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1. INTRODUCTION

Many have contributed to the events and processes leading to my receiving

1)
the Willis Rodney Whitney Award, especially teachers, mentors, colleagues and '1{
family. I want to mention in particular, Professors Carl Wagner, Lawrence . ‘.-:‘it_:.f.;
Darken, Richard Oriani, Mars G. Fontana, Frank H. Beck and Roy 0. McDuffie. >¢
There are also co-authors of research papers, and some of them will be mentioned ’;“ :‘E
below in the text describing their work. Other co-authors worked on other t:g‘n}.

topics including dealloying, stress corrosion, hydrogen absorption, surface
science and electroplating. All of these studies contributed significantly to
whatever progress I and my co-authors have made in furthering the understanding
of the science of corrosion, the basis of the Whitney Award.

In an effort to be both historical and of interest to the broadest segment
of the membership of the National Association of Corrosion Engineers, the theme
indicated in the title was chosen for the Whitney award lecture. My studies on
the role of corrosion products date back to graduate student days at The Ohio

State University, and continue as a current research topic at The Pennsylvania

State University. This paper reviews the roles that both solid and gaseous

v

corrosion products play in local cell processes. Some results from other z :
N ]
. AN
laboratories will be mentioned but no effort will be made to review the “ts
literature. Although the various studies described were done with a view A
towards improving our understanding of localized corrosion, the results impact ig iﬂ
\] ".
on other areas of corrosion and corrosion protection, including stress '~o=.$
nXr&N
corrosion, hydrogen cracking, cathodic protection, inhibitor effectiveness and : .‘o,f
coating delamination. it
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. This paper has several sections and subsections as follows:
LIRS

why
‘33& 1. Introduction
O
{hﬁg 2. Wedging Action by Solid Corrosion Products

)

kst

a. Stainless Steel

qr'. b. Steel Reinforced Concrete

h :

%ﬁﬁﬂ 3. Gas Accumulation Within Cavities

;hl"'! - .

ﬂha: a. Anodic Polarization and Open Circuit Conditions

b. Cathodic Polarization Conditions
¢. A Test of the Traditional View of Localized Corrosion
d. Initiation of Localized Corrosion at the Bubble/Metal Interface

4. Electrode Potential Inside Cavities

a. In the Presence of Gas Accumulation

hﬁ ! i. Anodic Polarization
Nl ii. Cathodic Polarization
§ b. Effect of Cavity Dimensiouns
Hnhe ¢. Failure of Cathodic Protection Systems
d. The Limiting Poteatial, E
s i
ﬁéﬁ& 5. Distinguishing Between Hydrogen Cracking and SCC
&%ﬁ: 6. Conclusions
’I'p W,
alpt.

2. WEDGING ACTION BY SOLID CORROSION PRODUCTS

At The Ohio State University in the early sixties, there was great interest

-t iom 4

iﬁhﬁ- in knowing what tole,.if any, solid corrosion products played in promoting
!?i‘ stress corro,ion cracking (SCC). Nielsen (1) had recenﬁly presented a paper
-&?%; which, more convincingly than any previously, showed that stress corrosion
g‘ﬂs cracks in stainless steel were full of solid corrosion products. This

o= observation added credence to the hypothesis that solid corrosion products, if
)‘§; . larger in volume than the metal from which they form, would exert a "wedging
'ixfs action" when forming under constrain. Shortly thereafter, Pickering, Beck and
l;ﬁ% Fontana (2) published a paper, described below, that clearly showed (a) the
2;%2 existence of a wedging effect, and (b) that stress corrosion cracks can be
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PN initiated and propagated by the formation of solid corrosion products in a
é&'ﬂ cavity or crack. Prior to this time, there were no recognized wedging-action
sendy :
h,*4 failures in industry. In more recent times some of the more spectacular

.5
%&Av wedging-action failures include the "denting" problem in nuclear reactors, and
P the disintegration of bridge decks and pavement due to the upheval of concrete
¥

b}

5' Y around corroding steel reinforcing bars.

;‘33: |

ﬁsy 2a. Stainless Steel

S
o M. G. Fontana, then Professor and Chairman of the Department of

r- r-'

?\Q Metallurgical Engineering, The Ohio State University, had a great interest in
v .

PRy .
PR W

knowing whether or not a wedging effect could occur inside cavities and, if so,

« 2
Ny

3
i

PR XD

. 2 ¢y *
o4,y 40
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would be sufficient to cause SCC at the base of the cavity. This question set
the boundaries for my Ph.D. thesis, a research effort which answered both parts
) of the question in the affirmative for austenitic stainless steel. It also

yielded semi~quantitative information on the pressures developed on the crack

:f%;. walls by the expanding corrosion product, and on the tensile stresses
;iﬁ% transmitted to the crack tip. And, it unequivocally showed that a wedging
Mfﬁ' effect in notches could initiate a stress corrosion crack, and that, once
ég%ﬂ initiated, could propagate due to further wedging action within the crack.
:f % The SCC of stainless steel had been successfully studied for years at the
ﬁ%h; 0SU corrosion laboratory, so some of the procedures for the wedging action
;T$* studies were already established. These included the use of an autoclave heated
;é;' to 204°C for austenitic stainless steel in an aqueous chloride-containing
-\Q§ solution. Bow;ver, instead of supplying a load with a C-clamp or other loading
A device, the sample, Type 304L or 347 stainless steel, was placed in the

LAY
glg? autoclave free of any residual or applied loads. To avoid residual stresses,
?zzﬁ the sample was furnace cooled following the stress relief anneal, acid treated
1555 and inserted in the autoclave above the solution. During the test the vapor
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over the solution condensed on the autoclave top and dripped on the sample. In

"

T T
o
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addition, the solution was made more acid than usual to increase general

by

corrosion and, consequently, also the rate at which solid corrosion products

-

o
ua-<
-

-

W formed. Compositions of the stainless steels and solutions are listed in Table 1.

e Notches were milled in the samples. After stress relieving, most but not
t#:: all of the volume of the notch was purposely filled by inserting a loosely
m!ﬁ fitting plate of the same stainless steel. During the autoclave test, solid

corrogion products formed and filled the remaining gap between the plate and
walls of the notch. This experiment illustrated the initiation and propagation
of cracks at the base of the notch, as a result of wedging by solid corrosion
products along the walls of the notch, as shown in Figure 1. The cracks
propagated transgranularly, a characteristic of SCC in austenitic stainless

steel in chloride solutions.

The above test illustrated the initiation and propagation of stress

»iﬁg corrosion cracks as a result of wedging actionm in a notch, but did not answer
? the question about wedging action due to solid corrosion product formation
A'f’ within the crack itself. This question was answered in another experiment.
?3;:i Again, stress relieved samples were used. These contained stress corrosion
:sz cracks from a previous experiment. It was found for these samples that some of
fkfﬁ the cracks propagated as a result of solid corrosion product formation within
§ £$ the preexisting cracks. These samples were under zero applied load. 1In one
™
;Zi{ experiment the plate was removed from the notch (refer to Figure 1) after
Hoy cracking has been initiated at the base of the notch. Then, during fu}ther
l&;f autoclave testing, some cracks propagated over several of their original
g;; lengths. In another test, a stress corrosion crack was introduced in a smooth
f"é; surface by slightly deforming (elastically) the sample in bending while in the
71:6 autoclave, and then the bending load was removed. The largest tensile stress
f'ﬂ

L
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(at the outer surface) due to bending was only approximately 2000 psi, too small
to introduce significant residual stresses. In subsequent autoclave tests,
propagation of preexisting cracks occurred, as illustrated in Figure 2.
Pressures developed by corrosion product formation for the stainless steels
and solutions in Table 1 were determined by measurement of the expansion of a
thin walled, essentially inert, titanium cyclinder of approximately 1.3 cm
diameter. Its expansion was caused by corrosion products that formea between
the corroding stainless steel sample placed concentrically inside the cyclinder
and the inside wall of the cyclinder. This arrangement is shown in the insert
of Figure 3. Expansion of the Ti cyclinder as a function of time in the
autoclave at 204°C is also shown in Figuce 3. Corrosion product pressures of
4000 to 7000 psi were calculated from these data. Thesez pressur:s corresponded
to estimated tensile stresses at the base of the notch in the vicinicy of the
yield stress. Details of these and other experiments can be found elsewhere (2).

Table 1. Compositions of the Stainless Steels and Aqueous Solutions
Used in the Wedging Experiments (2).

2% NaCl - 3% HNO3

42% MgCl, - 3% HNO,

2b. Steel Reinforced Concrete

The deterioration of steel reinforced concrete used on bridges and roadways
is a well recognized national problem. It has been attributed in some instances

to the corrosion of the steel reinforcing bars, formation of solid corrosion

products, and wedging action that causes cracking and spalling of the concrete.

Stainless Steels C Ni Cr Si Mn P S Cb
Type 347 0.07 10. 36 17.15 0.61 1.48 0.018 0.015 0.97
Type 304L 0.029 8.84 18.24 0.38 1.42 0.033 0.010

Solutions
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gdﬁ Although little information exists to support this theory, some experimental
n}- confirmation was provided in a relatively recent study by K. Rosengarth and J.
C;- H. Hoke in our corrosion laboratory at The Pennsylvania State University (3).
SN A procedure for measurement of the magnitude of the stresses developed
- during corrosion of the steel reinforcing bars (0.33% C, normalized, primary
S
i ferrite and pearlite) in laboratory specimens was developed, patterned on the
3
;fQ design in Figure 3. The specimen counsisted of four basic components: the steel
- center, a ring of mortar concentric around the steel, an outer ring of titanium
X2 ,
AN around the mortar and electrical resistance strain gages attached to the outer
r%ﬁ surface of the titanium. This design and the measured expansion of the Ti
[ b
— cyclinder due to wedging action are shown in Figure 4. The specimen was
;}f partially immersed in an aqueous NaCl solution at room temperature, either at
- open circuit or under anodic polarization. The measured wedging action is the
‘ l-..l
result of corrosion of the steel reinforcing bar with the formation of solid
' corrosion products in the space between the steel and mortar. Stresses exerted
» on the annular mortar were transmitted in large part to the titanium ring and
e registered on the strain gages. The wedging action could be accelerated by
- . . . . . . .
s increasing the rate of corrosion product formation using applied anodic
- . . . .
e polarization. In some experiments, galvanized steel was used, in which case
2 zinc corrosion products were mainly formed. Some wedging action occurred with
’pﬁ the galvanized steel, although less than for the bare steel.
5 3. GAS ACCUMULATION WITHIN CAVITIES
W
.1.-. 3 3 . . . -
%Y In addition to providing a wedging action, solid corrosion products
kA decrease charge and mass transfer between the crack tip and the outer surface of
ﬂz the sample. Although little information is available, it is known that both the
‘;3 electrode potential and solution composition, within a local cell, differ from
R their respec;ive values at the outer surface. Gaseous corrosion products can
R
C
be s
LN
e




also accumulate in pits, crevices and cracks, and are known to disrupt charge
and mass transfer. The data supporting these statements are presented below.
The effects of gas accumulation in cavities have been studied in our
corrosion laboratory, starting in the early seventies at the then Edgar C. Bain
Laboratory for Fundamental Research of the United States Steel Corporation, and
continuing to the present time at The Pennsylvania State University. These
studies have produced a somewhae different type of experimental data and a
nonconvéntional understanding of the mechanism of localized corrosion. The
traditional view relies on composition differences between the cavity solution
and outer bulk solution, as the basis for explaining a stable localized
corrosion event., Implied in the use of this premise is the assumption that
differences in electrode potential between the cavity and outer surface are
either nonexistent or insignificant. On the other hand, if one develops an
understanding based on a lower overpotential inside the cavity, a picture
emerges in which the electrode potential within the local cell is the key
parameter. The importance of compositional differences in stabilizing local
cell action is less so, i.e., changes in solution composition could be merely a
consequence, through with some significant ramifications, rather than a cause,
of the local cell process. The experimental findings are (1) that potential
differences generally exist during localized corrosion, for either open circuit
or anodic polarization conditions, as well as during cathodic polarization, and
that in an active local cell they can be surprisingly large. The simultaneous
observation of a strong tendency for Hz gas to accumulate and exist as stable
bubbles inside pits and crevices in ferrous alloys, Ni and Cu has been
hypothesized to be an important related event, often stabilizing large potential

differences, during open circuit, anodic or cathodic polarization conditions.




In the past, in the absence of information, the often invoked assumption of
a nearly constant potential was usually justified on the basis of the good
conductivity of most aqueous electrolytes, and on the additional implicit
assumption that gaseous and solid corrosion products do not significantly
decrease charge and mass transfer. A close look at the literature produces only
an occasional mention of measured potential differences prior to the early

seventies (4-6). Furthermore, virtually no information was available on the

second assumption, Pits and crevices were known to often cont;in solid
corrosion products. Although there were a few reports of gas evolution from
pits (7-9), no mention was made of gas accumulation within the pits. The
observation of gas evolution could have provided insight on the magnitude of the
electrode potential inside the pits, had the gas been identified as hydrogen,
and had the potential at the outer surface of the sample been measured and found
to be noble of that needed for hydrogen evolution to occur (at the outer
surface). Then, it would have been clear, in those early studies of localized
corrosion, that a significant potential difference existed between the inside
and outside of the pit. Notice that the observation of Hz gas coming out of
pits has no special significance if the potential at the outer surface is in the
range of hydrogen evolution, as would normally be the case for pitting of
aluminum and other highly reactive metals uader open circuit conditions. This
kind of analysis has since been made, and is included below in a review of the
extent of gas accumulation in, and evolution from, pits and crevices; and on the
effect of accumulated, "in-place’" gas, on the value of the electrode potential

in the cavity, especially with regard to its location on the operative

polarization curves.
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3a. Anodic Polarization and Open Circuit Conditions

Some of the early experiments on localized corrosion, performed with R. P.
Frankenthal, revealed the existence of gas accumulation in pits in iron and
stainless steels (10,11). Using a stereomicroscope (and a movie camera)
positioned over the cell, as shown in Figure 5, gas bubbles were clearly
observed rising out of naturally occurring pits in iron samples and recorded on
film during the pitting process, as shown in Figure 6. These samples were
anodically polarized over a wide range of potential in a NaCl containing
sulfuric acid solution. A more complete description of the experimental
arrangement is given in Section 4. Each cluster of white specks (light
reflections off the faceted internal surfaces of the pit) in Figure 6 is a
single pit. 1In (b) a bubble is just emerging from the (outlined) pit. 1In (c)
and (d) the bubble is rising within the ele:trolyte and is easily recognized by
the two, large diffuse spots, one of which is a reflection. For the higher pH
solutions (within the range, pH 0-6), the rising bubbles contained fragments of
solid corrosion product. This observation of attached fragments was confirmed
when residue was left on the surface of the solution as the gas bubble entered
the air over the solution. Bubbles also rose from pits along grain boundaries

Closer in-situ examination of the insides of pits with the microscope
revealed that they contained accumulated gas for every system studied, including
also stainless steels and other electrolytes, and for both anodic polarization
and open-circuit (corrosion) conditions. For the low pH solutions, for which
visibility within the pit was not obscured by solid corrosion products, the
accumulated gas was observed to be in a state of motion. For the other systems,

the bubbles were observed when the contents of the pit or crevice were disturbed

with a glass fiber.
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j“( The gas rising out of pits in an iron sample polarized to 1 V (SHE) was
_
:é ; collected and found by mass spectrometry to be hydrogen. The O2 content of the
" :
:% collected gas was low, indicating that oxygen was reduced at the specimen
Er n
l‘. 3 Y - 3 . ) . -
s surface during the corrosion experiment. The formation of hydrogen inside the
Syt . . s s
%h“. pit of a sample whose outer surface is over 1 volt positive of the hydrogen
Lk
) -
'?' \ evolution potential, clearly shows the existence of a much lower (< 0.0 volts,
Y
! SHE) electrode potential within the pit.
I % 3b. Cathodic Polarization Conditions
H@ ¢ In another set of experiments with B. Ateya and graduate students D. Harris
b and A. Valdes, gas bubble accumulation within crevices was observed for cathodic
T, polarization conditions. In the first of these experiments (12), crack-like |
RN

slots of cross section, 0,5-1.5 wm by 1.2 c¢m, and depth 1.2 cm, were cut in the

Axa Vx
s

'u-’
L

middle of cubes of Ferrovac E Fe, electrolytic Ni and 99.999 Cu, and

tight-fitted into a Teflon mount such that only the outer top and inner slot

Sl ols
o 2
——

surfaces were accessible to the electrolyte. The sample was put into a large

-

volume of either 1M HCIOa or 0.5 M sodium acetate-0.5 M acetic acid (pH = 5) at

room temperature. A constant cathodic current of 50 or 100 A u-z was impressed

v -
-

I
A3 -
\?%ﬁ on the samples, sufficient to provide full cathodic protection of the outer
£ St
i;if surfaces of all three metals. Thus, hydrogen evolution is the only reaction
s . .. . +
maintaining the impressed current.
uiid
oY For all three metals, gas accumulation and the existence of stable in-place
'ﬁﬁ%. gas were observed within the slots. The relatively large width of the slot in
PR
T
™ : +except to the extent that other reactions, specifically metal dissolution, can occur
$ within the slots due to shifts in the local electrode potential and solution
zﬁ composition from the outer surface values; this phenomena is discussed in Section 4.
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’ . the nickel sample enabled additional information to be obtained on the nature of
%hi. gas bubble formation and evolution within the slot. It was seen that

?.'§ accumulation of the gas occurred to give a large bubble which occupied most, if
R not all, of the cross section. Intermittently, smaller Hz bubbles, though much
QET larger in size than those evolving off the outer top surface, evolved from the
éé: slot. In most cases the observed evolving bubbles were breakaway gas from the
e large in-place bubble.

g iﬁ In order to facilitate viewing the gas accumulation process, an Fe sample
:i§§ was modified so that one side of the slot was made of a transparent plastic

é,: (13). The H, gas which formed by the hydrogen evolution reaction (h.e.r.) and
‘&ef readily evolved off the sample's outer and slot surfaces, also accumulated

;§§1 within the previously gas-free slot into the large in-place bubbles seen in

g }: Figure 7. The slot in Figure 7 was relatively large (0.5mm x Smm x 9mm) in

e terms of real crevices and very large in terms of most cracks. However, in

%Rg} spite of its size, the (large, in-place) Hz bubbles readily formed in the slot
E}f4 and filled its cross section. Since gas bubble accumulation occurred for both
“iry crevice designs, it was clear that the formatioa and stabilit; of the in-place
% H, bubbles within the crevices were characteristic of metal crevices and not of
ir; the plastic surface used for better visual observation in the modified design.

. : The nature of the solution affected the tendency for Hz gas accumulation.
EE?: In preliminary tests, accumulation‘occurred more readily in the acetate, than in
2;&3 the perchloric acid, solutions (15). The former was used to obtain the above
2 results. Preliminary tests to evaluate various surfactants showed that

'ﬁff additions of sodium dodecyl sulfate to the acetate solution inhibited the

.l

i%g clustering of smaller bubbles into larger ones (15). As a result, the tendency
VRY

for gas accumulation inside the cavity, in the presence of this compound, was

» reduced.

o
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&ﬁ. 3c. A Test of the Traditional View of Localized Corrosion,
0 In another experiment an interesting result was obtained that was
o ..
';‘g + .
:ﬁg inconsistent with the traditional view of localized corrosion. Using the same
/
%
Qﬁ: basic samrle design as in Figure 7, the stability of hydrogen gas within the
. slot, was tested under anodic polarization conditions (15). The hydrogen bubble
N
i ; was found to be quite stable when the polarization on the sample was switched
oy
kﬁf from cathodic to anodic, i.e., the HZ bubble maintained its size and position
. in spite of the fact that at the outer surface approximately one volt
S0y
% l‘i‘
hh% overpotential existed for the oxidation of the hydrogen to its 1" ions.
)
kﬁ) Furthermore, the bubble showed less motion and more apparent adherence to the
"'*?. .
:;' slot walls, than for the cathodic polarization coundition under which it formed.
=
: A day or more could pass without any marked change in its position or size. The
1
e question to be answered is: How could such stability exist at one volt over
) 4
e . e - . .
potential for the oxidation of the gas? The traditional view of localized
':~‘ corrosion, that has a change in composition as its basis, has no answer to this
’ -
{“V question, whereas the potential shift theory does, as follows.
¥
\

There appears to be two plausible explanations of the stability of the Hz

bubble during anodic polarization to potentials well above the stability range

-
-
ol

o T
-
- e

E'ﬁ: of ﬂz gas. The first is slow kinetics of the hydrogen oxidation reaction, which
:éh' can not be disregarded even considering the magnitude of the overvoltage

£4f and the time of that test. The second incorporates information to be described
%:: in Section 4 on the largely different electrodg potentials at the outer region
;;? of the bubble near the slot opening, and at the inner region inside the slot.
E§;~ The measured potentials in these two locations are typically very different,

L%

L

with that inside the slot being the less noble, as described in Section 4.

2%

Thus, it is conceivable that hydrogen discharge occurs within the slot where

-
=
)

i.e., by the reaction,

the local electrode potential could be less than E

a/m’
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Hy0" + e > 1/2H, + HO (1
while, at the same time, oxidation of hydrogen occurs at the opening of the slot
where the local electrode potential is approximately equal to that established
at the outer surface with the potentiostat. The latter electrode potential
corresponds to a high overpotential for oxidation of hydrogen gas by Reaction
(1) proceeding to the left, instead of to the right. Thus, the size and
position of the bubble would change until these two reactions occur at the same
rate. Thereafter, the bubble size and position would be stablized by this

dynamic equality of two opposing reaction processes.

3d. Initiation of Localized Corrosion at the Bubble/Metal Interface

During the long periods of stability of the bubble under anodic
polarization conditions described in 3c, a new localized corrosion event, a pit
or crevice, often occurred at the bubble/iron interface, and penetrated into the
iron normal to the slot wall (15). An advanced stage is illustrated in Figure
8. This heavily corroded wall of the crevice was originally smooth. The
corrosive attack only occurred where the bubble contacted the wall (near the top
of the slot in Figure 8).

4. ELECTRODE POTENTIAL INSIDE CAVITIES

The observation of gas accumulation ingide cavities described in Section 3
for a wide range of electrode poteﬁtial existing at the outer surface, including
anodic and cathodic polarization, was accompanied by simultaneous direct
measurement of the local electrode potential and of the solution composition
inside the cavity (10-15). The experimental arrangement mentioned in Section 3a
and illustrated in Figure 5 is more fully described here. The cell was an open

beaker that contained the iron sample and platinum wire counter electrode. A

luggin capillary, positioned close to the specimen surface, connected the main

La o o o ok
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:\L‘ cell compartment to a second compartment containing a saturated calomel

%55 reference electrode. The three electrodes were connected to a potentiostat in
E‘* the usual manner.

{.; .Fot the measurement of electrode potential inside a local cell, an

;F:} additional microprobe refetepce electrode was used. It consisted of a glass

 £§ capillary drawn to a fine tip, ~0.005 cm in outside diameter, and connected to a
Qi{ glass vessel containing a Hg/H32804 reference electrode by a salt bridge

L containing the same electrolyte solution as in the main cell. Visual

.3% examination and measurement of the resistance of the microprobe assembly were
;;: used to determine when it was completely filled with the solution. The

::; microprobe is attached to a& 3-directional micro manipulator with a resolution of
i;é 2.5 ym in each direction (Figure 5). The microprobe measures the electrode

ké? potential across the metal-solution interface plus any potential drops that

- exist between the solution side of the interface and the probe tip.

gﬂf Electrode potential values obtained inside the pit by this procedure are
,r\: reliable, based on the following observations (10-14):

e [1]) With the sample surface anodically polarized to 1.0 V (SHE) in air

i ; saturated 0.5M H2804+3mn NaCl (pH 0.3), the gas forming within, and escaping

E i from growing pits in ironm, wa? analyzed to be H, (Section 3a). This places the
31‘ local electrode potential in the pit at a value of < 0.0 V (SHE). Thg actual
%;; value was dependent on the local h.e.r. current and pH. The measured value was
E%z more noble than the actual value by the magnitude of the IR between the probe
';il tip and the site of the most negative electrode potential in the local cell.

f E; The measured values were typically in the range, -0.2 to 0.2 V (SHE), and are
\Sﬁz reported in detail below.

:jQ (2] In iron samples anodically polarized to 0.7 to 1.2 V (SHE) at the outer |
ﬁ:; surface and also in stainless steel samples anodically polarized to 1.0 V (SHE),
» ‘

."':
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. the walls of the pits prior to salt film formation were observed to be faceted,
sé; as shown in Figure 6. This faceting was due to the differences in

?ﬁﬁ crystallographic orientation, and is typical of dissolution in the active

&“a region, in particular in the Tafel region. This would plac; the local electrode
?’m potential of the faceted surface at less than approximately -0.2 V (SHE) (10),

‘ ; which is also in good agreement with the measured values given in [1].

5fﬁ (3] In iron and nickel samples cathodically polarized to -0.9 and -0.7 V
155E, (SHE) at the outer surface, respectively, metallic ions of the sample were found
‘:? to have formed inside of the slots (l12). Since Fe and Ni dissolution are

inconsistent with these potentials, that correspond to a state of complete

cathodic protection, it follows that the electrode potential inside the slot was

o

E?S more noble than these outer surface values. Furthermore, the magnitude of the

éﬁf' shift in potential must have been considerable based on the standard potentials
H of ~0.44 and -0.25 Vv (SHE) for iron and nickel, respectively. This reasoning

E&E‘ (12) is consistent with the most oxidizing measured values in the slot of

:Eﬁz approximately -0.2 Vv, SHE. In copper samples cathodically polarized to -0.7 V

(SHE), at the outer surface, copper ions would not be expected to form and

fﬁﬁ didn't. This is because the standard potential of copper is more noble by over
:kg' 300 mv than the equilibrium potential of the h.e.r., the latter being ELm for
fﬁd the system as described in Section 4d. Therefore, the measured electrode

}ii potential in the slot of approximately ~0.2 V (SHE), reported below, is less
;§3 than %9 o 88 it must be and, therefore, also lower than g*? e

.‘"gs H/H Cu/Cu

The wmeasured electrode potential in the cavity is generally recognized to

only approach E This largest ohmic voltage required to produce an

LIM’

electrode potential close to EL is expected to occur in the most constricted

M

Poa regions, e.g., between the bubble and cavity wall and, therefore, not be

measurable because the conditions producing it are affected by the probe itself.
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4a. In the Presence of Gas Accumulation

During the gas accumulation processes described in Section 3, the local
electrode potential and, to some extent, solution composition, were monitored in
an effort to more fully characterize the important parameters in local cell
processes. In particular, our focus has been on the effect of gaseous corrosion
products on the electrode potentials existing inside of the cavities,.for
constant electrochemical conditions at the outer surface. Such data are needed
for a better understanding of the mechanisms of local cell processes, such as
localized corrosion and the failure of cathodic protection systems.

Using the potential probe described above, the local electrode potential
was measured as a function of distance into gas-filled cavities, and as a
function of the extent of occupancy of the cross section of the cavity by the
gas. For well operating probes, some inconsistency was, nevertheless noted, and
was believed to be due to the lack, in particular in those cavities that were
not gas filled, of an active local cell in the cavity. The best indication of
the presence of an on going local cell is an increase in cavity size, in the
case of anodic polarization including open circuit conditions; and the presence
of gas, along with its accumulation and/or evolution, for both cathodic and
anodic polarization coanditions. In the absence of an ongoing local cell, the
measured local electrode pocentiai within the cavity does not differ
significantly from that at the outer surface of the sample.

There are three possibilities for a local cell electrode potential to be
close in value to the electrode potential at the outer surface: (1) the local
cell is inactive, (2) the electrode potential at the outer surface, established
either by externally applied polarization or open circuit conditions, is close

in value to the limiting electrode potential described below in Section 4d,

and/or (3) the local cell is active but the cross section of the cavity is
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relatively open to the bulk solution, thereby providing for easy mass and charge

transfer in and out of the cavity. The situation in (3), however, probably can

2
oM
wy not actually exist, i.e., a fully open or nonconstricted cavity may not support
By
:f&} an on going local cell. Constrictions that limit mass and charge transfer
L'
A consist of corrosion products, either solid or gaseous, filling the cavity,
: 3 and/or a remaining film of passivated metal at the sample's surface that covers
T .
: 2 most of the cavity's cross section. Both types of constrictions are regularly
LA '-‘
observed in localized corrosion. An often important consequence of the
‘Qﬁi constriction is a large ohmic potential drop between the local-cell in the
O
i -
%ﬁ; cavity and the outer bulk solution, as mentioned above and described below.
(]
X
B Large ohmic potential variations within the electrolyte connecting the
f: . local cell and bulk solutions appear to be characteristic of localized corrosion
Sy . , , . , i
;;{ and of certain failure modes during cathodic protection. Although, occasional
R reports of large potential variations between the local cell and bulk solution
e appear in the early literature, they were not usually associated with the
<y
Ay
#;w electrode potential at the site of the local cell, being instead overlooked or
';31 rationalized in other ways, e.g., as a potent al drop across salt films and, in
. general, missing the mark of their actual physical significance. The particular
* g
{ measurement method described above is capable of measuring only changes in
[} .
[P ) . . .
é&ﬂ electrode potential between the local cell and bulk solutions. Any potential
: drops existing across films on the sample, either in the slot or on the outer
T K
s surface, would go undetected and be additional voltage changes to those
[ )
g T measured,
% A
~ i. Anodic Polarization. What we have consistently observed for iron
.
;:: systems with the potential at the outer surface in the passive region, is that
2.
e . A . . . X
%od during pitting or crevice corrosion, the electrode potential at the site of the
S
._ (active) local cell is much less noble and often approaches the limiting
a§
-4
b ':::.:
At
*.-1'
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‘F : electrode potential, ELIM’ of the system. This is illustrated schematically in
Y e Figure 9. 1In essence, Figure 9 shows that the electrode potential inside an on
‘-l
R going pitting or crevicing situation is at a value relatively close to the
l’k: reversible potential for metal dissolution (ELIH)’ for which the system tends
, to be active rather than passive. Although, oscillatory behavior normally is
;_é' not observed, it can be induced by the probe, and is also schematically
e illustrated in Figure 9. The amplitude of these potential variations with time

can be so large that the local cell oscillates in an irregular fashion between
active and less active or passive behavior. This experiment provided an

important insight into the pit growth mechanism when the current flowing out of

o the cavity was simultaneously measured, as shown in Figure 10. The spikes in
potential variation within the electrolyte, with the probe at two different

positions inside the pit, are matched exactly by spikes in the pitting current.

R This was, and may still be, the only direct evidence of a correspondence between
ﬁﬂy the electrode potential at the site of an active local cell within the pit and
::ii the pitting current. There is no comparable evidence of such a relationship

2 - between the solution composition in the local cell and the pitting curreat,

E;r whereas, the traditional view of localized corrosion would predict omesince its
'%gi foundation is an enrichment of the local cell solution in aggressive anions

E,g’ and/or H' ions.

;k-c Data of the type in Figure 10, therefore, are another reason to suggest

».J that compositional variations perhaps should be viewed more as a consequence,

3 : rather than a cause, of localized corrosion. Yet, there are well established

effects of composition on the pit growth process.

The effect of chloride ion is

:_ usually attributed to its degrading of the passive state. In addition, the

o

fﬁ . chloride ion concentration increases in the local cell solution with increasing ¢
iy

potential (or with the equivalent more negative electrode potential described

4
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- below in Eq (2) at the site of the local cell), as shown elsewhere (10). In

terms of the oscillatory potential behavior in Figure 10, this Cl™ ion effect

&Gy

;;ﬁ translates into expected higher currents during swings of the potential both
'zﬁz into the active and passive regions (refer to Figure 11d).

“4 The effect of acidification in promoting the pitting process could have a
f%\g similar explanation, in.that the passive potential region coantracts or,

’E%? conversely, the active region expands, with increasing acidification (refer to

‘ Figure lle). Acidification occurs in the local cell due to hydrolysis reactions
\EE when the bulk solution is at a pH that is above that for equilibrium of the

'%E hydrolysis reaction, e.g., acidification typically occurs for a pH 7, but not
ijh for a pH 0, bulk solution. In the absence of hydrolysis, e.g., for the pH 0

%iz bulk solution, the pH of the local cell solution actually increases, rather than
%z% decreases, to the pH of the hydrolysis reaction due to the potential ¢ (10).

f}*' Compositional effects also could enter in more subtle ways, such as through

‘;%; their effects on gas bubble formation and/or stability within the cavity.

?}3 These changes in local electrochemistry inside active pits or crevices are
‘:{; summarized in Figure 1l1. The scheme in (a) illustrates the large shift in

electrode potential with distance into the cavity, described above for active
oy pits or crevices. In (b) and (c), the traditional views of pit and crevice
R growth are illustrated. Combined effects of potential and composition are shown

in (d) and (e).

A2y A
&
1

oo Most known cases of localized corrosion could be explained by any one of

& _.lu
?iﬂ the five possibilities illustrated in Figure ll. Therefore, a determination of
VL

e the potential and solution composition within the local cell would be needed to
. single out the actual mechanism. There are situations, however, that can only
;f: be explained by one or two of the schemes in Figure ll. Crevice corrosion in a
o

. low pH solution, free of aggressive anions such as chloride, would seemingly
~0y

“.:(ﬂ

\%1

(SC]

4‘1

§v
.

ey

RTACE Tl WA RTINS X
LA T LTINS IR ST




5
e
v o

i

0 :‘
l‘l..l"

LT,
RAAN
LUNOA S,

5
e T ]

e ae aa . . Ll An el e A Aua e e L s e ol O TP T T W TNy

20

only be possible by the scheme in (a).

There is also a sometimes-observed morphology of localized corrosiom (10,
11) that has never been satisfactorily explained by either scheme (b) or (c),
but appears to have a reasonable explanation in the potential shift concept of
schemes (a), (d) or (e). In crevice corrosion of stainless steels, the
corrosion process occurs underneath the surface into the bulk of the steel from
the crevice wall. Soon, a penetration of the surface of the stainless steel
occurs from underneath. However, once the penetration occurs, active metal
dissolution at the site of the penetration ceases, or slows considerably below
that occurring elsewhere in the crevice. As a result, other penetrations, that
also lead to a sharp decrease of the corrosive action at the penetration, occur
elsewhere on the surface. Eventually, a highly perferated metal surface layer
covers the crevice volume,

A similar phenomena has been reported for localized corrosion occurring at
inclusions in stainless steels, in which case a corrosion front moves underneath
the surface radially outward from the inclusion. As in the above case of
crevice corrosion, penetrations of the surface from underneath soon appear.
They are in a somewhat arranged pattern concentric with the inclusion., This
produces a pattern of penetration sites that has been referred to as lace-like
in the literature (10, 11)., Another example of a lace~like pattern has been
observed at corroded grain boundaries in sensitized Fe-20Cr ferritic stainless
steel (16).

One explanation of this "perforation' phenomena is that when penetration
occurs the potential difference ¢ between the local corrosion site and the bulk
solution, that was maintaining the local cell electrode potential in the active

region, vanishes and the electrode potential at the penetration site jumps to a

more noble value approaching the outer surface value for which passivity is

Ty
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maintained. Thus, referring to Figure 11, scheme (a) is sufficient in itself to

explain this phenomena. Schemes (d) and (e) could also be operative to the

extent that mixing occurs between the local cell electrolyte and the bulk
solution when the penetration occurs. Convective mixing would probably not be
significant, so the extent of mixing would depend on the relatively slow

A diffusive transport process.

- The operative local cell inside a crevice can also occur nearer to the
mouth of a narrow crevice, compared to a more open crevice, as illustrated in
S Figure 12. This has been observed by Miyuki and coworkers (17) for Type 304
‘5; stainless steel in artificial seawater. Although the detailed conditions that

-0 produced this result need to be established, the phenomena appears to be

%:ﬁ, consistent with some results of a theoretical study by Ateya and Pickering (12).

,5?2 In this paper it was found that as a crevice narrows, the electrode potential

i*& gradient within the crevice steepens. This means that as one moves into a

- crevice, the active/passive boundary, EA/P’ is encountered sooner (nearer the

:E%E crevice mouth), the narrower is the crevice. Thus, EA/P is one of the

kgﬁ boundaries of the local cell corrosive action in the crevice, and the other

'f; boundary, further from the crevice mouth, is the ELIM potential, as illustrated
W

;5,} in Figure 12. The modeling in Reference 12 was done for the h.e.r. reaction in

?5;5 a crevice-like slot and is presented below in Section 4b,

tf& ii, Cathodic Polarization. Clearly, if accumulated gas can cause large
Egi changes in the local electrode potential at the site of a local cell during

i;i anodic polarization, why not also during cathodic polarization for which H, gas

TS accumulation also occurs, as illustrated in Figure 7? Using the potential

%¢;§ microprobe described above, large changes in electrode potential, accompanied by

’.if accumulaciné gas, have been observed within crevice-like cavities during

3 cathodic polarization of Fe, Ni or Cu samples in acids of pH 0 to 5 (12~15),
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R Values are given in Table 2. In the experiments ¢x was measured, and Ex was
i obtained for preset values at the outer surface, ExtO’ from the relation (18)
’g";’i
e
e (2)
iﬁ:ig Ex l':::-0 - ¢x
b
Qb . .
e:s',! Eq. (2) shows that E(x) shifts in the less noble direction for an oxidation
G .
Wyt
s:::‘» reaction occurring within the cavity ( ¢x is (+) for current flowing out of the
N .
il! . . . . .
foy cavity), and in the more noble direction for a reduction reaction (¢ £ 18 )
i for current flowing into the cavity), corresponding to a reduced overpotential
N
WY for both reactions with increasing x. An increase in E, to more positive
:ﬁ“ . values with increasing distance x into a cavity during cathodic polarization is
A' schematically illustrated in polarization plots presented in Section 4d in a
NS
1 "1-1 . . '3 . . .
ol discussion of ELIM’ including Figure 18b for the noble metal copper in the
St
h. -
+ HCIOasolution for which E9 - is more noble than E9 4» and
’ Cu/Cu H/H
.,%' Figure 19b for the Fe and Ni samples in their respective solutions given in
ki . N s . i
a:: Table 2. For anodic polarization, Ex decreases with increasing x, as shown in
X ,
K)
;c,"\. Figures 11, 18a and 19a.
[ LY
\"'Q"
;5‘,1 Table 2. The measured potential drop in the crevice solution, ¢, and electrode
0 potentials E(x=0) and E(x=L) (SHE), where x = 0 is at the crevice mouth and x =
b L is at its bottom (12).
iy -2 Estimated
. Metal Solution i_,Am EuoY -?x-Ld- JoN E Y
g ttﬁ Fe  0.5M NaAc 50 -0.9 ~0.4 -0.5 Eixed =~ 0%
; * 1 0.5M HAc
% L)
; ,,‘3 (pH®5)
. Ni 1M HCIOI. 100 -0.7 ~0.5 -0.2 Emixed = -0.1
DQ’ A
’,‘ - - - =
:.:::: Cu 1M ﬂClOa 100 0.7 0.5 0.2 Eequil 0.0
!
o::'l‘
’
::9“»
e
)
K
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i ( As the in-place Hz bubbles formed, the measured potential gradients within
\
:5‘- the crevices were found to increase markedly to the values in Table 2. Thus,
I
';{ﬁ gas accumulation within the slot was responsible for the large magnitude of the
120
s potential shift. The measured solution potential for the Fe sample, expressed
fh{h _ in terms of ¢x-0 =0, where x=0 is at the crevice mouth (Figure 13), is given in
RS
:2&: Figure 14, with and without in-place Hz bubbles in the cavity. The upper curve
Ll
t\%\ corresponds to in-place Hz bubbles of size comparable to the crevice cross
ghy section, as shown in Figure 7.
A ‘r‘t‘n
,\ 3 In the region of contact of the H, bubbles with the iron (Figure 7) and at
':« iy
K M greater distances into the cavity, the iron underwent anodic dissolution as
R revealed by the etched condition of the crevice wall (originally polished) in
et
t‘?' Figure 15. This etching occurred during effective cathodic protection of the
29/
?ﬁ}}f sample's outer surface in accord with the large ¢ value caused by the
-A * »
X accumulated gas. The polarization plot in Figure 19b corresponds to this
e
t}lj situation, in which Ex shifts from the surface value, Ex-O’ into the region of
N ) .
[ metal dissolution.
, Other experiments were performed on Fe, Ni or Cu samples to test for anodic
DN n)
: w dissolution within the crevices. In these experiments solution was extracted
ASYS
Jx\} from the crevice during cathodic protection of the outer surface, and analyzed
e
(2 .
= for metal ions. The results of these analyses are shown in Table 3. The true
-
!_:}; metal ion concentrations in the crevices were much larger than the measured
“.-1‘ o
L < .
j{t values given in Table 3 because of a large dilution of the crevice solution
ASE
ey
1 during extraction. In contrast to the dissolution of Fe and Ni within their
P crevices, the solution in the Cu crevice contained no copper ions within the
Y
< . . o s .
;*Ii accuracy of the measurement, in accord with the ELIM condition as explained
’ B
[} “
‘ﬁiti below. Qualitative tests for iron were done using the Standard
SN
I20s
s
it
-
::'P.\-
o B
y LI ~.v “a. ~ ¥t PV Y VA
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33: Orthophenathroline color procedure. Quantitative tests for Fe, Cu or Ni ions
Ao
}r"‘ for the different metal samples were made by atomic absorption spectrometry
o }L (flame) using blank and standard solutions consisting of the bulk electrolyte
g iy
{\i: and known concentrations of the metal ion.

N
3 ": 2+

Table 3. The measured concentrations of M° in electrolyte extracted from

’ﬂ} crevices or bulk solution for conditions in Table 2 (12).

“
x}; Bulk[H2+] ."Crevice"[M2+]

E‘ Metal (ppm) (ppm)

o
" Fe 2 50
et Ni 0.2 15
_~’§~
:,! i Cu -— 1l
p » . . .
AR 4b. Effect of Cavity Dimensions
-t
5&5« Mathematical modeling of the h.e.r. in crevices has been successful in the
¢
)
'ﬁb? case of crevices free of gas (dashed curve in Figure 14). An important feature
Y
4,
:{gh of these models is that they allow the reaction to occur on the crevice walls
RN - and treat the reaction rate as an unknown in the cal ulatiom (12). This has not
KWy
'jli been done in the corresponding mathematical modeling for anodic polarization
, -‘:’.

5% conditions (10). Introduction of this feature in the model brings into play the

effect of the dimensions of the cavity on the potential and ionic

éi% concentrations. The calculation which follows for a crevice geometry shows that

“}Ai the width of the crevice is a very important parameter.

N Let us consider the h.e.r. in a simple strong acid HY of monovalent ions
$ﬁ§ and a crevice geometry shown in Figure 13. The cross section of the crevice is

;jgj a rectangle of dimension a and b, and its depth is L such that a << L and a <<
:: b, in which case the h.e.r. can be considered to occur only on the outer

;Sé surface and on the crevice or crack walls. A more precise condition for

Lo,

;f?i validity of the equations is X >> a where X is a characteristic distance defined

ks

below. Implicit in the calculation is the assumptions that ionic interaction is

RS O
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not significant., This assumption is reasonable for the purposes of the
calculation and, in any case, is increasingly more valid with increasing
distance into the cavity since the total ionic concentration decreases. It is
also assumed that gaseous reaction products do not accumulate inside the cavity.
This assumption is often inappropriate as shown above. When gas or solid
constrictions are included in the model, larger ohmic and ionic gradients are
calculated. The flux equations and the wodel also assume negligible convective
transport within the cavity. As such the model most closely describes the
transport processes in quiescent, gas-free cavities during the h.e.r.

The fluxes, j, of the H and Y~ ions in the x direction within the

crevice/crack are

de

— B+ F &

Jge " Do o * CpewTax ' " (3)
de

3 - .___Y- - F__dl =

Jy- = Dy g~y mrax ) " O (4)

where D and ¢ are the diffusivity and concentration of the indicated species,
respectively, ¢ is the solution potential with respect to ¢ = 0 at x = 0, and i
is the current density as a function of x on the crack walls for the impressed

h.e.r. current on the sample surface, i’. The electroneutrality equation is

c .+ =c, =c (5)

The boundary condition at x=0 for a bulk acid concentration of <, is

Cue ™ Sy " and $= 0 at x=0 (6)

'-'»».'»\-*.-'wn.'--m e ey
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A A boundary condition at x = L evolves from the calculation which can be found
elsevhere (12). Equations (3) to (6) are then used to obtain ¢, Cher cy_ and
_'1
,." i as functions of x, €yr & and is'
k The characteristic length X is obtained as (12)
’:

o - . 2 1/2

3:! X = (D, c Fali) (7)
%
!':
‘ and the solutions for the unknowns are (12)

R

g o = RT cosh [(L-x)/X]
s FI® Cosh [L/X] (8)
4 ((L-x)/x]
) - - cosh L-x)/X
2 4+ " Sy~ " %5 cosh [L/X] (9)
S
'.,.

) . _ . cosh [(L-x)/X]

. i=1i Cosh (L/X] (10)
et
\:] In addition, ¢ is related to the local electrode potential, Egs in the
b

cavity by Equation (2). Equations (8) and (2) may be used to estimate the

.
o
i distance into the crevice at which the electrode potential assumes a
o
a sufficiently noble value for anodic dissolution of the metal, within the
v

) constrain of El e Equation (9) and (10) may be used to estimate the distance
_‘;’ at which depletion of B' and decrease in the hydrogen evolution rate become

he significant. Equation (8) is the dashed curve in Figure 14 and compares well
o

‘ with the measured curve (lower solid curve) for experimental conditions which,
=

< although not exactly matching the model conditions, are for a bubble~free

!) .
2 crevice,
.
1) An important feature of Equation (8) using also Equation (7) is that it
;'L'

1e
>
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i§§£ includes the slot dimension, a. Equations (7) and (8) show that ¢ becomes
??:? more negative as a decreases, and from Equation (2) Ex becomes more noble.
i{vﬁ This strong effect of the crack dimensions on the local solution patential is
' plotted in Figure 16. It shows that for "sharp" cracks very large (negative)
R values are to be expected. Thus, the salient point is that this model

E'\: successfully predicts large (102 to 103 mwV) voltage changes in the x direction
:z%g for sharp, closed cracks, e.g., a < 50 um for L = 1 cm and is = 100 A m-z,

K without incorporating constrictions such as gas bubbles in the cavity. For more

open cracks or crevices, the 10.2 to 10-3 mV measured voltage changes can be

accounted for by the presence of gas or solid corrosion product in the cavity.

Similarly, Equations 8 and 9 show that the concentration and current-density

gradients also become steeper as a decreases. The former is shown in Figure 17.

i ol

[l

\gﬁt The anticipated symmetrical result for anodic polarization, using a model
ANy

D) .-\ . . .

dei which takes into account the narrowness of the electrolyte path and includes
AN

sidewall dissolution, is that the potential gradients, for sharp cracks or

H:ﬁ narrow crevices, will be steeper than those for more open crevices. The former
X
ii- (for very narrow crevices) are expected to be comparable to those produced in

wide crevices or pits containing in-place gas bubbles. This result has been

.'%c used to explain the observed effect of the magnitude of the crevice opening on

s the location of the local cell action in a crevice, as illustrated in Figure 12,
|

:LA 4c. Failure of Cathodic Protection Systems

725% Cathodic protection systems are designed to polarize the metal surface to a

E%;i potential which is less noble than the equilibrium potential of the

L;& metal/solution system, Failure of cathodically protected surfaces, however, can

iié; occur for a number of reasons. One of these is that crevices or cracks exist in

':Tﬂ the surface, and have their own surfaces that are exposed to the environment

;ﬁg; and, therefore, also require protection by the system. Based on the results of
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the modeling in Section 4b, the narrower the crevice or crack the more sharply
the electrode potential shifts in the more noble direction with increasing
distance into the cavity and, hence, the less effective will be the cathodic
protection of the crevice walls, Furthermore, the h.e.r. typically occurs
during cathodic protection of steel and other base metals. Hence, gas
accumulation in the cavity can be expected, making cathodic protection of the
crevice walls even less effective. Thus, both narrowness of the crevice and gas
accumulation in it, produce steep gradients of the electrode potential within
the cavity, and the concommitant loss of cathodic protection within most of the
cavity. The polarization condition given below in Figure 19b illustrates this
loss of protection within cavities.

4d. The Limiting Potential, E

LIM

The application of the concept of a limiting potential, E N’ within a

LI
cavity is a recent development (19, 20). The change in electrode potential with
distance x into the cavity, E.» is given by Equation (2). Substituting the IR

voltage, that exists along the column of electrolyte which fills the cavity,

for ¢, one obtains
E(x) = Eiuo * IR(x) an

vhere I is the current flowing in or out of the cavity with due regard for the
current flow direction, and R(x) is the resistance to current flow between x=0
and position x. Eq. 11 shows that I must be finite or IR=0 and E(X)-Ex-o’

Thus, I can be very small if R is very large and still produce a large IR, e.g.,
due to in-place gas bubbles, but even for R -> = the IR product is zero if I
goes to zero. It follows since the current I decreases with decrease in the

overpotential, that E in principle, corresponds to the approach (decrease)

LIM®
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of the current, I, flowing in or out of the cavity, to zero in the limit.

The above criteria defining ELIH assumes a simple situation in which the
current I comes mainly from a local cell, e.g., from the tip of a crack where
the reaction is metal dissolution. For most electrode and many corrosion
processes, e.g., oxygen or hydrogen evolution and metal dissolution along the
walls ;f aicrevice, however, the reaction will be distributed along the walls of
the cavity and the reaction rate will decrease with increasing distance x into
the cavity. The latter occurs because IR(x) in Equation (l1) increases,
corresponding to a decreasing overpotential, i.e., E(x) changes in the direction
of Eeq, with increasing x. Thus, the limiting current condition is relaxed and
becomes one of zero-current flow beyond some depth, rather than zero current
flow in or out of the cavity. Then, the local current is essentially zero at

some depth x and beyond, corresponding to the E condition, and both the

LIM
integrated current flowing into th? cavity and the IR term in Equation (1l1) are
finite. This situation is illustrated above for crevicing in Figure 12 for
which the ELIM condition defines one of the boundaries of the local cell, that
furthest from the crevice mouth.

For a single reaction occurring in the cavity, the above defined zero
current flow condition corresponds to the equilibrium electrode potential for
the reaction producing the current I, as shown in Figure 18. A single reaction,
metal dissolution, could occur in a pit in & noble metal with the outer surface
(x=0) in the passive region, Figure 18a, or hydrogen evolution could occur
within a crack, as well as at the outer surface of a noble metal, Figure 18b.
ELIH for these examples is then the equilibrium potential (for the local
composition of electrolyte in the cavities) of the respective reactions, metal
dissolution (Figure 18a) or hydrogen evolution (Figure 18b). Figure 18a

describes the situation when Ex=0 is established either by an external power
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i supply or by a suitable oxidant undergoing reduction at the outer surface as

part of an open circuit corrosion process.

%é If a second reaction, of opposite sign to the reaction producing the
L;ﬁ current I, occurs in the cavity, the zero current-flow condition corresponds to
e the mixed potential of the two reactions (or of multiple reactions) occurring in
g the cavity, rather than the equilibrium potential of the prima;y feaction, as
i%g shown in Figure 19. This situation exists for the large IR voltages, described
.§ﬁ above during pitting in iron and other base metals, that places Ex (Equation
{ , 11) in the region of the h.e.r. (Figure 19a). Similarly, E within a crack
.f;; during electroplating or cathodic protection can be in the region of anodic
k; dissolution of the metal being plated or protected, respectively (Figure 19b).
U If two or more reactions, of the same sign, occur in a cavity, ELIM
%;‘ corresponds to the equilibrium potential of the thermodynamically most favored
fiﬁ. reaction., Thus, for oxidation reactions, ELIM is the most negative (least
- noble) equilibrium potential since it, but not the others, corresponds to the
:E; zero-current condition (19, 20).
33? Some experimental results consistent with the concept of a limiting
. potential are (1) the leveling off of the electrode potential beyond some
k : distance x into the cavity in Figure 14, and (2) the absence of metal
fzﬁ "dissolution along the walls of the slot in the Cu sample during the h.e.r.,
2 whereas metal dissolution is observed for the same conditions in the base
E i metals, Fe and Ni. According to the ELIH concept, copper cannot dissolve
f?:: because £/, = Eydn, < Ecd/cusst
. 5. DISTINGUISHING BETWEEN HYDROGEN CRACKING AND SCC
iz; Two recent developments, when applied to aqueous cracking situations in the
E:ﬂ noble metals, provide a definite answer to the question (20): Will (or did)
ffi failure occur due to hydrogen cracking or due to anodic (metal dissolution)
10
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stress corrosion cracking? These are (1) the E 1y concept and (2) the relative
change in concentration of certain of the ionic species with increasing distance
x into the crack (actual concentrations are not needed).

Noble metals are chosen for the analysis because one can say with a high
degree of certainty that there is no overlap at the outer surface of the
potential regions of anodic-metal dissolution and the h.e.r. It follows because
of the existence of the ELIK potential, that only one form of cracking can be
initiated at the outer surface depending on the mode of polarization. For
anodip polarization (including open circuit corrosion), only anodic metal
dissolution is possible (at the outer surface); and for cathodic polarization
only hydrogen evolution and hydrogen cracking are possible. Thus, this is a
good starting point for asking what is the equivalent situation at the tip of a
preexisting crack or cavity in the noble metal sample. The answer is that if
the polarization curves do not overlap, i.e., the equilibrium potentials move
farther apart, rather then closer together, with increasing distance x into the
cavity, only one form of cracking is possible anywhere in the cavity for a given
polarization mode, anodic or cathodic.

The changes in ionic concentration with distance x are shown in Figures 20
and 21 for anodic and cathodic polarization of copper in perchloric acid,
respectively, For énodic polarization and considering copper dissolution occurs
only at the bottom of the cavity, the pH and cu** and CIOZ ion
conceatrations increase with increasing x. From the Nernst equation, the
equilibrium potentials of the hydrogen and copper reactions decrease and
increase, respectively, with increasing x. Similarly, for cathodic peolarization

of the Cu (Figure 21), the pH increases. The latter produces a shift of the

equilibrium potential for the h.e.r. in the negative potential direction. As

some Cuz’ ions initially form by dissolution (since the bulk solution had
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none), their concentration also increases with distance into the cavity, uuder
the influence of the solution potential which decreases with increasing x (20),
in which case the copper equilibrium potential becomes more positive with

increasing distance into the cavity. Thus, for either anodic or cathodic

polarization conditions, the possibility of overlap of the two electrode

:}_; potential regions decreases, rather than increases, with increasing distance x
g:% into the cavity, as illustrated in Figure 22, Since for non complexing

L solutions there is no overlap at the outer surface, it follows from the ELIM
:% g concept that for either polarization mode, there is no value of the electrode

. .
Qgié potential which would allow both the h.e.r. and metal dissolution to occur at
:E;% the crack tip. Note, that for these answers to the questions of overlap and
ffti cracking mode in noble metals, it was not necessary to determine the actual
:;%f ionic concentrations in the crack. The trends of ionic concentration in Figures
'S? 20 and 21 ire well es ablished based on mass and charge transport models and

" experimental data (10, 12, 21). These trends persist from time zero and become
N
’ésg more, rather than less, pronounced in the presence of constrictions such as gas
'&;ﬂ accumulation.
"

o It follows that crack propagation during anodic polarization (of noble

‘¢3 metals in solutions for which overlap does not occur at the outer surface) is
ég: not due to hydrogen and, similarly, during cathodic polarization is not due’ to
j:ﬂ anodic metal dissolution., Table 4 lists known cases of cracking in noble metal
iﬁ alloys. In those cases of cracking during open circuit corrosion (OCP), the

measured corrosion potential was in the potential region of metal dissolution by

oo
L

virtue of the addition to the electrolyte of a strong oxidant, e.g., HNO3 or

P
.

[ I W

ferric ion, in which case it was clear that the open-circuit condition was

P s

equivalent to anodic polarization. Hence, all cases of cracking in Table 4 are

R
! ;
a4

for anodic polarization; therefore, none of these failures can be attributed to
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hydrogen, and in turn all wmust be due to an anodic type process such as metal
dissolution.

For base metals or alloys containing base metals, the above énalysis can
not rule out one or the other mode of cracking since, in general, the anodic and
cathodic polarization curves overlap at the surface of the sample, and also, to
at least some extent, within the crack even though the polarization curves may
diverge with increasing x. An example is a-brass, which has a long history of
environmental cracking and continues to be the focus of mechanistic studies in
many laboratories. The least noble metal is Zn, and its polarization curve and

Table 4. The mode of cracking (SCC or HC) based on
the E criterion for known cases of crack

propakggion in noble metal alloys for the reported
mode of polarizationm.

Alloy Solution Mode SCC or HC Ref
Cu-18a/o0 Au H,80, (dil.) anodic sce 22
or KCI* anodic scc 22
*
or FeCl3 OCP+ ScC 22
Cu-25a/0 Au FeCl3 OCP scc 23
Cu-25a/0 Au M sto4 OoCP scc 24
Cu-40a/o Au - Ce4+ ions OCP sce 24
Ag-20a/o0 Au HNO, oce scc 25
1*
or FeC 3
Ag-15a/0 Pd Aqua Regia ocPp scc 26
*
or FeC 3

*oce (open circuit potential)

*Neutral solutions for which (i) overlap does not occur at the outer surface
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even though Cu complexes with chloride ion and (ii) similar calculatioms, to
. those that produced Figures 20 and 21 for acid solution, also show the trend in

’ [ Figure 22.
o
f:ﬂ that of the h.e.r. overlap even at neutral and higher pH. The ELIM values in
3. this case are the mixed potentials of these two reactions established within the
& 3 crack during either an anodic or cathodic polarization process (Figure 19).
zé Thus, for anodic polarization and Ex-L near ELIM (Equation 11), both 2n
. dissolution and hydrogen discharge can occur at the crack tip making it
gi impossible to eliminate either cracking mode from consideration (20).
%S Similarly, during cathodic polarization with Ex-L in the range between
\j E;:/Zn++ and ELIM both Zn dissolution and the h.e.r. can occur at the
5&; crack tip. In conclusion, both forms of cracking can occur for either cathodic
;,; or anodic polarization in base metal or mixed base/noble metal alloys. As such
” these alloys are not as suitable (as noble metal alloys) for studying certain
‘iﬁ fundamental aspects of the mechanism of stress corrosion or hydrogen cracking.
’3 6. CONCLUSIONS
tin . This talk reviews work in the author's laboratory on corrosion products in
:L. cavities beginning with the finding that "wedging' action can occur and
E:E produce stress corrosion cracking and degradation of steel-reinforced
' ]
concrete. !
f,. . Hydrogen gas readily forms and accumulates within cavities in base metals '
'Ei during localized corrosion or cathodic protection, ‘
:;E . The potential at the cavity or crack tip can be much different than at the
(s outer surface during anodic or cathodic polarization or open circuit
:EE conditions when
'2 . gas is present in the cavity, or
A . a dimension of the cavity opening is small compared to its depth, as is
i# generally the case for hydrogen cracking or SCC
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. The local electrode potential within pits and crevices is the primary
parameter (i) promoting pit growth and crevicing, and (ii) when combined
with compositional effects, in establishing their growth rate. During
cathodic polarization the electrode potential within the cavity determines
the effectiveness of cathodic protection of the cavity (crack) surfaces.

. Anodic stress corrosion cracking and hydrogen cracking can be separated by
judicious choice of conditions in the case of noble metal alloys.
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Frankenthal, P. J. Byrne, J. E. Holliday, B. G. Ateya, T. Sakurai, I. M.
Bernstein, S. S. Chatterjee, W. R. Bitler, J. E. Castle, G. K. Hubler, A. M.
Allam, H. Erhart, R. Raicheff, R. P. Das, H. J. Grabke, J. H. Hoke, K.
Osseo-Asare, A, Jimbo, H. Kim, G. C. Ye, T. T. Kam, C. M. Loxton, I. S. T.
Tsong, M. N. Desai, K. Murakami, T. Hashizume, T. Abe, T. Suzuki, K. Weil, and
R. Iyer. Students Y. S. Kim,_A. Lingras, M. Zamanzadeh, Y. Kuk, C. Kato, B. W.
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Figures 5 and 6 of the paper, "On the Mechanism of Localized Corrosion of
Iron and Stainless Steel,” H. W. Pickering and R. P. Frankenthal, J.
Electrochem. Soc., 119, 1297 (1972), Figure 3 of paper II of this series, R.
P. Frankenthal and H. W. Pickering, J. Electrochem. Soc., 119, 1304 (1972),
and Figures 1, 5, and 7 of the paper "On the Nature of Electrochemical Reactions
at a Crack Tip During Hydrogen Charging -of a Metal," B. G. Ateya and H. W.
Pickering, ibid., 122, 1018 (1975) were reprinted by permission of the

publisher, The Electochemical Society, Inc.
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FIGURE CAPTIONS

(Top) Stress corrosion cracks at the base of the circular notch in Type
347 stainless steel due to solid corrosion product formation between the
plate and the notch walls (2X) and the transgranular nature of the cracks
(100x) (2).

Propagation by wedging action of a pre-existing crack (top left) from A
to the right upper surface (2).

Cyclinder expansgon, due to wedging action, vs. exposure time in the
autoclave at 204 C. Insert shows austenitic stainless steel sample and
titanium cyclinder as components (left) and assembled (2).

(Top) Specimen design for simulating wedging action in steel reinforced
concrete, and average measured strain of the titanium versus time in the
solution (3).

Pitted specimen, microscope, and microprobe and micromanipulator for
measuring the electrode potential inside the pits.

Pits in an iron sample (top left and right), and four consecutive frames
of a movie showing a bubble (and mirror image) rising out of ome of the
pits. Anodically polarized in 0.5M H,SO,, 3 mM NaCl (pH = 0.3)

(10,11). 24

In-place hydrogen gas bubbles iBside the slot, that formed during
cathodic polarization at 9 Am ° in the pH 5 solution, photographed
through a transparent plastic used to form the slot with the Fe (13,14).

Wall of the slot in an Fe sample that is heavily corroded where the
hydrogen gas bubble had been in contact with the iron during anodic

- polarization (15).

Schematic illustration of the electrode potential behavior as a function

of (a) distance into the pit or crevice and (b) time at the site of the
local cell,

Matching segments of the measured current flowing out of a single pit and
the measured electrode potential near the bottom of the pit, as a
function of time (10).

The various schemes for stabilization of pit and crevice growth,
illustrating the effect of (a) potential, (b) chloride ion, (c)
acidification, (d) potential and Cl1 ion and (e) potential and
acidification, Dashed lines illustrate the effect of composition change
on the polarization curve inside the cavity.

Effect of crevice dimension a on the location of the local cell action
along the x direction of the crevice. EA/P is the potential of the
active/passive transition.

Model of a crack (12).
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Nk
> 40
;h‘ﬂ
“55.‘ Figure 14. The potential change, ¢, wyithin the slot electrolyte of an iron sample,
T for the h.e.r. at 52 Am °., & = 0.05 cm. Points are for traverse of
o the Luggin probe into (o) and out of (8) the slot. Time of traverse was
158 25 min. The calculated ¢ profile is from Equation (8); X = 0.3 cm (12).
) ]
:zﬁz Figure 15. An example of etching of the wall of the slot in an Fe sample during the
Wy, h.e.r. for which the outer surface is in a state of complete cathodic
o'e protection. Location of etching is where the Hz gas had accumulated
oy (14).

2
ffjﬁ Figure 16. Calculated ¢ potential for increasing distance x into a slot of depth L
;f{% =1 cm, illugErating the effect of the slot dimension a (Figure 13) for
‘3». i, = 100 A m © (12).
AE)

Figure 17. As in Figure 16 but for the concentrations of hydrogen ion and the anion,
which are the same for the particular model conditions.

Figure 18. EL M for the case of a single reaction in the cavity. (a) Anodic
; poIarization. (b) Cathodic polarization. Dashed and solid lines
] indicate the E~i curve is for the x = L and x = 0 locations, respectively
' (19,20).
.j‘ Figure 19. EL M for the case of a second reaction of opposite sign in the cavity.
. (§Manodic polarization. (b) Cathodic polarization. Dashed and solid
- lines indicate the E-i curve is for the x = L and x = 0 locations,
respectively (19,20).
- Figure 20. Quasi stationary concentration profiles for steady state copper
}?' dissolution at the bottom of a pit. Electrolyte is perchloric acid.
:~{¢ Calculation method is in Reference 10.
1348
6% Figure 2l1. Stationary concentration profiles of #* and C107 ions for steady
WY state hydrogen discharge on the sample surface and slot walls. System is
’ copper in perchloric acid. Calculation method is in Reference 12,
"2 BV
.0'e
(o Figure 22, Schematic illustration of an increased separation of Ee3uz+ and
Qe E at with increasing distance x into the crack and, tgerefote, no
vk: ‘ cHiBce of overlap of their respective polarization curves. Dashed lines
A are for the outer surface position (x = 0) for Cu in a non-complexing
aqueous electrolyte (20).
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