: Phase I - Laboratory 
High Temperature O x i d a t i o n - C o r r o s i o n ; Phase I I - P i l o t 
P l a n t C o r r o s i o n S t u d i e s ; Phase I I I - Quench System 
Aqueous C o r r o s i o n ; Phase IV - High Temperature E r o s i o n -
C o r r o s i o n ; and Phase V - Mechanical P r o p e r t y Measure­
ments, The f i r s t f o u r phases are bein g conducted at 
the IIT Research I n s t i t u t e . 

A major p o t e n t i a l problem f o r c o a l g a s i f i c a t i o n 
m a t e r i a l s due to h i g h - s u l f u r c o a l s i s i n d i c a t e d by 
Table I , The t a b l e compares the m e l t i n g p o i n t s of s u l ­
f i d e s and e u t e c t i c temperatures o f the metal-metal 
s u l f i d e systems f o r i r o n , n i c k e l , c o b a l t , and chromi­
um ( 1 ) . I t may be seen t h a t the metal-metal s u l f i d e 
e u t e c t i c temperatures v a r y from 1193°F f o r n i c k e l to 
2462°F f o r chromium. A l l three elemental bases of 
high-temperature a l l o y s , i r o n , n i c k e l , and c o b a l t , ex­
h i b i t e u t e c t i c temperatures o f 1810°F or l e s s . The 
n i c k e l - n i c k e l s u l f i d e e u t e c t i c i s 1193°F. 

The s i g n i f i c a n c e of the e u t e c t i c temperatures 
shown i n Table I i s that i n h i g h - s u l f u r gases m e l t i n g 
of c o r r o s i o n products of high-temperature a l l o y s can 
occur w i t h i n t h e i r normal o p e r a t i n g range. Molten cor­
r o s i o n products are not developed during a i r o x i d a t i o n . 
Furthermore, nickel-chromium a l l o y s are g e n e r a l l y em­
ployed i n a i r environments at higher o p e r a t i n g temper­
atures because o f t h e i r h i g h e r s t r e n g t h and o x i d a t i o n 
r e s i s t a n c e . In s u l f u r - c o n t a i n i n g atmospheres these 
a l l o y s are most s u s c e p t i b l e to m e l t i n g . Iron-base 
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a l l o y s would be expected to have the highest m e l t i n g 
temperatures, but are g e n e r a l l y l e s s o x i d a t i o n r e s i s ­
t a n t and/or have lower s t r e n g t h . Thus, a l l o y s e l e c t i o n 
f o r high-temperature c o a l g a s i f i c a t i o n s e r v i c e tends to 
be the i n v e r s e of that a p p l i c a b l e to high-temperature 
a i r o x i d a t i o n . 

O x i d a t i o n - c o r r o s i o n data i n c l u d e d i n t h i s paper 
were generated i n Phases I and I I o f the program. 
Other phases of the I1TRI work have been d e s c r i b e d i n 
c u r r e n t l i t e r a t u r e (2-9). 

Metal l o s s i n t E i s program has g e n e r a l l y r e s u l t e d 
from the combined e f f e c t s of oxygen and s u l f u r . Thus, 
the term o x i d a t i o n - c o r r o s i o n i s used i n t h i s paper to 
d e f i n e metal l o s s , No attempt i s made to separate the 
i n d i v i d u a l e f f e c t s of the corrodent species s i n c e chem­
i c a l a n a l y s i s of the c o r r o s i o n products was not con­
ducted. 
R e s u l t s 

Phase 1 - Laboratory High-Temperature C o r r o s i o n 
T e s t i n g . The Phase I c o r r o s i o n program began i n 1973 
w i t h design and f a b r i c a t i o n of two r e a c t o r s capable of 
o p e r a t i n g to 2000°F at 1000 p s i . T e s t i n g i n a t y p i c a l 
c o a l g a s i f i c a t i o n atmosphere began i n 1973. To date, 
over 40,000 hrs of t e s t i n g have been completed i n the 2 
r e a c t o r s i n v o l v i n g 57 commercial and developmental 
a l l o y s and c o a t i n g s . D e t a i l s of the t e s t equipment 
have been r e p o r t e d elsewhere (2) and w i l l , t h e r e f o r e , 
not be d i s c u s s e d i n t h i s paper. 

The g a s i f i e r atmosphere used f o r most Phase I cor­
r o s i o n t e s t s i s given i n Table I I . During t e s t i n g , 
o n l y the i n l e t gas composition shown was c o n t r o l l e d . 
The temperature-pressure dependent e q u i l i b r i u m gas com­
p o s i t i o n s shown represent the a c t u a l t e s t gas composi­
t i o n a t each t e s t temperature. G e n e r a l l y , the e q u i ­
l i b r i u m gas composition was obtained i n the r e a c t o r by 
i n t e r a c t i o n of the i n l e t gas s p e c i e s . This was v e r i ­
f i e d by analyses of the r e a c t o r e x i t gas i n a gas 
chromato graph. 

The compositions of the a l l o y s evaluated i n Phase 
I are summarized i n Table I I I . These a l l o y s represent 
most c l a s s e s of high-temperature i r o n - , n i c k e l - , and 
cobalt-base a l l o y s t h a t could be considered f o r c o a l 
g a s i f i c a t i o n s e r v i c e . Pack a l u m i n i z e d and chromized 
coatings on AISI 310 and IN-800 were a l s o evaluated i n 
the t e s t program. 

Corrosion data contained i n t h i s paper are not i n ­
tended to summarize the r e s u l t s f o r the 57 a l l o y s and 
coatings exposed f o r p e r i o d s of up to 5000 hr. Rather, 
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Table I 
EUTECTIC TEMPERATURES OF SELECTED 

METAL-METAL SULFIDE SYSTEMS 3 

E u t e c t i c 
N i - N i 3 S 2 
C0-C04S3 
Fe-FeS 
Cr-CrS 

MP of 
S u l f i d e 

810L 

932 
1190 
1565 

b 
1490 
1710 
2174 
2849 

E u t e c t i c 
Temperature 
""C ΊΓ 

645 
877 
988 

1350 

1193 
1611 
1810 
2462 

S u l f u r 
C o n centration 
at E u t e c t i c 
a/o 
33.4 
40 
44 
43.9 

w/o 
21.5 
26.6 
31 
32.5 

aReference 1 
b Formed p e r i t e c t i c a l l y . 

Table I I 
INLET AND EQUILIBRIUM GAS COMPOSITION 

OF PHASE I CORROSION TESTS 

Gas Composition, v/o 
G a s i f i e r 

E q u i l i b r i u m 
Component I n l e t 3 900 °F 1500°F 1800°F 

H 2 24 4 23 31 
CO 18 5 11 17 
co 2 12 25 19 15 
CH 4 5 19 9 3 
NH 3 1 1 1 1 
H2S 0-1.0 0-1.0 0-1.0 0-1.0 
H 20 B a l B a l B a l B a l 
N 2 - - - -

I n l e t gas composition constant f o r a l l t e s t s i n 
g a s i f i e r gas. 
At 1000 p s i and i n d i c a t e d temperature. 
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Table III 
CHEMICAL COMPOSITION OF ALLOYS SELECTED 

FOR TESTING IN PHASE I 

C o m p o s i t i o n , w/o 
A l l o y ~NT Cr Co "AT" 

S e r i e s 1 

202 0. 05 0. 64 0. 55 71 . 02 9. 24 18. 18 -
304 0. 05 1. 45 0. 54 70. 04 9. 10 18. 76 -
?16 0. 05 1. 65 0. 43 65. 23 13. ?8 17. 14 -
309 0. 11 0. 54 0. 74 60. 46 14 70 22. 97 -
314 0. 06 1. 90 2. 21 51. 64 20. 00 24. 00 -
310 0. 06 1. 71 0. 68 52. 16 20. 20 25. 00 

310(A1) 
310(Cr) 
446 0. 10 0. 45 
IN-600 0. 05 0. 15 
IN-601 0. 04 0. 24 
IN-800 0. .03 0. 80 0. .33 47. ,08 30. 84 20. 60 0. ,10 ο­ 32 

IN-800(A1) 
IN-SOO(Cr) 
IN-793 0, .03 0. ,72 0. .40 43. .22 32. .22 21. .40 0, .02 ι. 76 
IN-671 (50/50) 0. .03 0. .03 0. .03 0. .30 48, 40 50. .00 0, .01 

Ser i e s 0 

HC 250 3, .03 0. .5 0, .7 68, .1 0, .1 27, .5 

HD 45 0, .48 0, .7 1 .5 62, .1 5, .2 29, .9 
HL 40 0 .47 0, .6 1 .4 47 .1 19, .4 30 .9 
HL 4 0 - 3 S i 0 .42 0 .7 2 ,4 45 .8 19 3 31 .4 

RA-333 0 .05 1 .5 1 .4 15 .5 47 .5 26 .2 3 .0 

Crutemp 25 0 .07 1 .5 0 .6 47 .2 24 .8 25 .4 

Multimet N155 0 .11 1 .4 0 .7 29 .1 19 .8 21 .8 19 .5 

Haynes 150 0 .06 0 . S 0 .2 16 .5 1 .7 27 .9 49 .6 

Haynes 188 0 .08 0 .7 0 .4 1 .4 23 .3 23 .4 35 .7 0 .22 

S t e l l i t e 6B 1 .0 1 .4 0 .6 2 .0 2 .4 28 .5 56 .4 

VE 441 0 .03 0 .1 0 .1 SI .5 0 .01 0 .01 - 15 .1 

N l 0 .004 0 .2 2 .3 0 .20 90 .0 2 .8 - 4 .4 
Armco 21-6-9 0 .04 8 .2 0 .7 62 .9 6 .8 20 .7 - -

S e r i e s 3a 

312 
329 
AL 29-4-4 
AL EX-20 
Co-Cr-W No. 1 
Th e r m a l l o y 63WC 
W i s c a l l o y 30/50N 
Armco 18SR 
Armco 22-13-5 

H a s t e l l o y X 
I n c o n e l 625 
S a n i c r o 32X 
I n c o l o y 825 

0.15 2 
0.05 0 
0.005 
1.0 20 
2.5 
0.4 
0.55 
0.05 
0.06 

0.5 
0.4 

B a l 9 30 
B a l 4. ,3 27.1 
Bal 4. ,0 29 
Bal 3 5 

30 
B a l 35 26 
B a l 47 27 

5.0 

1.0 
0.25 

0.15 
0.05 
0.08 
0.03 0.50 

1.0 

1.0 
0.25 

0.25 

Ba l 
B a l 

18.5 
2.5 
B a l 

30 

12.5 

Ba l 
B a l 

31 
41 

18.0 
22.0 

21.8 
21.5 
21 
21.5 

B a l 
15 

2.5 
0.2 
0.35 
0.10 

0.42Ti 

0.1 
0.1 
0.1 
0.1 
3.8 
0.4 

3.0 

0.1 
0.6 
1.1 
3.2 
0.1 
0.22 

1.4 

2.0 

9.0 
9.0 

3.0 

2.7W 

1.1 Cb+Ta, 
3.9W 

.051 La, 14.6 W 
6.5W 
0.04Zr 

12W 
5W 
4W 

0.40Ti 
0.20Cb, 
0.20V, 
0.6W 
0.2Ti,3.65Cb 
0.35Ti, 3W 
2.25Cu,0.9Ti 

0.3N 
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Tabl

A l l o y _ C si Fe > w/ V 
Co 

A l " Ho Other 

S e r i e s 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 Ba l 20 28 - - 0.5 

HK 40-3SÎ 0.35/ 
0.45 

2. ,0 3. ,0 Ba l 18/22 24/28 - - 0.5 

T h e r m a l l o y 63 0.4 B a l 35 26 - - -
T h e r m a l l o y 63W 0.40 Ba l 35 26 - - - 5W 
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 B a l 16.0 8.5 3.4 1.75 
2.6W,0.9Cb 

556 0.1 1. .5 0. .4 B a l 20 22 20 0.3 3.0 2.5W,0.02La, 
1.0Cb+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 
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r e s u l t s are presented to i n d i c a t e s i g n i f i c a n t trends i n 
o x i d a t i o n - c o r r o s i o n data produced by v a r i a t i o n of h i g h 
temperature and H2S c o n c e n t r a t i o n s f o r s e l e c t e d a l l o y s . 

C o r r o s i o n i n Phase I was assessed by m e t a l l o g r a p h i c 
measurements of metal l o s s due to both s c a l i n g and i n ­
t e r n a l c o r r o s i o n . G r a v i m e t r i c a n a l y s i s was employed 
only to augment s c a l i n g l o s s measurements. S c a l i n g and 
i n t e r n a l c o r r o s i o n were combined to o b t a i n a c o r r o s i o n 
parameter d e f i n e d as t o t a l c o r r o s i o n , or sound metal 
l o s s . T o t a l c o r r o s i o n was then e x t r a p o l a t e d to metal 
l o s s r a t e s i n m i l s / y r (mpy) o n l y as a means of compar­
i n g the a l l o y s exposed f o r v a r i o u s times. As w i l l be 
seen subsequently, l i n e a r e x t r a p o l a t i o n , intended to be 
c o n s e r v a t i v e , r e s u l t e d i n s e r i o u s underestimation of 
y e a r l y metal l o s s r a t e s f o r some a l l o y s . Often k i n e t -
i c a l l y c o n t r o l l e d t r a n s i t i o n s to higher c o r r o s i o n r a t e s , 
u s u a l l y w i t h m e l t i n g
of 1000-5000 hr at 1800°F

Both the H2S c o n c e n t r a t i o n over the range of 0-1.0 
v/o of the CGA gas and the temperature c o n t r o l l e d the 
measured c o r r o s i o n r a t e s . F i g u r e 1 i l l u s t r a t e s the 
e f f e c t o f temperature on c o r r o s i o n r a t e s of s e v e r a l 
a l l o y s and coatings i n the CGA gas c o n t a i n i n g 1 v/o 
H2S. A l l o y s AISI 309, AISI 310, and IN-800 demonstrate 
a c l e a r temperature dependence of t o t a l o x i d a t i o n -
c o r r o s i o n i n 1000 hr. The 309 a l l o y had a s c a t t e r band 
of 5 to 125 m i l s t o t a l metal l o s s f o r four specimens at 
1650°F. This i s t y p i c a l o f b o r d e r l i n e a l l o y s t h a t 
undergo time-dependent t r a n s i t i o n s to a c c e l e r a t e d cor­
r o s i o n r a t e s . T o t a l c o r r o s i o n of a l u m i n i z e d 310 and 
800 was r e l a t i v e l y u n a f f e c t e d by temperature over the 
range of 1500°-1800°F f o r 1000 hr exposures. 

The e f f e c t of H2S c o n c e n t r a t i o n on t o t a l c o r r o s i o n 
of s e l e c t e d a l l o y s i n 1000 hr at 1800°F i s i l l u s t r a t e d 
i n F i g . 2. A v a r i e t y of d i f f e r e n t o x i d a t i o n - c o r r o s i o n 
behaviors were observed. F e r r i t i c a l l o y s , l i k e AISI 446, 
g e n e r a l l y showed i n c r e a s e d c o r r o s i o n r a t e w i t h decreas­
i n g H2S c o n c e n t r a t i o n , whereas 300 s e r i e s a u s t e n i t i c s 
t y p i f i e d by AISI 310 g e n e r a l l y e x h i b i t e d maxima at both 
0.1 and 1.0 v/o H2S. IN-800 had h i g h c o r r o s i o n o n l y 
above 0.5 v/o H2S. A l u m i n i z e d AISI 310 and IN-800, IN-
671, and s e v e r a l high-chromium a l l o y s d i d not i n d i c a t e 
a strong dependence of H2S c o n c e n t r a t i o n i n 1000 hr 
t o t a l c o r r o s i o n . Cobalt-base a l l o y s a l s o g e n e r a l l y 
performed as shown f o r the a l u m i n i z e d AISI 310 and IN-
671 specimen. 

Weight change of c o r r o s i o n - r e s i s t a n t S e r i e s 1 
a l l o y s during a 5000 hr exposure at 1800°F i n the CGA 
atmosphere c o n t a i n i n g 0.5 v/o H2S i s shown i n F i g . 3. 
The AISI 446 and 314 s t a i n l e s s s t e e l s i n d i c a t e d 
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Figure 1. Effect of temperature on 1000-hour total corrosion of selected alloys in 
CGA environment containing 1 v/o H2S 
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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 H2S 
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t r a n s i t i o n s to h i g h e r o x i d a t i o n - c o r r o s i o n (weight l o s s ) 
a f t e r 1000 hr. Although not shown, s i m i l a r behavior 
was observed f o r AISI 310 s t a i n l e s s s t e e l . AISI 309 
demonstrated a t r a n s i t i o n to weight g a i n a f t e r 4000 hr . 
Rapid t r a n s i t i o n i n the weight change curves g e n e r a l l y 
was c o i n c i d e n t w i t h the development of l o c a l i z e d and/or 
general m e l t i n g of the c o r r o s i o n products. These r e ­
s u l t s suggest the e r r o r s that c o u l d occur i f 1000 hr 
data were e x t r a p o l a t e d to y e a r l y o x i d a t i o n - c o r r o s i o n 
r a t e s . To date, t e s t i n g f o r 5000 hr has been completed 
o n l y at 1800°F i n the CGA atmosphere c o n t a i n i n g 0.5 v/o 
H2S. 

The c u r r e n t r e s u l t s of 5000 hr t e s t s at 1800°F i n 
the CGA gas c o n t a i n i n g 0.5 v/o H2S are summarized i n 
Table IV. Here the 1000, 3000, and 5000 hr t o t a l cor­
r o s i o n data have been l i n e a r l y e x t r a p o l a t e d to mpy cor­
r o s i o n r a t e s . S e v e r a
AISI 310, and AISI 314--tha
r a t e s of 20-40 mpy a f t e r 1000 hr i n d i c a t e d t r a n s i t i o n s 
to h i g h e r r a t e s i n 1000-2000 hr. As a r e s u l t , the l i n ­
e a r l y e x t r a p o l a t e d r a t e s at 3000 hr were g r e a t e r than 
80 mpy. Other a l l o y s , such as HK-40 and IN-617, ex­
h i b i t e d i n t e r n a l p e n e t r a t i o n a t 1000 hr t h a t d i d not 
i n c r e a s e s i g n i f i c a n t l y f o r the longer exposures. For 
these a l l o y s , c o r r o s i o n data obtained by l i n e a r extrap­
o l a t i o n of 1000 hr data was maintained f o r 3000 and 
5000 h r , r e s p e c t i v e l y . The data shown i n Table IV i l ­
l u s t r a t e t h a t 1000 h r c o r r o s i o n data c o u l d not be l i n ­
e a r l y e x t r a p o l a t e d to mpy c o r r o s i o n r a t e s f o r a l l 
a l l o y s . I t was necessary to conduct 5000 hr t e s t s to 
v e r i f y the e x i s t e n c e of i n c u b a t i o n times of 1000-4000 
hr f o r t r a n s i t i o n s to r a p i d c o r r o s i o n . 

M i c r o s t r u c t u r e s o f two a l l o y s exposed i n the CGA 
atmosphere are presented i n F i g s . 4 and 5. The micro-
s t r u c t u r e of AISI 314 exposed 1000 hr at 1800°F i n the 
CGA gas c o n t a i n i n g 0 v/o H2S i s shown i n F i g . 4. The 
adherent, l a y e r e d s c a l e on t h i s a l l o y c o n s i s t e d of f o u r ­
teen i n d i v i d u a l metal-oxide l a y e r s . Metal phase v i s i b l e 
i n the s c a l e was n i c k e l - r i c h c o n t a i n i n g some i r o n , but 
was f r e e o f chromium. Oxide phase was chromium-rich 
tending towards a chromium-iron s p i n e l at the oxide-
metal i n t e r f a c e . T h i s unusual m i c r o s t r u c t u r e was a l s o 
observed on AISI 309 and 310 exposed under the same 
c o n d i t i o n s , although fewer l a y e r s were present. 

In c o n t r a s t , the m i c r o s t r u c t u r e of IN-671 exposed 
5000 hr i n the CGA at 1800°F i s shown i n F i g . 5. Here, 
a t h i n , dense two-layered s c a l e was observed w i t h minor 
g r a i n boundary i n t e r n a l c o r r o s i o n . T o t a l metal l o s s i n 
5000 hr was about 2 m i l s . The IN-671 (50Ni-50Cr) a l l o y 
along w i t h a l u m i n i z e d AISI 310 and IN-800 g e n e r a l l y 
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Table IV 
LINEARLY EXTRAPOLATED CORROSION RATES OF PHASE I ALLOYS 

EXPOSED 1000-5000 HR AT 1800°F IN CGA ENVIRONMENT 
(0.5 v/o H 2S) 

<20 mpy 20-40 mpy 40-80 .mpy >80 mpy 

IN-671, 310(A1), 309, 310, IN-738, 
800(A1), 188, 6B, 446, HK40, 556, 314 
T63WC, FSX-414, IN-800, 
A l l o y X, Co-Cr-W- 1N-617 
No. 1, N155, 150, 
HL40, RA-333, 
Crutemp 25 

3000 hr 
310(A1), HL40, IN-738 32X, 446 3 1 4 * 309, 
IN-617, 1N-657, 310, 556* 
FSX-414, Co-Cr-W 
No. 1, 150 a 

5000 hr 
IN-800, IN-671 HK40, RA-333 
80 0 ( A l ) , N155, Crutemp 
A l l o y X, 188, 6B 25, T63WC 

a2000 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/o H2S. Ή eg. No. 42225 (170X ). 

Figure 5. Surface microstructure of IN-671 after 5000-hour exposure at 1800° F 
in CGA gas containing 0.5 v/o H2S. Ν eg. No. 44911 (170X) 
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p r o v i d e d e x c e l l e n t o x i d a t i o n - c o r r o s i o n r e s i s t a n c e i n 
the CGA atmosphere at a l l H2S c o n c e n t r a t i o n s . 

Work i n progress on Phase I w i l l p r o v i de f u r t h e r 
i n f o r m a t i o n on the long-term c o r r o s i o n behavior o f com­
m e r c i a l a l l o y s i n CGA environments. S i g n i f i c a n t l y more 
5000 hr data are r e q u i r e d at 0.1 and 1.0 v/o H2S con­
c e n t r a t i o n s at 1800°F. Data to 5000 h r are a l s o d e s i r ­
able at 1500° and 1650°F, p a r t i c u l a r l y f o r S e r i e s 2 and 
3 a l l o y s . 

Phase I I - P i l o t P l a n t T e s t i n g . This phase o f 
c o a l g a s i f i c a t i o n m a t e r i a l s e v a l u a t i o n i n v o l v e s expo­
sure of metals and r e f r a c t o r i e s i n s e l e c t e d t e s t l o c a ­
t i o n s i n cu r r e n t p i l o t p l a n t s . C o r r o s i o n t e s t i n g i n 
t h i s e f f o r t began during 1974 w i t h four p i l o t p l a n t s 
and now i n v o l v e s s i x : HYGAS, CONOCO COAL, Synthane, 
BI-GAS, Steam-Iron,

M a t e r i a l s e v a l u a t i o
phases of the c o a l g a s i f i c a t i o n process. Test s p e c i ­
mens are i n s t a l l e d i n the c o a l pretreatment, g a s i f i c a ­
t i o n , gas quench systems, and methanation equipment i n 
the p l a n t s . Three exposures, n o m i n a l l y 1, 3, and 6 
months, at p l a n t o p e r a t i n g c o n d i t i o n s are scheduled f o r 
each t e s t l o c a t i o n . Post-exposure c o r r o s i o n e v a l u a t i o n 
employed i n Phase I I are the same as those used i n 
other phases of the IITRI program, i . e . , metallography 
combined w i t h g r a v i m e t r i c a n a l y s i s . 

A summary o f the cu r r e n t s t a t u s of the p i l o t p l a n t 
t e s t i n g program i s presented i n Table V. T e s t i n g i n a 
t o t a l of 35 metal and 6 r e f r a c t o r y l o c a t i o n s i n the 
HYGAS, CONOCO COAL, Synthane, and BI-GAS p l a n t s i s i n 
progress. Second and t h i r d exposures are i n progress 
i n the HYGAS and CONOCO COAL p l a n t s . F i r s t and second 
exposures are i n progress i n the Synthane, BI-GAS, 
Steam-Iron, and B a t t e l l e p l a n t s . 

Post-exposure analyses have been completed, or are 
i n progress, f o r 55 metal specimen racks p r i m a r i l y from 
the HYGAS and CONOCO COAL p l a n t s . Analyses of s e v e r a l 
i n s t a l l a t i o n s from the f i r s t exposure at Synthane are 
i n progress. C u r r e n t l y , 60% of the r e q u i r e d racks f o r 
the three exposures i n a l l p l a n t s have been shipped to 
the p l a n t s and i n s t a l l e d . 

C o r r o s i o n data have been generated f o r metals i n 
the quench systems and r e f r a c t o r i e s i n the g a s i f i e r . 
However, s p e c i f i c o x i d a t i o n - c o r r o s i o n data i n t h i s 
paper w i l l be l i m i t e d to metals exposed i n the hi g h -
temperature gas phase l o c a t i o n s of the HYGAS and CONOCO 
COAL p l a n t s . Again, the r e s u l t s r e p o r t e d w i l l empha­
s i z e trends i n d i c a t e d by the p i l o t p l a n t exposures. 
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A t y p i c a l rack employed f o r i n s t a l l a t i o n of spec­
imens i n p i l o t p l a n t s i s shown i n F i g . 6. Both c o r r o ­
s i o n coupons, 2 χ 1 χ 0.35 i n . t h i c k , and bend s p e c i ­
mens intended to determine s t r e s s - c o r r o s i o n c r a c k i n g 
s u s c e p t i b i l i t y , are i n c l u d e d i n the i n s t a l l a t i o n f o r 
aqueous c o r r o s i o n t e s t i n g . Specimens are separated by 
hig h d e n s i t y alumina spacers to e l i m i n a t e e l e c t r o c h e m i ­
c a l e f f e c t s . During exposure, the racks are welded to 
e x i s t i n g components i n the p i l o t p l a n t equipment. 

High-temperature gas phase o x i d a t i o n - c o r r o s i o n 
data have been obtained f o r two exposures i n the CONOCO 
COAL p l a n t and one exposure i n the HYGAS p l a n t . Table 
VI summarizes the o p e r a t i n g environments and i n - p l a n t 
times f o r these exposures. Since the p i l o t p l a n t s op­
era t e at v a r i a b l e temperatures, p r e s s u r e s , and gas com­
p o s i t i o n s , weighted average values are given f o r the 
p l a n t exposures. 

L i n e a r l y e x t r a p o l a t e
the 1150 hr f i r s t exposure i n the HYGAS g a s i f i e r o f f -
gas are p l o t t e d i n F i g . 7. In t h i s l o c a t i o n at 580°F 
(average) carbon s t e e l , AISI 410, AISI 304, IN-800, and 
t i t a n i u m e x h i b i t e d v e r y l i m i t e d c o r r o s i o n . A l l o y IN-
600 and Monel 400 had c o r r o s i o n r a t e s o f 42 and 124 mpy, 
r e s p e c t i v e l y . 

Test exposure o x i d a t i o n - c o r r o s i o n data f o r s e l e c t e d 
a l l o y s i n the f l u i d i z e d bed of the HYGAS g a s i f i e r are 
shown i n F i g . 8. A l l o y s exposed i n t h i s l o c a t i o n are 
d i f f e r e n t from those i n the g a s i f i e r o f f - g a s because of 
the higher o p e r a t i n g temperature. The f l u i d i z e d bed 
rep r e s e n t s the hi g h e s t o p e r a t i n g temperature of the four 
t e s t l o c a t i o n s i n the HYGAS g a s i f i e r . F i r s t - e x p o s u r e 
data, however, i n d i c a t e r e l a t i v e l y minor c o r r o s i o n of 
AISI 430, AISI 309, IN-600, A l l o y X, and RA-333 of 4 to 
18 mpy. Again, IN-600 showed e x t e n s i v e a t t a c k (complete 
c o r r o s i o n of 0.250 i n . t h i c k specimens) i n 1720 hr of 
p l a n t o p e r a t i o n d u r i n g the f i r s t exposure. Thus, IN-
600 (Ni-16Cr) e x h i b i t e d severe c o r r o s i o n over the e n t i r e 
o p e r a t i n g temperature range of the HYGAS g a s i f i e r . A l ­
though not shown i n F i g . 8, IN-601 ( N i - 2 3 C r - l A l ) had a 
c o r r o s i o n r a t e of 12 mpy i n the HYGAS f l u i d i z e d bed. 

Two exposures have been completed i n both the 
CONOCO COAL g a s i f i e r and regenerator. L i n e a r l y e x t r a p ­
o l a t e d c o r r o s i o n r a t e s f o r s e l e c t e d a l l o y s exposed i n 
these CONOCO COAL t e s t l o c a t i o n s are presented i n F i g s . 
9 and 10. The d u r a t i o n o f exposure i n these t e s t l o c a ­
t i o n s was about 800 and 1600 hr i n the f i r s t and second 
exposures, r e s p e c t i v e l y . 

Figure 9 shows th a t the c o r r o s i o n r a t e s i n the 
CONOCO COAL g a s i f i e r were r e l a t i v e l y low f o r both expo­
sures. The apparent r e d u c t i o n i n c o r r o s i o n r a t e f o r 
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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 

L o c a t i o n 
Temp. , 

Exposure °F 
Pre s s . , 

p s i 
Time, 

hr 

CONOCO COAL P l a n t 
G a s i f i e r , 
o f f - g a s a 

2 1425 150 1600 

Regenerator^ 1 1850 150 800 

2 1850 150 1600 

HYGAS P l a n t 
G a s i f i e r , 
f l u i d i z e d b e d c 

1 1340 980 1718 

G a s i f i e r , 
o f f - g a s ^ 

1 580 980 1150 

aGas composition: i 48H 2, 23H 20, 12CH 
2 t5N 2, t r a c e H 2S 

4, 8.5CO, 
(v/o) 

6C0 2, 

^Gas composition! r 70N 2, 25C0 2, 5C0, t r a c e H2 S (v/o) 
cNot analyzed, 
^Gas composition : 20.4H 2, 40,6H 20, 

5,2CH., 4,2N 0, 0. 
C v/o) 4 2 

9.3C0 2, 2 
1H 2S, 17. 

.5C0, 
7 o i l s 
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C Steel 410 304 600 800 Monel Titanium 
400 

Figure 7. Linearly extrapolated corrosion rates of selected alloys in HYGAS 
gasifier, off-gas 

c.c. f 

430 309 800 RA-333 Alloy X 600 

Figure 8. Linearly extrapolated corrosion rates of selected alloys in HYGAS 
gasifier, heat exchanger bed 
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ce ce ce 

IN-800 IN-800(A1) 310 310(A1) 304 IN-671 Alloy X 

Figure 9. Linearly extrapohted corrosion rates of selected alloys in CONOCO 
COAL regenerator, off-gas 

IN-800 IN-800(A1) 310 310(A1) 304 IN-671 Alloy X 

Figure 10. Linearly extrapohted corrosion rates of selected alloys in CONOCO 
COAL gasifier, off-gas 

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



12. H I L L E T A L . Coal-Gasification Plants 411 

the longer second exposure f o r most a l l o y s was due to 
l i n e a r e x t r a p o l a t i o n of m e t a l l o g r a p h i c a l l y determined 
t o t a l c o r r o s i o n . Apparently, the time dependence o f 
t o t a l c o r r o s i o n f o r most a l l o y s tended to be p a r a b o l i c 
r a t h e r than l i n e a r . 

For both exposures i n the g a s i f i e r , c o r r o s i o n of 
pack d i f f u s i o n a l u m i n i z e d AISI 310 and IN-800 was 
gr e a t e r than the uncoated base a l l o y s . M e t a l l o g r a p h i c ­
a l l y , the al u m i n i z e d coatings appeared to be p r e f e r e n ­
t i a l l y a t tacked; c o r r o s i o n of the coated l a y e r s t e r m i ­
nated at the base metal i n t e r f a c e during both exposures. 
The coatings on IN-800 tended to be completely con­
v e r t e d t o s c a l e , whereas those on AISI 310 were l o c a l l y 
p enetrated along short c i r c u i t d i f f u s i o n paths. 

Corrosion data f o r the CONOCO COAL regenerator i n 
F i g . 10 i n d i c a t e s i g n i f i c a n t l  h i g h e  c o r r o s i o  d u r i n
the longer second exposure
IN-800, IN-671, A l l o y ,
were completely corroded during the second exposure. 
IN-671 a l s o completely corroded during the f i r s t expo­
sure. In c o n t r a s t to the g a s i f i e r , pack a l u m i n i z e d 
AISI 310 and IN-800 demonstrated the best c o r r o s i o n 
r e s i s t a n c e i n the second exposure i n the regenerator. 
Thus, a l u m i n i z i n g p r o v i d e d v a r i a b l e p r o t e c t i o n i n the 
CONOCO COAL p l a n t . 

To date, very l i m i t e d c o r r o s i o n has been observed 
f o r dense r e f r a c t o r i e s exposed i n both the HYGAS and 
CONOCO COAL p l a n t s . C a s t a b l e s , b r i c k , and ramming mix 
m a t e r i a l s have r e s i s t e d the CGA environments w i t h l i m ­
i t e d a t t a c k . This was expected s i n c e the exposure 
temperatures of 1500°-1800°F are r e l a t i v e l y low f o r 
r e f r a c t o r y m a t e r i a l s . Phosphate bonded m a t e r i a l s , 
o r i g i n a l l y thought to be suspect f o r CGA s e r v i c e , have 
shown no s i g n i f i c a n t d e t e r i o r a t i o n . Some d e t e r i o r a t i o n 
of low-density i n s u l a t i n g m a t e r i a l s has been observed. 
These m a t e r i a l s , however, are not no r m a l l y exposed to 
the CGA environment i n p i l o t p l a n t g a s i f i e r s . For t h i s 
reason, t e s t i n g of i n s u l a t i n g m a t e r i a l s has been t e r m i ­
nated. 

Severe c o r r o s i o n of s i l i c o n n i t r i d e bonded s i l i c o n 
c a r b i d e b r i c k d i d occur during the second exposure i n 
the CONOCO COAL g a s i f i e r and during f i r s t exposure i n 
the Synthane g a s i f i e r . Dense b r i c k of t h i s m a t e r i a l 
n e a r l y completely d i s i n t e g r a t e d i n about 1600 hr at 
1400°-1500°F. I n c o n t r a s t , the m a t e r i a l s u r v i v e d both 
exposures at 1800°-1900°F i n the regenerator without 
d e t e r i o r a t i o n . These r e s u l t s are thought to be due to 
at t a c k by water vapor i n the g a s i f i e r . 

Future c o r r o s i o n data obtained from the Synthane, 
BI-GAS, Steam-Iron, and B a t t e l l e p i l o t p l a n t s w i l l add 
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s i g n i f i c a n t l y t o t h e e x i s t i n g p i l o t p l a n t i n f o r m a t i o n . 
E n v i r o n m e n t a l c o n d i t i o n s i n t h e s e p l a n t s d i f f e r s i g n i f ­
i c a n t l y f r o m t h o s e o f t h e H Y G A S a n d CONOCO C O A L p l a n t s . 
A c c o r d i n g l y , t h e n e w p i l o t p l a n t i n f o r m a t i o n w i l l p r o ­
v i d e o x i d a t i o n - c o r r o s i o n d a t a f o r a w i d e r r a n g e o f g a s 
c o m p o s i t i o n s a n d o p e r a t i n g t e m p e r a t u r e s . 

S u m m a r y o f R e s u l t s 

S i n c e t h e e f f o r t d e s c r i b e d h e r e i n i s a n o n g o i n g 
p r o g r a m , w e l l - d e f i n e d c o n c l u s i o n s a r e , a s y e t , i n a p p r o ­
p r i a t e . Some t r e n d s , h o w e v e r , a r e r e a d i l y e v i d e n t i n 
o x i d a t i o n - c o r r o s i o n o b t a i n e d t o d a t e i n c o a l g a s i f i c a ­
t i o n a t m o s p h e r e . I t i s c l e a r t h a t c o a l g a s i f i c a t i o n 
e n v i r o n m e n t s a r e m u c h m o r e s e v e r e t h a n a i r a t t h e s a m e 
t e m p e r a t u r e s . F u r t h e r m o r e , a c h r o m i u m c o n t e n t o f 2 0 
w e i g h t p e r c e n t , a n
h i g h - t e m p e r a t u r e a l l o y s i s r e q u i r e d f o r l o n g - t e r m r e ­
s i s t a n c e t o CGA e n v i r o n m e n t s . T h e r o l e o f s e c o n d a r y 
a d d i t i o n s , a l u m i n u m , t i t a n i u m , s i l i c o n , m o l y b d e n u m , 
t u n g s t e n , e t c . , a n d r e s i d u a l s s u c h a s m a n g a n e s e , h a s 
n o t b e e n c l e a r l y e s t a b l i s h e d . 

O x i d a t i o n - c o r r o s i o n d a t a o b t a i n e d f r o m t h e p i l o t 
p l a n t s g e n e r a l l y c o m p a r e w e l l w i t h l a b o r a t o r y d a t a i n 
r a n k i n g o f h i g h - t e m p e r a t u r e a l l o y s . P i l o t p l a n t r e ­
s u l t s , h o w e v e r , i n d i c a t e m o r e s e v e r e c o r r o s i o n t h a n 
l a b o r a t o r y o x i d a t i o n - c o r r o s i o n d a t a . T h i s s h o u l d b e 
e x p e c t e d b e c a u s e o f c y c l i c o p e r a t i o n o f p i l o t p l a n t s 
a n d a d d i t i o n a l v a r i a b l e s c o m p r i s i n g t h e p i l o t p l a n t e n ­
v i r o n m e n t s . T h e c o n t r i b u t i o n o f e r o s i o n a n d e r o s i o n -
c o r r o s i o n b y c o a l a s h , c h a r , a n d s u l f u r s o r b e n t s t o t h e 
c o r r o s i o n p r o c e s s i n t h e p i l o t p l a n t s h a s n o t b e e n 
d e f i n e d . 

L a b o r a t o r y o x i d a t i o n - c o r r o s i o n d a t a i n d i c a t e t h a t 
e x t r a p o l a t i o n o f s h o r t - t e r m o x i d a t i o n - c o r r o s i o n d a t a 
t o y e a r l y r a t e s i s d i f f i c u l t . T h e s e e x t r a p o l a t i o n s a r e 
n e c e s s a r y t o p r o v i d e a b a s i s f o r c o m p a r i n g o x i d a t i o n -
c o r r o s i o n d a t a o b t a i n e d f r o m v a r i a b l e CGA e x p o s u r e 
t i m e s . E x t r a p o l a t e d d a t a , p a r t i c u l a r l y a t h i g h H2S 
c o n c e n t r a t i o n s i n t h e CGA a t m o s p h e r e , s h o u l d b e e m p l o y e d 
w i t h c a u t i o n . L o n g - t e r m k i n e t i c s o f t h e o x i d a t i o n -
c o r r o s i o n p r o c e s s c a n r e s u l t i n t r a n s i t i o n s i n c o r r o ­
s i o n b e h a v i o r t o h i g h r a t e s n o t p r e d i c t a b l e b y s h o r t 
e x p o s u r e s . S i m i l a r b e h a v i o r , b r e a k a w a y o x i d a t i o n , 
o c c u r s i n a i r p r i m a r i l y a t t e m p e r a t u r e s a b o v e 2 0 0 0 ° F . 
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I N D E X 

A 
Acetylenic compounds, formation of 

polymerous layers with 292f 
Acetylenic inhibitors 288, 302/ 
Acquisition rate, molar 105 
Activation 

control, anodic partial process 
under 65 

controlled partial processes 59 
energy diagrams 136/ 
energy for hydration 162 
overpotential 135 

Active state, characterization of 166 
Activity (ies) of 

cupric ion 45
ferrous and ferric ions 46/ 
water 43/ 

Adsorption 182 
of corrosion products formed on 

NiFe, IR 242/ 
isotherms 248/ 
measurements, indirect 300 
mechanism involving an ion 

exchange step 318 
theory 159,161,300 

Air-cooled radiator section 366/ 
Airfoil-stress-corrosion cracking 2 
Airplane turbine engine applications .. 92 
Alkyl propylenediamines and water 

soluble amines as process corro­
sion inhibitors, effectiveness of .... 317/ 

Alloy-oxide interface 91 
Alloys 

chemical composition of 395f 
corrosion rates of 402i, 409/, 410/ 
oxidation of 88 
passivity on 162 
weight change of selected 400/ 

Aluminum 
alloy(s) 

aqueous corrosion of 219/ 
corrosion of 207/ 

high-temperature film breakdown 
for 228 

high-temperature pitting for 228 
parabolic corrosion of 197/ 
paralinear corrosion of 199/ 

corroded surface of "commercially 
pure" 227/ 

Aluminum (continued) 
corrosion of 197/ 

early stages 201/ 
corrosion rate constant for 214/ 
failures 377 
galvanic corrosion of 241/ 
intermetallic compounds, cathodic 

polarization curves for 219/ 
long-time corrosion of 202/ 
low-temperature corrosion of 200 
oxide platelets on 191/ 
resistance for growing barrier 

films on 188/ 
Amines, lipophilic 316 

diamines and water soluble 317f 
Analog circuit 103 
Anion/water ratio 168 
Anode behavior 169/ 
Anodic 

-cathodic equilibrium 14 
-cathodic reactions, battery 15/ 
dissolution 128/, 138/ 
inhibition 143,272,274/ 
partial process 58 

under activation control 65 
passivation 137 

curves 138/ 
polarization 141/, 345 
process 16 
protection 153,156 
reactions 50 

polarization curves 136/ 
Tafel slopes 305 

Aqueous adsorbate 255 
Aqueous corrosion of aluminum alloy 219/ 
Arrhenius 

dependence 106 
equation 134 
plot 215 

Atmospheric cooling tower 355i 
Atmospheric corrosion 

data 235 
summary of 239 

measured by light scattering 240/ 
resistant to 239 
water in 258 

role of 235 
Atom polarizability 21 

414 
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Auger of cobalt 242/ 
Auger electron spectroscopy 32, 239 

Β 

Battery 14 
anodic-cathodic reactions 15/ 
electrode 18/ 

mixed potential 19 
lead-acid 18/ 

storage 14 
Behavior, solid material 7 
B E T model 255 
Blisters 215 
Blowdown 365 
Boehmite 200 
Boiler-feed-water stabilizations 2 
Bond energy 187 

metal-oxygen 190/ 
Brass, dezincification of 37
Buffer solutions 141
Bulk diffusion 76 

controlled process 82 
processes 94 

C 
Calcium carbonate scale control 357 
Cathodic 

-anodic equilibrium 14 
-anodic reactions, battery 15/ 
inhibition 272,274/ 
partial process 53, 55/ 

under transport control 65 
partial reaction 57 
polarization 345 

curves for aluminum inter-
metallic compounds 219/ 

process 16 
protection 156 
reactions 50 
reduction 142,144/ 
Tafel slopes 305 

Cavitation corrosion 376/, 386 
attack 388/ 
damage 375/ 
prevention of, soluble oil type 389 
protection against 389 
vibratory 387/ 

Cell-battery applications, fuel 98 
C G A (coal gasification atmosphere) .. 401 
Characterization of active and 

passive states 166 
Characterization of passivating films .. 160/ 
Charge flowing, total 342/ 
Charge transfer 21 

processes 293 
Chelate-metal inhibitor structure 307 

Chemical 
composition of alloys 395i 
potential of oxygen 87/ 
process of scaling, electrical 

formulation of 101 
Chemisorption 162 
Chemistry of corrosion inhibitors 315 
Circuit 43/ 

analog, dc I l l 
conditions, open 117 
equivalent 118 

approach 101 
description 100 

models, kinds of I l l 
potentiostatic 155/ 
theory, closed 116 
theory, open 96 

of parabolic oxidation 107 
Clean system concept 361 

circuit theory 116 
cooling systems 351 

recirculating 362 
system radiator section 367/ 

Coal gasification 
atmosphere ( C G A ) 401 
materials research 392 
plants 92,391 

Coals, high-sulfur 392 
Coatings 348 
Cobalt, Auger of 242/ 
Coefficients, diffusion 84 
Colloid, hydrated 228 
Complexing agent, versene, effect 

on passivation 145/ 
Compound-electrolyte interface 26/ 
Compounds, rate constants for forma­

tion of metal-nonmetal 109i 
Concentration cell(s) 368,373/ 

corrosion damage 374/ 
metal ion 372/ 
oxygen 372/ 

Conduction, mixed 
medium 112 

transport in 112 
processes 105 
in solids 100 

Conductivity (ies) 
dependence of total 108/ 
electronic 83/ 
-emf-transference number data 98 
independent ionic 107 
partial 
dependence of 198/ 

partial pressure dependence of .... 105 
temperature dependences of 105 

product, transference number-total 116 
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Conductors under closed circuit con­
ditions, multicomponent mixed .. 110 

Conductors, mixed ( ionic and 
electronic) 100 

Constant current (see Galvanostatic) 
Cooling 

water, high-temperature- 364 
water treatment programs, 

objectives 351 
system(s) 

closed-recirculating 362 
corrosion inhibition 360 
double recirculating 356/ 
heat exchanger, clogged 363/ 
open-recirculating 352 

tower(s) 
atmospheric 355/ 
closed cooling systems 352 
induced draft 353/ 
natural draft 354
open-recirculating 35

Copper-cupric ion reaction 44 
Correlation between inhibitor consti­

tution and inhibitor activity 293 
Corroded surface of "commercially 

pure" aluminum 227/ 
Corroding surfaces 2 
Corrosion 1,129,381/ 

acceleration of 285 
strong complexing agents, E D T A 

salts 285 
of aluminum 197/, 201/ 

alloy 
aqueous 219/ 
parabolic 197/ 
paralinear 199/ 

low temperature 200 
cavitation 376/, 389 

attack 388/ 
damage 375/ 
prevention of, soluble oil type .... 389 
protection against 389 
vibratory 387/ 

chemical criterion of 35, 37 
concentration cell 371 

damage 374/ 
conditions, plant exposures 408i 
control 360 

cooling system water treatment .. 358 
crevice 385/ 
of Croloy 194/ 
current 19 

density 60, 67 
definition of 35,47,126, 264 
effect(s) of 

applied current on 232/ 
hydrogen sulfide concentration on 399/ 
temperature on 398/ 

Corrosion (continued) 
electrochemistry of 209 
engineer 3,4/, 6/, 7,31 
fatigue 339,348 
-fracture processes 36 
high-temperature 76, 391 
"immune" to 47 
inhibiting paints 2 
inhibition 126,143,144/, 262 

cooling system 360 
definition of 263 
formation of oxide films 126 
phenomena 263 
in presence of hydrogen sulfide .. 307 

inhibitors 
chemistry of 315 
classification of 266 
effectiveness of alkyl propylene-

diamines and water soluble 

polyphosphates 359 
of iron 126, 306/ 
isothermal 94 
kinetics 35 
lecture classifications 13/ 
localized 147 
mechanism 263 
mitigation 47 
mixed potential process 63/ 
oxide removal, influence of 199/ 
paralinear 200 
and potential, relationship between 146/ 
potentials 2,14,66 
process (es) 214/ 

electrochemical kinetics of 58 
kinetics of 263 
metallic 58 

products formed on NiFe, IR 
adsorption of 242/ 

rate(s) 60,66,129,139,198 
of alloys 402*, 409/, 410/ 
constant for aluminum 214/ 
vs. inhibitor concentration 279 
of iron 160/ 
of parabolic 92 
of steel 286/ 
of uranium 220/ 

reactions, anodic oxidation 264 
reactions, cathodic depolarization .. 264 
resistance 193,196,215 
response 236 
specimen rack 407/ 
studies, electrochemical techniques 

in 35 
system(s) 15/ 

multiple partial process 67 
terminology 3,5/ 
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Corrosion (continued) 

testing, laboratory high-
temperature 393 

tests 231/,394i 
of valve metals 185 
"worm hole" 386 

Corrosive gas 76 
Coulometry 175/ 
Crack 

path of, intergranular 323 
path of, transgranular 323 
propagation 334 
velocity 328, 345 

Cracking 127, 381/, 382/ 
airfoil-stress-corrosion 2 
mechanism of 340 
stress-corrosion 36,127,149, 

321,327/, 406 
in aqueous media 321 
mechanisms 33
systems for 32
systems exhibiting 325i 

Creep strain-rate 349 
Crevice corrosion 385/ 
Croloy, corrosion of 194/ 
Croloy-5 193 
Crystal lattice 97/ 
Crystalline salt phase 27 
Current 48 

density 52 
corrosion 67 
instantaneous flux 71 
-potential curves 181/ 

lines, potential-log 16 
-potential curves 180 
potential diagram 280/ 

Curves, anodic passivation 138/ 

D 
Data 

on atmospheric corrosion 235 
galvanostatic 72/ 
potentiostatic 72/ 

Decohesion 343 
Defect chemistry 90 
Degradation, rate of oxide-film 178 
Density, corrosion current 60 
Dependence of partial conductivities 108/ 
Dependence of total conductivities .... 108/ 
Deposition 360 
Dezincification 378/ 

of brass 371 
layer type 377 
plug type 377, 379/ 

Diagram ( s ) 
activation energy 136/ 
Evans 135, 269-271 

Diagram(s) (continued) 
polarization 63/, 68/ 
Pourbaix (see Pourbaix diagrams) 
ternary 121/ 

Diesel engines 364 
Diffraction, electron 141/ 
Diffusion 

coefficients 84 
controlled 91 

kinetics 76 
process, bulk 82 

data, radiotracer 86 
processes, bulk 94 
tracer 83/ 

Diffusivity 116 
Dipole orientation 21 
Direct current (dc) analog 119/ 
Disorder 

anti-Frenkel 81 

Frenkel 79 
Schottky 79 

Displacement reaction 92,93/ 
Dissociation pressure of oxide 87/ 
Dissociation reactions, local 

equilibrium of 114 
Dissolution 203 

anodic 128/, 138/ 
definition of 126 
direct 130 
of iron 126 
kinetics 134 
metal 136/ 
of metal lattice 162 
of oxides, reductive 142 
rate 179 
reaction, predict 129 
by separate steps 130 
Tafel slope of free 177 

Double recirculating cooling system .. 356/ 
Dry oxidation 235 

Ε 
Eddy current 200 
Electric field, at interface 39 
Electrical formulation of chemical 

process of scaling 101 
Electrochemical 

behavior, effect of oxidizer 
concentration on 157/ 

behavior, effect of velocity on '. 158/ 
cell 119/ 

thermodynamic voltage of 121/ 
condition, definition of 113 
kinetics 48 

of corrosion processes 58 

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



418 CORROSION C H E M I S T R Y 

Electrochemical ( continued ) 
oxidation 47, 50 
polarization systems 69, 70/ 
reactions 14,16, 41 
techniques in corrosion studies 35 
thermodynamics 38 

Electrochemically active chemical 
species 42 

Electrochemistry of corrosion 209 
Electrochemistry, solid-state 99 
Electrode 

conditions, ion blocking 117 
exchange kinetics I l l 
polarizable 21,22/ 
potential ( s ) ( see also Potentio-

static) 14,38,39,43/ 
at 25°C 40f 
-current relationships 14 
equilibrium 40, 44 
measurements 6

reactions 49/
control of 57 
properties of 48 

reference 69, 271 
standard hydrogen ( S H E ) 39 
surface 11,21 
test 43/, 69,154 
working 271 

Electrodedeposition of iron 142 
Electrolysis ( charging mode ) 115 
Electrolyte 

applications, high-temperature 
solid 110 

emf sensors, solid 110 
fuel cells, solid 105 
resistance, effect of 273/ 
two-anion 122 

Electrolytic cell, multicomponent 
mixed conducting 119/ 

Electrolytic plating 27, 28/ 
Electron 

density 23 
diffraction 141/ 

low energy ( L E E D ) 32 
microscope, scanning 32 
spectroscopy for chemical 

analysis ( E S C A ) 32 
Electroneutrality, laws of 265 
Electronic(s) 

conduction 96 
conductivity 83/ 
semiconductor 23 
transference numbers 98 

Electropolishing 127,137 
Electrosorption, van der Waals 267 
Ellipsometer 172/ 
Ellipsometric parameters 171 
Ellipsometry 164,236 

Embrittlement 127 
hydrogen 340,343 
metal 156 

emf sensors, solid electrolyte 110 
emfs, thermocouple 114 
Engines, internal compustion 365 
Equilibrium 

approach, local 112 
electrode potential 44 
of dissociation reactions, local 114 
reaction, metal-metal ion 44 

Equivalent circuit 118 
approach 101 
description 100 

Erosion-corrosion 391 
E S C A ( electron spectroscopy for 

chemical analysis ) 32 
Evans diagram 135,269-271 
Evans polarization curves 132/ 
Evaporative systems 362 

Exfoliation 381/, 382/ 

F 
Failure, stress-corrosion 338 
Faradaic processes 21 
Faraday 113,159 

constants 40, 269 
Ferric ion reduction 67 
Ferrous passivation 153 
Film(s) 

on aluminum, resistance for 
growing barrier 188/ 

breakdown 139,140 
for aluminum alloys, high-

temperature 228 
localized 149 

characterization of passivating 160/ 
degradation of 196 
formation of oxide 196 
-forming metals 185 
-forming reaction 177 
fracture, corrosion 340, 344 
growth 171 

and degradation of oxide 189 
Tafel slope for 190/ 

with pore, reaction on 151/ 
reduction 171 
repair 140 
thicknesses 187 
unstable in aqueous solution 187 

Filming amines 308 
Fitting 383/ 
Flade potential, definition of 154 
Flade relation 169/ 
Formation of metal-nonmetal com­

pounds, rate constants for 109f 
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Formation, solid phase 27, 28/, 30/ 
Fracture toughness 326 
Free 

-energy conditions, zero 114 
-energy data, thermodynamic 14 
enthalpy 35 

standard 36 
Frenkel 

defect 97/ 
Disorder 79 

anti- 81 
notion 96 

Fretting attack 380, 384/, 385/ 
Freundlich isotherm 295 
Fuel cell-battery applications 98 
Fuels cells, solid electrolyte 105 

G 
Galvanostatic ( constant curren

data 72
Gas 

corrosive 76 
permeability studies 109 
phase 11 

Gasification environments, behavior 
of high-temperature materials in 392 

Gibbs-Duhem relation 101 
Gold, water adsorption on 252/ 
Guy-Chapman double layer theory .... 262 

H 

Heat exchanger, cooling systems, 
clogged 363/ 

Helmholz double layer theory 262 
High coolant velocity 369/ 
High-temperature 

-cooling water 364 
corrosion 391 

testing, laboratory 393 
materials in gasification environ­

ments, behavior of 392 
solid electrolyte applications 110 

Hydrated oxides 187 
Hydration, activation energy for 162 
Hydrogen sulfide 

concentration on corrosion, effect of 399/ 
corrosion inhibition in presence of 307 
corrosion of iron in presence of 309 

Hydrolysis systems 105 

I 

Ideal solution 256 
"Immune" to corrosion 47 
Immunity 129 

Imperfections on solid surfaces 128/ 
Impingement attack 373/ 

definition of 368 
Impurities, surface 127 
Independent ionic conductivity 107 
Indium, anodic dissolution of 283 
Induced draft cooling tower 353/ 
Industrial problems 351 

cooling water 351 
stress-corrosion cracking 321 

Influence of corrosion oxide removal.. 199/ 
Inhibiting paints, corrosion 2 
Inhibition 274/ 

anodic 272 
cathodic 272 
of corrosion 126,143,144/ 

formation of oxide films 126 
decreasing 289i 
electrolyte-layer 268 

causes of 267t 
of iron corrosion 296/ 
mechanism, importance of hydroxyl 

group 291 
by thiourea and quinoline 

derivatives 277 
Inhibitor(s) 276/, 278/ 

acetylenic 288 
activity and inhibitor constitution, 

correlation between 293 
amine 271 
anodic 143 
concentration vs. corrosion rate 279 
concentrations, man-failures in 

maintenance of 371 
constitution and inhibitor activity, 

correlation between 293 
dangerous 347 
definition of 126 
interaction with iron sulfide surface 314 
nonoxidizing 147,148/ 
oxidizing 147,148/ 
propargyl alcohol 306/ 
safe 347 

Interface 
alloy-oxide 91 
compound-electrolyte 26/ 
metal-

compound 24 
metal oxide 80/ 
oxide 77 
solution 39,48 

oxide-gas 77, 80/ 
solid-electrolyte 23 

Ion 
blocking electrode conditions 117 
exchange resin 198 
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Ion (continued) 
exchange step, adsorption 

mechanism involving 318 
movements 21 

Ionic 
absorption 21 
compound scale 99 
conduction 96 
conductivity, independent 107 
migrations 101 
transference numbers 98 

Iron 
-chromium alloys 193,195/ 
corrosion 126, 302/, 306/ 

in H 0 S 311/ 
inhibition of 282, 296/ 
rate of 160/ 

dissolution of 126 
electrodeposition of 142 
-ferrous ion reaction 4
passivation 13
Pourbaix diagram 44,47,49/, 132/, 212 
in presence of hydrogen sulfide, 

corrosion of 309 
sulfide surface, inhibitor interaction 

with 314 
Isothermal corrosion 94 
Isotherms, adsorption 248/ 

water 245 
i - V curve 155/, 170,180 

Κ 

Kinetics 
diffusion controlled 76 
electrochemical 48 

of corrosion processes 58 
electrode exchange I l l 
of metal oxidation 254 
oxidation 88 
parabolic oxidation 78/ 
parabolic tarnishing 96 

L 
Langelier Saturation Index 361 
Langmuir adsorption constant 294 
Langmuir models 255 
Lattice, crystal 97/ 
Le Chatelier's Principle 209 
Lead-acid battery 18/ 
Lead-acid storage battery 14 
Lead oxide 16 
Linear polarization measurements 277 
Liquid boundary layer, mass flux 

across 
313 

Liquid phase 11 
Liquid-solid systems 19 

Localized corrosion 147 
Localized film breakdown 149 
Low energy electron diffraction 

( L E E D ) 32 
Luggin capillary 69, 70/ 

M 
Man-failures in maintenance of 

inhibitor concentrations 371 
Marker movement 77 
Mass 

flux across liquid boundary layer ... 313 
transfer coefficient 56, 67 
transport control 57 
transport-controlled data 66 

Materials research, coal gasification .. 392 
Materials science 1 
Mechanims, definition of 126 

cracking 338 
Melt, solidification of 28/ 
Metal 

-compound interface 24 
dissolution 136/ 

reaction 177 
-electrolyte system 11 
embrittlement 156 
film-forming 185 
hydride, formation of 212 
inhibitor-chelate structure 307 
ion concentration cell 372/ 
lattice, dissolution of 162 
-metal ion equilibrium reaction 44 
-metal oxide interface 80/ 
-metal sulfide systems 394i 
-nonmetal compounds, rate con­

stants for formation of 109i 
oxidation, kinetics of 254 
-oxide interface 77 
-oxygen bond energy 190/ 
passivation of 71 
scaling systems 98 
-solution interface 39 
-solution potential difference 166 
surface of 127 

Metallic corrosion processes 58 
Metallic systems 42 
Microbicides 362 
Microelectrode, glass, silver/silver 

iodide, p H 229/ 
Migration fluxes, steady state 116 
Migrations, ionic 101 
Mitigation, corrosion 47 
Mixed conduction 

medium 112 
transport in 112 

processes 105 
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Mixed conduction (continued) 
solids 100 
theory of 110 

Mixed (ionic and electronic) 
conductors 100 

Mixed potentials) 14 
battery electrode 19 
systems 65 

Mobility, absolute 116 
Mobility, electric 116 
Models, kinds of circuit I l l 
Molar acquisition rate 105 
Monolayer-oxide theories 165 
Morphology of scaling layers 107 
Multicomponent mixed conducting 

electrolytic cells 119/ 
Multicomponent mixed conductors 

under closed circuit conditions, 
motivating factors 110 

Ν 

Natural draft cooling tower 354/ 
Nernst Equation 209 
Nickel, passivation of 164, 249 
NiFe, IR adsorption of corrosion 

products formed on 242/ 
Nomenclature 73, 74 
Nonelectrochemical methods 170 
Nonmetallic phases 96 
Nonoxidizing inhibitors 147,148/ 
Nuclear reactor systems 198 

p 
Ohms law 120 
Open circuit conditions 117 
Open circuit theory 96 

of parabolic oxidation 107 
Open-recirculating towers 351 
Optical 

ellipsometry 168 
photopotential measurement 168 

Overaging, effect of 331/ 
Oxidation 

of alloys 88 
-corrosion data 393 

test exposure 406 
corrosion rates, yearly 401 
cubic 203 
electrochemical 47, 50 
iron foil 192/ 
kinetics 88 
metal-oxide interface 222 
open circuit theory of parabolic 107 
potential 173/ 
potentiostatic 172/ 
rate 87/ 

Oxidation (continued) 
steady state 173/ 
thin-film 187 
transient 173/ 

Oxide(s) 
-film 

degradation, rate of 178 
structure of 140 
theory 163 

of passivity 159 
-gas interface 77, 80/ 
hydrated 187 
platelets on aluminum 191/ 
protective 94 

Oxidizer concentration on electro­
chemical behavior, effect of 157/ 

Oxidizing inhibitors 147,148/ 
Oxygen 

chemical potential of 87/ 

reduction 11 
Oxyhydroxide surface 259 

Ρ 
Parabolic 

growth law 198 
oxidation, open circuit theory of 107 
rate constant 89/, 208 
scaling, physical processes 99 
scaling rate constants 98 
tarnishing kinetics 96 

Parabolicyit of sulfide corrosion, 
minute quantities of oxygen 310 

Parameters, water adsorption 250i 
Partial 

conductivities, dependence of 108/ 
pressure dependences 106 

constant 106 
exponential 106 
of partial conductivities 105 

process ( es) 
activation controlled 59 
anodic 58 
cathodic 53, 55/, 57 
corrosion systems, multiple 67 

Passivating film, characterization of .... 160/ 
Passivation 129 

anodic 137 
"cause" of 156 
curves 138/ 
effect of complexing agent, 

versene, on 145/ 
enforced 154 
ferrous 153 
iron 137 
of nickel 164 

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



422 CORROSION C H E M I S T R Y 

Passivation ( continued ) 
phenomena 153 
surface 19 
theories 159 
of titanium, spontaneous 158/ 

Passive 
films 14 
state, characterization of 166 
state, definition of 156 

Passivity 342/ 
on alloys 162 
definition of 47,126 
oxide-film theory of 159 

Permalloy, water adsorption in 
monolayers on 251/ 

Permeability studies, gas 109 
Petroleum industry, corrosion 

inhibitors in 308 
p H on stress corrosion crack velocity, 

influence of 332/ 
Phase 

crystalline salt 2
equilibria 14 
gas 11 
liquid 11 
nonmetallic 96 

Physical arrangement, scaling 102/ 
Pilot plant testing 404 

program 405i 
Pitting 149,150/, 225, 

243, 334, 342/, 371 
for aluminum alloys, high 

temperature 228 
corrosion 339 

Plants, coal gasification 92 
Plating, electrolytic 27, 28/ 
Plating, vapor 28/ 

technique 27 
Polarizable electrode 21,22/ 
Polarization 

anodic 141/, 345 
cathodic 345 
curves 

for anodic reactions 136/ 
Evans 132/ 
"superposition" of 58 

diagram 63/, 68/ 
intermittent resistance 137 
systems, electrochemical 69, 70/ 

Pollutants cause corrosion 236 
Pollution controls 359 
Polymerous layers with acetylenic 

compounds, formation of 292f 
Polyphosphates as corrosion inhibitors 359 
Pore, reaction on film with 151/ 
Potential(s) 

-current density curves 181/ 
difference, metal-solution 166 

Potential ( s ) ( continued ) 
electrode 38, 39, 43/ 

measurements 69 
equilibrium electrode 40 
-log current lines 16 
of oxygen, chemical 87/ 
systems, mixed 65 

Potentiostatic (electrode potential) .. 71 
circuit 155/ 
data 72/ 
oxidation 172/ 

Pourbaix diagrams 41, 42, 43/, 44, 
45/, 46/, 130,213/ 

corrosion behavior 130 
iron 44, 47,49/, 132/, 212 
for Fe-Η,Ο 167/ 

regions; corrosion, immunity, and 
passivity 47 

Powder surfaces 245 
Predictive criteria for inhibitor effec­

Pressure, oxygen partial 87/ 
Preventative measures, stress-corro­

sion cracking 346 
Problem solving 3 
Protective oxides 94 
Pulse technique 170 

Quinoline derivatives, inhibition by .. 277 

R 
Radiator section, air-cooled 366/ 
Radiator section, closed-system 367/ 
Radiotracer diffusion data 86 
Raoult's law 256 
Rate 

constants for the formation of 
metal-nonmetal compounds .... 109f 

constants, parabolic scaling 98 
determining 94 

step 93/ 
film thicknesses 177 

limiting 91 
oxidation 87/ 
of oxide-film degradation 178 
of parabolic corrosion 92 

Reaction mechanisms 131 
Redox 50 

definition of 38 
systems 14 

Reduction 
cathodic 142,144/ 
ferric ion 67 
oxygen 11 
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Reference electrodes 69 
Refractive index 170 
Relative humidities, critical 243, 244t 
Remote sensor applications 98 
Repassivation 334, 335/ 

time 336 
Resistance for growing barrier films 

on aluminum 188/ 
Resistant to atmospheric corrosion .... 239 

S 

Saturation Index, Langelier 361 
Scale control, calcium carbonate 357 
Scale, ionic compound 99 
Scaling 360 

electrical formulation of chemical 
process of 101 

layers, morphology of 107 
physical arrangement 102
rate 99,10
simulated 102/ 
systems, metal 98 

Scanning electron microscope 32 
Scattering, atmospheric corrosion 

measured by light 240/ 
Schottky Disorder 79 

anti- 79 
Self-diffusion data 86 
Semiconductor electronics 23 
Semiconductor solid 23 
Sensor applications, remote 98 
Shock, thermal 94 
Solid 

adsorbent 254 
electrolyte fuel cells 105 
-electrolyte interface 23 
material behavior 7 
mixed conduction in 100 
phase formation 27, 28/, 30/ 
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