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Introduction

In an aqueous solution there ars defined regions of electrode potential
for the hydrogen evolution and anodic metal dissolution reactions. These
two regions of potential differ with respect to each other depending on the
metal and solution composition. In those cases where the metal does not
already coantain hydrogen, the former (hydrogen evolution) is necessary to
generate hydrogen which can then cause hydrogen cracking (HC), and the metal
dissolution reaction is necessary to cause anodic stress corrosion cracking
(scc). 1t follows that HC and SCC occur in specific potential regions which
may or may not overlap. If overlap occurs, both modes of cracking are
possible in a specific alloy/electrolyte system for either anodic or
cathodic polarization. If overlap does not occur, then only one or the
other mode of cracking can occur depending on the electrode potential: HC
at potentials less noble than the H equilibrium potential and SCC at
potentials more noble than the metal equilibrium potential. Although this
is an easily accepted concept it can not be readily applied, mainly because
of a lack of specific information on the electrochemical conditions within a
crack, in particular at the crack tip where crack propagation occurs. It is
the purpose of this paper to more fully explore the application of this
concept to actual metal/solution systems.

For alloys containing base metals the potential regions of anodic metal
dissolution and of the hydrogen evolution reactiomn (h.e.r.) overlap at the
alloy surface and therefore, also along part or all of the fracture or
cavity surface. Thus, for base-metal alloys this concept has no utility for
distinguishing between HC and SCC for either anodic or cathodic .
polarization. For all noble metal alloys in non complexing solutions, om
the other hand, no overlap occurs at the alloy surface. To distinguish
between HC and SCC however, it is necessary to know if overlap is avoided
everywhere in the crack, Although this has been an intractable problem, two
rather recent developments appear to provide the necessary informatioan to
answer the overlap question. The first is the combined progress in
mathematically modeling and measurement of the electrochemical conditioms in
cavities and cracks. When only soluble reaction products are produced good
agreement has been found between calculated and measured electrode
potentials (1-4). 1In addition, the models have been developed from first
principles. As a result one can accept with confidence the predicted trends
in species concentration, if not the values themselves, as a function of {
distance x into the cavity. The second is the determination and definition
of the limitiang potential, E [q: ¥hich can exist in a cavity or crack
during anodic or cathodic pokarization (3-6). This concept, although new,
can also be accepted with confidence since it, too, is developed from first
principles and has already some experimental confirmation. Using these
developments one finds that is is not necessary to know the actual
conditions of electrode potential and solution composition at the crack tip
to determine if overlap is avoided everywhere in the crack. This finding
is decisive for the goal of this paper which is to determine if for the
noble metal alloys oanly HC can occur during cathodic polarization and only
(anodic) SCC during anodic polarization or during open circuit corrosion in
the presence of an oxidant (of otherwise hydrogen-free noble metal alloys).

ik

The importance of not needing to know the actual electrode potential at
the crack tip is not overstated, since (i) it can vary over a wide range and
(ii) its measurement (at the crack tip) is virtually impossible in spite of
the considerable progress that has been made in the past decade in the
measurement of the local electrode potential in cavities, Direct
measurement has shown that the electrode potential in the cavity can differ
greatly from that at the outer surface, i.e., by hundreds and even thousands
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of wV (1-4, 7-10). This recent success in characterizing the electrode
potential in cavities has increased our awareness of just how different the
electrode potential (as well as the electrolyte composition) can be in a
cavity. It has also become apparent that the measurement technique
sometimes disturbs the system and precludes the measurement of the electrode
potential in the most constricted regions, e.g., at the crack tip or at the
interface of a gas bubble and a cavity surface.

Clearly, an alternative approach to measuring the electrode potential
is needed. The one used in this paper and elsewhere (3-6) is to determine
from first principles the limiting electrode potential that can exist in a
crack for a given metal and use it to obtain an answer on the overlap
question. This analysis is straight forward. It leads to the conclusion
that (i) there is a limiting potential, E; > and (ii) its value varies
with solution couditions but never exceeds the equilibrium poteantial of the
thermodynamically most favored reaction of all reactions contributing to the
net anodic or cathodic current flowing between the bulk solution and crack
tip, i.e. in or out of the crack.

Results and Discussion

The Concept of a Limiting Potential (3,6)

In this section the concept of a limiting potential ELI , is
developed for an oxidation or reduction reaction occurring at the base of a
cavity, x = L, the outer surface and side walls of the cavity being inert,
e.g., as if covered by a passivating-type film. The change in electrode
potential with distance x into the cavity, E(x), can be approximately
equated to the IR voltage within the electrolyte which fills the cavity, in
which case

E(x) = E__ +IR(x) (1

vhere E =0 is the electrode potential at the opening of the cavity, E(x)

is the Yocal electrode potential as a function of distance x into the
cavity, I is the current flowing between x=0 and x=L with due regard for the
current flow direction, and R(x) is the resistance to curreant flow between
x=0 and position x. This treatment assumes that the diffusion current is
reiatively small. Eq. (1) shows that E(x) shifts in the noble direction for
reduction reactions occurring within the cavity corresponding to a reduced
overpotential with increasing x, e.g., towards ES9 + for the h.e.r,, and in
the less noble direction for oxidation reactions, e.g., towards E;? z+ for
metal dissolution. It also shows that if I or R(x) is large so is ghe
change in E(x). Convergely, I must be finite or IR=0 and E(x)=E =0 i-€e, I
can be very small if R is very large and still produce a large Iﬁ, but even
for R the IR product is zero if I goes to zero. This defines the limit-
ing poteatial, i.e., E M correspoads to a zero current-flow condition in or
out of the cavity and kﬁe value of E -L lies between E =0 and E M If the
reaction occurs also on the side wals of the cavity, é.g., H, evolution
(insert in Fig. 8), the limiting curreat condition becomes oné of
zero-current flow beyoud some depth, rather than zero curreat flow in or out
of the cavity. For the example given this would mean that the local current
is essentially zero at some depth x and beyond, corresponding to the

E condition but the integrated current flowing into the cavity is
névertheless finite and, therefore, the IR term in Eq. (1) is also finite
(even though part of the cavity closely approaches or is at the ELIM
condition). Thus, for side wall dissolution E M can actually be
reached, in contrast to the former situation ukete ELm can only be
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approached. IR can be very large even for small curreats flowing in or out
of the cavity if R is very large, e.g., due to in-place gas bubbles (1-5).

For a single reaction occurring in the cavity the zero current-flow
condition occurs at depths where the reaction is at equilibrium. It also
occurs when a second reaction of opposite sign to the primary reaction,
occurs at potentials existing in the cavity (but not at the outer surface)
but in this case the zero current-flow condition is at the mixed potential
of the two reactions occurring in the cavity. Thus, E v is either the
equilibrium potential of a single reaction or the mixe& potential of
multiple reactions of mixed sign. A third possibility is that multiple
reactions, all of the same sign, occur in the cavity, in which case
ELIM is the equilibrium potential of the thermodynamically most favored
reaction, e.g., if all of the reactions are oxidation reactions (curreat
flowing out of the cavity) E is the most negative (least noble)
equilibrium potential of these reactions, since it, but not the other
equilibrium potentials, corresponds to the zero-curreant condition.

The above-mentioned E potentials are illustrated in Figures
1-3. A single electrochemical reaction in a cavity could be metal
dissolution in a pit with the outer surface (x = 0) in the passive region,
Fig. la, or hydrogen evolution within a crack as well as at the outar
surface, Fig. lb. E for these examples is then the equilibrium
potential (for the 10cal composition of electrolyte in the cavities) of the
respective reactions, metal dissolution (Fig. la) or hydrogen evolution
(Fig. 1b), Figure la describes the situation when E ag is established
either by an external power supply or by a suitable Oxidant undergoing
reduction at the outer surface as part of an open circuit corrosion process.

The situation where a secondary electrochemical reaction of opposite
sign to that of the primary reaction occurs in a cavity, can readily be
demonstrated in laboratory experiments. For example, large IR voltages
inside pits in iron, aluminum or stainless steel samples which were
anodically polarized well above the h.e.r. equilibrium potential established
a potential within the pit in the region of hydrogen evolution (1,10).
Similarly, the potential within a crack during electroplating or cathodic
protection may lie in the region of anodic dissolution of the metal being
plated or protected (2-5). These situations are illustrated in Fig. 2, and
show that B qm is for these situations 2 mixed potential established by
the reaction§ occurring within the cavity, since it is at the mixed
potential that the net current at Ex-L available for flow in or out of
the cavity is zero.

Open circuit pitting corrosion, where the cathodic reaction occurs
entirely on the outer surface, corresponds to the situation within a cavity
in Fig. la. When some of the cathodic reaction occurs also on the side
walls, the curreat flowing out of the pit is decreased in proportionm to that
fraction of the cathodic current which occurs within the pit, and
the limiting potential, though less likely to be approached, remains E§7Mz+.

Experimental Confirmation of the Existence of a Limiting Potential

Experimental confirmation of the existence and nature of EL e
although meager in terms of numbers of independent observations, 1s
available in two different forms. There are (i) measurements of the
electrode potential as a function of distance into cavities and (ii)
observations of secondary reactions occurring within the cavity.
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In principle, if one measures the local electrode potential as a
function of distance into a crevice the theory of ELI predicts that at
depths corresponding to £_ approaching EL M the loca¥ current flow in or
out of the cavity approacﬁes zero and as iuch the local electrode potential
is only at best a wegk function of distance x into the cavity. Thus, a
discontinuity in the E(x) function from a stroag to weak dependence of E on
x may be expected in the vicinity of E e This behavior has been
observed for the h.e.r. within a crevice in Fe, Ni and Cu samples, Fig. 4.
In crevices in all three metals the local electrode potential in accord with
Eq. (1) increases rather sharply (more noble direction) with increasing
distance into the crevice and then its dependency on x weakens and E becomes
essentially constant at approximately the predicted EL y» Table 1. The
predicted values of EL in Table 1 are mixed potentia{s in the case of
Fe and Ni, and an equ1f¥briun potential (for the h.e.r.) in the case of Cu
since Eeq/ ++ is more noble than tha§ of the h.e.r, For the rather strong
cathodigupoiarizatiou (10 to 100 A m ) used in these experiments E was
approached only when (gas-bubble) constrictions formed in the cavity
effectively increasing R, Fig. 5. This, however, was a normal development
for all three metals in a matter of minutes or less.

TABLE 1. Experimental confirmation of the existence of
EL M during cathodic polarization of Fe, Ni
ans Cu saaples in strong acid solution (Cu and
Ni) or buffered acetic acid/sodium acetate (pH 5)
solution (Fe) (2,3).

ic ELIM(SHE)’ v Metal ions
Metal Am? model probe Etched in Crevice
Fe 9 -0.3/-0.6 -0.5 yes yes
Fe 52 -0.3/-0.6 -0.51 yes yes
Ni 100 0.0/ -0.4 -0.23 yes yes
Cu 100 < 0.0 > -0.2 no no

The occurrence of additional electrochemical reactions inside cavities
is consistent, in general, with a variation of electrode potential between
the outside surface and cavity surface. The discovery and identification of
certain additional reactions inside cavities can, in turn, be used as a
guide to the ranges of electrode potential that exists in the cavity. Thus,
when etching was observed at the bottom of crevices in Fe and Ni samples
during strong cathodic polarization and their ions were also found in the
electrolyte within the cavities (Fig. 6 and Table 1), it was a clear
indication that the electrode potentials in the cavities, although not at
the outer surface, were in the regions of anodic dissolution of the
respective metals. The salient point, however, with regard to the EL
theory is that for otherwise identical experiments on Cu samples, nexéger
etching of the Cu nor formation of its ions were observed in the crevice,
indicative of the presence of a limiting potential and consistent with the
above interpretation of E Mo . i-e. since Cu is a noble metal overlap of
its anodic dissolution poEential range and that of the h.e.r. could only
occur for rather extreme conditions of solution cowmposition., Thus, one can

- eq i
expect (see below for a proof) that ELIM EH/H* < ECu/Cu*+ in the




cavity as well as on the outer surface, i.e., the electrode potential
everyvhere in the cavity is reducing with respect to copper, consistent with

the nature of ELIH given above and no copper dissolution, therefore,
occurs,

Use of E, iufor Deciding Between HC and SCC

Let us counsider a noble-metal alloy/strong acid system, e.g., Cu-Au
alloy in dilute HCIO,., 1In this case the standard potential of the least
noble metal of the a?loy (Eg = 0,34V) is more noble than that of the
hydr lution reaction ¥£6u+t = 0,0V) £ th ial
ydrogen evo reac 0 #/ .0V). Overlap of the potentia
regions of copper dissolution ang hydrogen evolution could only occur for
rather extreme conditions of solution composition in metal ions and/or
hydrogen ions. Nevertheless, one must know both the trend and magnitude
within a cavity or crack of the concentratioans of the relevant ionic species
in the electrolyte, in order to determine the equilibrium potentials and

ELIH at the crack tip.

Using the generalized flux equations for concentration and potential
driving forces, the concentration profiles in the cavity at steady state are
shown in Figs. 7 and 8 for anodic and cathodic polarization for the Cu-Au
alloy, respectively. For anodic polarization (Fig. 7), the pH and the Cu
ion concentration increase with increasing distance into the cavity. From
the Nernst equation the equilibrium potentials of the hydrogen and copper
reactions decrease and increase, respectively, with increasing x. Thus, the
possibility of overlap of the two electrode potential regions decreases,
rather than increases, with increasing distance into the cavity as
illustrated in Fig. 9. Similarly, for cathodic polarization of the Cu-aAu
alloy (Fig. 8), the pH increases which again produces a shift of the
equilibriu?+potentia1 for the h.e.r. in the negative potential direction.

As some Cu ions initially form by dissolution (since the bulk

solution had none), their concentration also increases with distance into
the cavity under the influence of the solution potential which decreases
with increasing x (3), in which case the copper equilibrium potential
becomes more positive with increasing distance into the cavity, i.e., the
same situation as for anodic polarization shown in Fig. 9. Thus, for both
anodic and cathodic polarization of noble metal alloys in strong acids the
equilibrium potentials of the h.e.r. and of the metal dissolution reaction
at the crack tip will always be further apart. Since for non cowplexing
solutions there is no overlap at the outer surface it follows that for
either polarization mode there is no value of the electrode potential which
would allow both the h.e.r. and metal dissolution to occur at the crack tip.

Thus, the solutions to the questions of overlap and cracking mode were
easily obtained and it was not even necessary to determine the actual
concentrations in the cavity. Had one or more of the concentrations changed
in the opposite direction with increase in x it would have been necessary,
at least, to estimate the actual concentration values within the cavity. To
this end the mathematical model for cathodic polarization (3) is more suited
because the total concentration decreases with distance into the cavity, in
contrast to an increase for anodic polarization. Thus, the assumption of
non-interaction amoag ionic species in the model is more fully realized for
cathodic polarization. In addition, these models assume only soluble
reaction products. The quality of the calculation sharply decreases as gas
bubbles or solid corrosion products occupy the cavity volume. Evenso, the
treads in Figs. 7 and 8 are well established, in which case overlap of the
h.e.r. and copper dissolution reactions is not to be expected (in the noble
metal alloys).




Stress Corrosion or Hydrogen Cracking in Noble Metal Alloys

The above analysis shows that for noble metal alloys the crack tip
electrode potential will not be in the potential region of the alternative
reaction, i.e., for anodic polarization the electrode potential in the
cavity will not be ian the potential region of the h.e.r.,, and visa versa.

This is illustrated in Fig. 9 and is most simply the result of the fact that
the Efrm values of the two reactions do not lie in each others potential region.

It follows that crack propagation during anodic polarization is not due
to hydrogen and during cathodic polarization is not due to anodic metal
dissolution. Table 2 lists known cases of cracking in noble metal alloys
which are reexamined based on the above E IM coucept as to whether the
fracture process was one of metal dissolukidn (SCC) or hydrogen cracking
(HC). 1In cases of cracking during open circuit corrosion, Table 2 includes
only those cases for which the measured corrosion potential was in the
potential region of metal dissolution by virtue of the addition to the
electrolyte of a strong oxidant, e.g., HNO, or ferric iom, in which

case it was clear that the open-circuit condition was equivalent to anodic
polarization.
TABLE 2. The mode of cracking (SCC or HC) based on the ﬂ
ELIM criterion for known cases of crack propa-
gation in noble metal alloys for differeat
modes of polarization (11-15).
Alloy Solution Mode SCC or HC
Cu~18a/o Au stoa(dil.) anodic sCC
or KCl1 anodic ScC
or FeClj ocp* scc
1
Cu3Au FeCl3 ocp scC
Cu-25a/0 Au M HZSOA+ OCP SCC
Cu=40afo Au  Ce%¥ fons ocp scc
Ag-20a/o Au HNO4 ocP scc
or FeCl3 ocp ScC
) Ag-15a/o Pd  Aqua Regia oCP scc
or FeCl3

—ned

*OCP (open circuit potential)
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Stress Corrosion or Hydrogen Cracking in Other Alloys

For alloys containing base metals the anodic aad cathodic polarization
curves overlap, and as a result the ELI values lie in each others potential
regions. Let us consider the brass sys§em which has a loag history of
environmental cracking and continues to be the focus of mechanistic studies
in many laboratories. The least noble metal in brass is Zn, and its
polarization curve and that of the h.e.r. overlap even at neutral and higher
pH. The E values in this case are the mixed potentials established
within the 'crack for the reactant/product concentrations established by the
anodic or cathedic polarization processes, Fig. 10.

The (partial) anodic polarization curves for Zn and Cu from -brass in
Fig. 10 exhibit characteristic alloy dissolution behavior (16). For anodic
polarization of the sample (E,), the electrode potential within a
crevice or crack will range to the left of E, and can approach
ELIMbat the most confined region such as a crack tip. As such H(ad)
may be formed on the crack-tip surface by reduction of H  ion, thereby
introducing the possibility of HC in addition to anodic SCC.

Conversely, during cathodic polarization at E , the electrode
potential inside a crack ranges to the right of E_ towards the mixed
potential of the polarization curves (representing different local
compositions than for anodic polarization). That part of the crack in the
range between E n/za*t 304 E I undergoes preferential dissolution
of Zn along witg ége h.e.r. %ag a somewhat reduced rate from that at the
outer surface (3)). Hence, both forms of cracking may occur for either
cathodic or anodic polarization.

Conclusions

™ This paper reviews the conditions needed to determine whether
aqueous-phase crack propagation occurs due to hydrogen (HC) or due to anodic
metal dissolution (SCC). It shows that the main question to be answered is
whether overlap of the electrode potential regions of the metal dissolution
and hydrogen evolution reactions increases or decreases with increasing
distance x into a cavity or crack. It also reviews the theoretical and
experimental basis of the recently discovered existence of a limiting
electrode potential, € ... in a cavity, a finding which is paramount to
the goal of this paper. 1Its findings are:

(1) 1In acid solutions, overlap of the electrode potential regions of metal
dissolution and the h.e.r. decreases with increasing distance x into a
cavity, For noble metal alloys in non complexing solutions overlap does not
occur at any pH.

(2) Noble metal alloys which are otherwise free of hydrogen caa crack by
either one, but not both, of the modes depending on the polarization
condition: HC duriag cathodic polarization and SCC during anodic
polarization or during open circuit corrosion in the presence of . oxidant.

(3) For base metal alloys the potential regions of metal dissolution and
the h.e.r, overlap and, therefore, HC and SCC are both, in principle,
possible for either anodic or cathodic polarization.
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Schematic of the limiting electrode potential
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(a) during pitting of crevice corrosion and
(b) within a crack during hydrogen evolution
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The measured electrode potential profiles
inside cavities in samples of Cu, Ni and Fe
during cathodic polarization for the conditions
in Table 1.




Figure 3.

In=-place hvdrogen 2 Surtles whion
formed Jdurine cathodic »oluarization
at 9 A m~ =, photozraphed throuzh a
transparent plastic which was used as
one wall of the crevice. The other
wall and top surace were the iron
sample (2).




Figure 6. SEM micrograph illustrates etching of
the iron at the point of contact of
the largest in-place bubble in

Figure 5 (2).
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LOG DISTANCE

Concentration profiles within HC10, acid in a pit in
Cu-Au alloy. Model is for a single reaction, steady
state Cu dissolution within a pit (1). At the outer
surface Cu dissolution is a assumed to be negligible
in accord with experimental results which show that
Au blocks the Cu dissolution reaccion (11).
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x=L
DISTANCE

Concentration profiles for cathodic polarization of
the system in Figure 7. Model is for a single
reaction (h.e.r.) occurring within the cavity

as well as on the outer surface (3).
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Figure 9. Schematic illusttating an increased
separation of E yz+ and E 7H+

) with increasing distance x into the

cavity and, therefore, no chance of

overlap of their respective

1 polarization curves.
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Schematic illustrating that Ey 1M

for brass and other alloys containing
a base metal is in the region of the
h.e.r.
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