Modeling of Corrosion Fatigue Crack Initiation
under Passive Electrochemical Conditions

M.A. DAEUBLER, G.W. WARREN, .M. BERNSTEIN, and A.W. THOMPSON

A combined mechanical/electrochemical model has been developed which successfully predicts
the corrosion fatigue initiation behavior of an iron-base superalloy using readily measurable
electrochemical and mechanical properties. In particular, the model uses the current decay curve,
the initial or bare metal corrosion rate, and the critical slip step height, a parameter associated
with the transition from an intense slip band to an incipient crack. The exponential parameter,
a, used to fit the early (short time) portion of the current decay curve has been found to scale
with the fatigue crack initiation time, suggesting that & could be used as a valuable screening
aid to assess the corrosion fatigue susceptibility of any alloy under passive electrochemical
conditions. The model permits accurate prediction of both the shape and magnitude of fatigue
life (S-N) curves. The limitations and theoretical implications of the approach of this model are

also discussed.

1. INTRODUCTION

For practical as well as fundamental reasons, it is of
great importance to understand and predict fatigue life
in terms of crack initiation and crack propagation. This
research has focused on the first of these, i.e., corrosion
fatigue crack initiation, since this typically dominates fa-
tigue life. Mueller"? has shown that initiation can be
strongly influenced by the types of corrosion processes
which occur, for example, general corrosion, localized
corrosion (pitting), or passive corrosion, and has sug-
gested a different theoretical approach to modeling in
each regime. For the case of passive corrosion, initiation
is believed to occur at slip steps which have penetrated
the passive film!>" (Figure 1).

The emergence of a slip step exposes bare metal to
the environment. This metal will experience a small
amount of dissolution as the passive layer is formed over
the newly exposed surface. The crack initiation process
may then be viewed as an interaction and competition
between the rate of growth of slip steps and the rate of
repassivation. Pyle and co-workers®# have, in fact, made
such a correlation for a stainless steel and have measured
the repassivation events by in situ monitoring of current
transients as the material was subjected to cyclic plastic
strain at a constant applied potential in the passive re-
gion. It seems reasonable that the current decay behav-
ior, and therefore the fatigue behavior, could be
significantly affected by a change in applied potential or
electrolyte composition, and this has, in fact, been ver-
ified in a number of cases.>#748
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Clearly, the electrolyte composition in small precracks
or surface cracks which results from the interaction of
emerging slip steps and repassivation is also of interest.
Recently, there have been a number of investigations of
crack tip electrochemistry®'? dealing with long through-
cracks under stress corrosion cracking conditions. How-
ever, the relationship between results obtained for long
cracks and small surface cracks on the order of several
micrometers in depth is not clear. Turnbull and Thomas™*
have, in fact, suggested that, other conditions being con-
stant, the size of the crack can significantly affect the
environment at the crack tip. It has been observed that
for a given microstructure, crack growth rates can be
less sensitive to environmental conditions than crack ini-
tiation, as is the case for alloy A-286.1"" One possible
explanation for this observation may be a difference in
crack tip chemistry. This can be important, especially
since changes in the aqueous environment could, in turn,
significantly affect the repassivation kinetics as reflected
in the current decay or current transient data.

There have been a considerable number of experi-
mental and modeling efforts devoted to the problem of
corrosion cracks and corrosion fatigue, beginning with
the pioneering work of Brown''® and most recently ex-
pressed in several specialized conferences'*'” and a
number of relevant papers.?>-?! Although some of this
modeling work has involved extremely complex repre-
sentations of experimental data and physical parameters,
we have chosen to work with a relatively simple analysis
and to pursue extension and development of a partially
successful model!'? for the circumstance of interest, crack
initiation under passive corrosion conditions.

Previous investigations!'**®! of the corrosion and fa-
tigue behavior of alloy A-286 in air and under passive
conditions in a sulfuric acid electrolyte have provided a
useful base of experimental observations for the current
study. The objective of the present investigation was to
develop a model for crack initiation under conditions of
corrosion fatigue that would account for these experi-
mental observations reasonably well and provide an im-
proved understanding of the interaction between corrosion
and fatigue. The model presented is based on slip step
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Fig. 1— Schematic illustration of slip-film rupture-repassivation model.
Surface shown may be a free surface or at a crack tip. (a) Slip step
ruptures surface film; bare metal begins to dissolve. (b) Penetration
continues during further cycling, accompanied by greater step height
if slip band remains active. (c¢) When process ceases, a notchlike fea-
ture remains.

dissolution and repassivation, incorporating mechanical
as well as electrochemical factors, and utilizes a repeat-
ing film rupture mechanism, and as such represents an
extension and refinement of the model previously pro-
posed by Mueller.’? The model also attempts to relate
the rate at which slip steps emerge with repassivation
rates, i.e., current transient measurements.

II. EXPERIMENTS

The experimental material was the iron-base super-
alloy, A-286, the composition, thermomechanical his-
tory, heat treatment, and microstructure of which have
been described in detail previously.!'**% Several types
of experiments were performed. Emphasis for the cor-
rosion fatigue testing was on the underaged (denoted UA)
and very underaged (VUA) microstructures.!**>% Fatigue
tests using hourglass-shaped specimens!'*! were con-
ducted in air and in 1M H,SO, under sinusoidal loading
at room temperature, using a servohydraulic testing ma-
chine and a load ratio, R, of 0.1. Testing frequencies
were 1, 10, and 30 Hz.

Separate electrochemical experiments including
potentiodynamic polarization and current decay experi-
ments at constant potential were also performed. For these
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experiments, electrodes of a known cross section were
prepared from the A-286 microstructures mentioned
above, mounted in epoxy, and mechanically polished
through 600 grit abrasive paper immediately prior to each
experiment. An initial cathodic treatment of —0.6 A for
90 seconds was also employed immediately prior to each
polarization curve or current decay experiment in order
to minimize the effects of any film which may have
formed during exposure to air or water.!"” All experi-
ments were performed using either a Model 173 or 273
EG&G potentiostat, a Model 175 EG&G voltage pro-
grammer, and a Houston 2000 X-Y recorder. The 1M
sulfuric acid electrolyte, with varying additions of NaCl,
was used at room temperature in all experiments.

Results for the electrochemical experiments indicated
that an applied potential of 0.6 V vs a saturated calomel
electrode (SCE) would maintain the alloy surface in a
passive state, and this value of potential was selected for
the passive corrosion fatigue experiments performed in
sulfuric acid.!* The electrochemical cell used for the fa-
tigue experiments was constructed of an inert plastic, while
the A-286 specimen surfaces were covered with an in-
sulating stop-off lacquer, except for a 1 cm’ area in the
midgage region which was the working electrode. Spec-
imens were electrically isolated from the testing machine
using ceramic inserts in the specimen grips. A Pt foil
around the A-286 specimen served as the counter elec-
trode and a saturated calomel electrode as the reference.

As in the electrochemical experiments, the fatigue
specimens were subjected to a cathodic pretreatment of
—0.6 A for 90 seconds immediately prior to shifting to
the passive potential of 0.6 V vs SCE, which was held
for 30 minutes before imposing the loading frequency.
During fatigue tests, specimens were removed from the
testing machine at certain intervals and examined to de-
termine the location and extent of crack growth and to
measure the height of surface slip steps using light-
microscope interferometry. Additional details of the ex-
periments are available elsewhere. !4

II. MODELING OF
CORROSION FATIGUE CRACK INITIATION

As previously mentioned, the model presented here is
based upon the existence of a stable passive layer on the
metal surface which implies that the metal is not sub-
jected to active dissolution except at slip steps which break
through the passive film. Pitting is also neglected. It is
likely that the operation of any other processes would
lead to quite different mechanisms for crack initiation
than the physically realistic slip step dissolution-
repassivation model discussed in this paper.'”!

The essential features of this well-discussed model in-
volve the initial rupture or penetration of the passive layer
by the emergence of a slip step, as depicted in Figure 1.
The newly exposed fresh metal along such a slip step is
then attacked by the surrounding corrosive medium. A
dissolution-repassivation process is repetitively initiated
and eventually penetrates along the slip step and into the
metal matrix. The suggested resulting penetration after
the first few exposure-repassivation cycles is shown
schematically in Figure 1(a) by the darkened region.
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Progressive penetration is anticipated to occur upon fur-
ther cycling (Figure 1(b)), and a notchlike feature should
eventually develop, as illustrated in Figure 1(c). The
preferential penetration direction lies along the slip band
due to the inherently high dislocation density and asso-
ciated higher chemical activity. Such a sequence appears
qualitatively reasonable. However, a complete, testable,
predictive model is needed to verify such a process se-
quence, as detailed in the following sections.

A. The Initiation Process

A history of the proposed crack initiation process is
schematically shown in Figure 2 as a plot of current den-
sity vs time, where time is equivalent to the number of
cycles, N, which, in turn, is given by the product of
frequency, v, and time, z. Once the fatigue test is begun,
slip steps develop but must reach a certain localized height
in order to penetrate the passive film of a given thick-
ness. The number of fatigue cycles required for pene-
tration is given by N,. At this point, fresh, unprotected
metal would be exposed to the corrosive environment.
The corrosion current at such a slip step should increase
drastically and then decay as the freshly exposed metal
begins to passivate.?! This is shown by the first peak in
Figure 2. This process will repeat each time the slip step
undergoes a growth event of sufficient magnitude to ex-
pose additional unprotected matrix material. Impor-
tantly, these dissolution-repassivation events are not
necessarily activated during each fatigue cycle, as has
been implied in previous models.™?! They usually require
a longer time, AN, as discussed later. In addition, it seems
certain that these intervals, AN, are not necessarily uni-
form, as has been depicted in Figure 2, a description
used here only for simplicity. However, such an as-
sumption does not affect the generality of the model, and
it would still be applicable for the more mathematicaily
complex case which includes randomly timed dissolution-
repassivation events.

For each dissolution-repassivation event, a penetration
depth along a slip step equivalent to the amount of metal
dissolved can be calculated which is proportional to the
area under the current decay curve, i.e., the shaded areas
in Figure 2. This is a measure of the charge passed dur-
ing the repassivation process, a portion of which is at-
tributable to dissolution. The sum of the charge passed
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Fig. 2— Depiction of current decay history, shown as current density
change over AN cycles, after N, incubation cycles (Section III-B).
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for all of the dissolution-repassivation events up to the
point at which the notch is equivalent to a stable crack
is then proportional to a critical penetration depth, and
this would define the number of fatigue cycles to crack
initiation, N;. Using the above mechanism along with a
number of realistic assumptions, an equation or model
for N; has been developed.

B. Development of the Model

Since the notch (or crack) dissolution is assumed to
be proportional to the total amount of charge which passes
during the individual repassivation events, this charge is
an important parameter to measure. Attempts to measure
the current transients by an in situ method, such as that
of Pyle and co-workers,?% were unsuccessful primarily
because the applied fatigue loads were much smaller in
the present work, resulting in currents which were too
small to be conveniently measured. Kendig and
Mansfield®!! have recently reported a more advanced AC
(alternating current) impedance technique for in situ
monitoring of corrosion fatigue crack growth, but it has
yet to be demonstrated that this technique could be ap-
plied to crack initiation. We have opted to use a more
indirect technique in the present study, where current
decay vs time behavior (at 0.6 V vs SCE) was deter-
mined using electrodes of A-286 mounted in epoxy. The
electrodes were given the same cathodic treatment
(—0.6 A for 90 seconds) as the fatigue specimens prior
to imposing the passive potential. The anodic current
density decay was experimentally measured, and typical
results are shown in Figure 3. It was found that quite
reproducible results were obtained, and the current, i,
over the initial portion of the decay curve is accurately
described by an equation of the following form:*

*The terms used in this and the following equations are summarized
in the appended glossary at the end of the article.

i=i*(kt)® (1]

where k and a are fitting constants and the maximum
current density, i*, is defined as the measured current
density at an elapsed repassivation time of 1 second. In-
tegration of Eq. [1] then yields the amount of charge
passed proportional to the amount of material dissolved
during repassivation, as defined by Faraday’s Law. A
value of 1 second was chosen, since it was not possible
to measure the current at zero elapsed time, and the re-
sponse time of the X-Y recorder was approximately 1/4
to 1/3 of a second. It should be stated that this approach
assumes that the effect of possible nonfaradaic pro-
cesses, such as charging of the double layer or adsorp-
tion at freshly exposed metal surface areas, was either
negligible or constant. According to this kind of
dissolution-repassivation model, there is a direct corre-
lation between the amount of material dissolved and the
penetration depth per rupture event, d,, as considered
previously:*?

Hg)

d,=— i*(kt)* dt 2]

zFp ng—1)
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Fig. 3—Measured current decay behavior for VUA microstructure of
A-286, 1 M sulfuric acid under 0.6 V vs SCE, without chloride.
(a) Crosses are fitted points, using Eq. [1] with « = -0.511.
(b) Crosses are fitted with Eq. {12]; @« = 0.570 and B = 0.025.

where the preintegral term has its usual meaning. A spe-
cific number of these rupture, dissolution, repassivation
events would be necessary to achieve a critical penetra-
tion depth, d,, given by the following:

q9=x M X Hq)
do=Yd,=—> f i*(ke)* dt [3]
q=1 ZFp q=1 Jg—1)

This approach explicitly requires that progressive local
dissolution at a re-emerging slip band results in crack
initiation and that preferential metal dissolution is greater
at the crack tip than at its flanks. Both assumptions ap-
pear reasonable and, in fact, have been invoked exten-
sively in previous studies.!!>”) The critical penetration
depth can now be related to the number of cycles re-
quired for the conversion of the notchlike feature into a
defect associated with crack initiation. The following as-
sumptions are made: constant corrosion condition and
testing frequency are maintained; slip step growth events
are assumed to occur intermittently with a constant time
interval At or AN; and importantly, a certain number of
cycles, N,, are required before rupture of the passive
film occurs, after which each slip step growth event is
assumed to result in the same current density decay curve,
as shown in Figure 2. While for a given testing fre-
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quency and stress ratio, it is likely that the heights of
emerging slip steps during each growth event are dis-
tributed over a range of sizes, for simplification an av-
erage (constant) slip step growth per event is taken and
expressed as a multiple of the Burgers vector, nb.

Since the critical penetration depth, d,, and the critical
slip step height, SSH_, are interdependent, the total num-
ber of growth or penetration events, y, is estimated as
follows: ‘

SSH.
nb

where y is the number of slip step growth events from
film rupture to initiation and x, is the number of events
to film rupture defined by

=Xxotx [4]

|

_
nb
where h; is the thickness of the passive film. With these

assumptions, the integration and summation in Eq. [3]
can be readily performed, yielding the following result:

Xo [5]

.
l
= (kA" (6]
zFp(1 + a)k
As illustrated in Figure 2, the number of cycles to crack
initiation, N;, can be expressed as
=X
N;=No+ D AN, (7]
q=1
Since the number of cycles is also equal to the product
of frequency and time, N, can also be expressed as follows:

N; = (xo + X)AN = YAN = yvA¢ [8]

Equation [6] can now be solved for A¢, and the result
substituted into Eq. [8], yielding!®

- 1/(t+a)
_Xv zFp(1 + a)k () 9]
k Mi*y ¢

This is an argument relying only on localized dissolu-
tion. To be meaningful, it should also be possible to ob-
tain or express the critical penetration depth, d., from
fracture mechanics. The details of such a derivation are
provided in an Appendix and given here by Eq. [10]:

(%)
d.=al— [10]
On

We can then make the important step of coupling the
mechanical and electrochemical aspects of a sized defect
associated with corrosion fatigue crack initiation by
combining Egs. [9] and [10]. The ensuing expression
(Eq. [11]) for the number of cycles to crack initiation is
thus obtained in terms of parameters which can either be
reasonably estimated or experimentally measured and is
therefore directly testable.

_ SSHCV [ZFp(l + a)nbkac]l/(l+a) (o_a>—2/(1+a)
nbk | Mi*(SSH, ~ h))

i

i

Oy

[11]
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C. Comparison of the Model with
Experimental Results

Using the data provided in Table I for the various es-
timated and experimentally measured parameters, the
model described by Eq. [11] can be used to generate the-
oretical S-N curves for comparison with experimental
data™ for A-286, as well as the earlier work by Mueller."”!
For this comparison, we and Mueller®” regard initiation
as dominant in S-N fatigue life and thus identify N, from
Eq. [11] with life. Figure 3(a) shows a typical fit to the
current decay curve to obtain the exponent, a.
Figure 3(b) is discussed below. Figure 4(a) shows the fit
obtained by Mueller for his model, while 4(b) fits his
data to Eq. [11] using the appropriate data from Table I.
Only for the latter case does the predicted curve show
the proper curvature. Figures 5 and 6 illustrate the ex-
cellent fit obtainable from this model for A-286 for the
two heat treatments (UA and VUA) with and without the
presence in solution of chloride, a depassivating agent.!¥
In all cases, the model provides excellent agreement with
experiment, predicting the curvature and slope observed
experimentally.

This approach allows us to predict trends in corrosion
fatigue susceptibility from current decay kinetics.
Figure 7 shows the relationship between the S-N curve
and the current decay curve. A shift in the current decay
curve to lower values of current results in a lower value
of the current decay exponent, «, which affects the S-N
curve in several ways, most noticeably an increased life
prior to crack initiation. This suggests that « can be used
to rank the relative susceptibility of different materials
to corrosion fatigue under passive film conditions. Since
it is only a fitting parameter, several alternate ap-
proaches were used to obtain a mathematical expression
which might more accurately fit the experimentally mea-
sured current decay data.

A comparison of the two best fits are shown in
Figures 3(a) and (b) for a single parameter and double
parameter least-squares fit of the average of three sep-
arate current decay experiments at a constant applied po-
tential of 0.6 V vs SCE. The former was obtained from
Eq. [1] and the latter by Eq. [12]:

Table I. Parameters Used in
Equation [11] to Obtain Predicted S-N Curves

A-286
Parameter Mueller’s Data?* (Present Study)
n 1t05 1to5
b (nm) 0.25 0.25
z(eq-mole™") 2.0 2.0
F (A-s-eg‘l) 96,500 96,500
P(g-cm™) 8.0 8.0
M (g-mole™)  56.0 56.0
hy (nm) 2t03 2t03
SSH, (nm) 100 80
i* (mA-cm %) 10(x1), 100(X5) 1 to 10**
a —-0.5(x1), —0.75(x5) —0.4 to —0.6**

*Where the data is sensitive to alloy composition, the alloy des-
ignation is given,
**Exact value depends on the electrolyte chosen.
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i=i¥kt)* + ife® [12]

Equations [1] and [12] fit the experimental curve quite
well for very short times, as shown in Figure 3, but for
times over about 1 minute, a double parameter fit
(Eq. [12]) was found to be more appropriate. However,
while the latier allows a slightly better fit, at longer times
the calculation of the crack initiation life becomes un-
duly complicated, and since a significantly better pre-
diction of the S-N curve could not be obtained from
Eq. [12], the single parameter fit using o was preferred.
Mueller,' on the other hand, used a different single pa-
rameter fit for the current decay behavior which was
identical to the second term in Eq. [12]. It may be sig-
nificant that both Egs. (1] and {12} provide a much better
prediction of the experimentally measured current decay
behavior at very early times than does the equation used
by Mueller. This would suggest that the most important
contribution of the balance between dissolution and re-
passivation occurs at short times or high current densi-
ties, which is reasonable.
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1V. DISCUSSION

From the comparison of data shown in Figures 4 through
6, it is obvious that the proposed model represents a sig-
nificant improvement in corrosion fatigue crack initia-
tion predictions. While the application of Eqs. [1] through
{4] may be quite general, the lack of necessary detailed
statistical data required some simplifying assumptions to
enable a reasonable calculation of the number of cycles
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Fig. 6— Comparison of datal"* to model, as in Fig. 5 but for 1000 ppm
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Fig. 7—Relation between S-N curve and repassivation current decay.
Relevant equations shown for each curve. (Top) S-N curves, showing
that decreasing a raises curve; (bottom) current decay curve, showing
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to crack initiation, N;, as expressed by Eq. [11]. It is
worthwhile to re-examine these assumptions and also to
identify limitations to the model.

The term N, is essentially a combined function of me-
chanical and electrochemical factors relating the passive
film and its rupture not only through parameters like SSH,
and h, but also through microstructurally sensitive terms
such as oy, a., and rb. The initial corrosion current in
the crack is considered to be reflected by the rate of cor-
rosion of bare metal. However, the current at the crack
tip along the slip band may, in fact, be larger due to the
accumulation of dislocations at this point or to an
electrolyte at the crack tip which differs from the bulk
electrolyte. Neither of these factors should alter the sense
or likely the magnitude of the correlation between the
current at the crack tip and the bare metal corrosion cur-
rent. Both i* and a are expected to be dependent on
electrolyte composition (e.g., C1~, pH, etc.) and applied
potential, as would be the passive film thickness, 4;. The
connection between electrochemistry and mechanics re-
sides mainly in the interdependencies of the critical slip
step height, SSH,, and h,.

Thus, the model provides a generalized parametric de-
scription of fatigue crack initiation, which, for a given
set of material, electrochemical conditions, and testing
parameters, would predict that corrosion fatigue crack
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initiation is a function only of the applied stress ampli-
tude, o,. For purposes of examining whether such a pre-
diction is an undue simplification, the variables n, i*,
and a have been calculated by determining the best fit
of Eq. [11] to the experimentally measured S-N curve.
Values obtained are: n = 1to 5, i* ~ 1 to 10 mA /cm?,
and a ~ 0.4 to —0.6. While these are reasonably close
to values that were assumed or experimentally mea-
sured, such correlative support should not be over-
emphasized. In fact, a number of problems with the
approach persist.

In the derivation of Eq. [11], the assumption was made
that the slip step growth increment can be expressed as
an integral number of Burgers vectors, nb, for a partic-
ular testing frequency, implying that the statistical dis-
tribution of slip step growth increments is expected to
be a function of test frequency. If this is the case, N, is
not linearly dependent on frequency, as Eq. [11] would
suggest, but is likely a more complex function of both
frequency, v, and slip step growth increment, nb. In fact,
tests run over a range of frequencies (Figure 8) dem-
onstrate that a linear dependence of N; on v does not
exist. We can attempt to account for this by assuming
that the slip step height growth, nb, is a direct function
of v. For example, at the same applied stress amplitude,
plastic deformation in terms of nb is assumed higher at
1 Hz than at 10 Hz. From Eq. [11], assuming a value
of —0.5 for a, the number of cycles to crack initiation
can be expressed as

N; < vnb

If average numbers of 2 and 4 are assumed for n at 10
and 1 Hz, respectively, then values of 20b and 4b are
obtained for the product vanb. This would indicate that a
tenfold increase in frequency would affect the number
of cycles to crack initiation only by a factor of 5, close
to that observed experimentally in Figure 8. Neverthe-
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Fig. 8 —Effect of cyclic frequency on S-N curves for VUA micro-
structure of A-286.
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less, by utilizing average values of the appropriate pa-
rameters, crack initiation predictions are in surprisingly
good agreement and well within typical scatter for ex-
perimentally measured values!¥ of N..

The present model, as expressed by Eq. [11], contains
a large number of parameters. Most, however, represent
quantities which can be measured independently. Char-
acterization of the current decay curves, by Eq. [1] or
[12], is the most problematical part of the model, al-
though experimental observations constrain significantly
the flexibility of the corresponding parameters. As has
been made clear in prior work on modeling corrosion
fatigue,[2-5-7:15-29.32-38] 3 phenomenon as complex as this
inevitably requires a complex model. We have con-
ducted a rough sensitivity analysis for the present model
by experimenting with variations in all of the parameters
in Eq. [12] in a computer representation of the model.
Most of the variables permit only minor shifts in mag-
nitude before the fits in Figures 4(b), 5, and 6 lose the
experimental shape, magnitude, or both. Accordingly,
we conclude that Eq. [11] is not only physically and
mathematically reasonable but is also a fairly stringent
combination of variables, albeit a complex one. Addi-
tional work on the underlying physical behavior, partic-
ularly the current decay phenomena accompanying
repassivation, would be helpful and welcome.

V. CONCLUSIONS

A model for corrosion fatigue crack initiation under
passive electrochemical conditions has been developed
by refining and extending one previously proposed by
Mueller.””! The present model has attempted to incor-
porate more realistic physical assumptions for both
electrochemical and metallurgical parameters and has for
the first time explicitly included actual experimental
measurement of the current decay curve, initial or bare
metal corrosion rate, and critical slip step height in pre-
dictive relations. Measurement of slip step height de-
velopment made clear that a slip step does not grow during
each fatigue cycle but indicated that growth must instead
be intermittent and must occur in multiples of the Burgers
vector of order 1 to 5. By mathematically fitting the ex-
perimental current vs time data, the value of the expo-
nent « obtained is in good agreement with that calculated
directly from experimental S-N data, as is the value of
the initial current density, i*. This strongly suggests that
a determination of the current decay exponent, «, from
the initial portion of the current vs time data is in and
of itself quite sufficient to accurately model the experi-
mental S-N data. Thus, it is the initial few seconds of
the current transient that are important in the repassi-
vation events at emerging slip steps. Since this was not
appreciated in the previous model proposed by Mueller,”
it may explain why that model was unable to predict the
appropriate curvature of the S-N curve.

If further studies on other materials under passive film
conditions indeed confirm that the form of the early por-
tion of the repassivation current on a bare metal surface,
reflected in «, can provide a ranking of relative suscep-
tibility to corrosion fatigue, then the value of this present
work will go well beyond the development of a suc-
cessful predictive model.
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GLOSSARY

i current density, A -cm?

i* potentiostatic current density at an elapsed
time of 1 s, A-cm™?

k dimension factor, s™'

SSH, critical slip step height, nm

he passive film thickness, nm

b Burgers vector, nm

n number of Burgers vector

z number of electrons involved in the
dissolution process, eq-mol ™"

F Faraday’s constant, A-s-eq”"'

M atomic weight, g- mole ™

a, critical intrinsic crack length at the fatigue
limit, cm

R ratio of the minimum stress, o,, to the
maximum Stress, o,

d, critical penetration depth

d, penetration depth per rupture event

N number of cycles

N; number of cycles to crack initiation

Ny number of fatigue cycles required for rupture
of the passive film

N, number of cycles per rupture event

a, B current density decay exponents

p density of the material, g-cm™>

Xo number of slip step growth events to film
rupture

X number of slip step growth events from film

_ rupture to crack initiation

X total number of slip step growth events to
crack initiation

v testing frequency, s

g, applied stress amplitude, MPa

O nins minimum and maximum applied stress

Omw  amplitude, respectively
oy fatigue limit, MPa

APPENDIX

According to Tanaka and co-workers,”:'% the growth
threshold of small fatigue cracks generally can be de-
scribed using the conventional AK concept:

AK = Ao(ma)'?-C [1A]

with Ao is the applied stress range, a is the crack depth,
and C is the configuration correction factor. The thresh-
old stress intensity can be expressed by a combination
of stress amplitudes and crack lengths. However, in a
log Ao-log a plot, AK,, represents a straight line with a
slope of —1/2, as pictured in Figure Al. Additionally,
a horizontal line can be drawn representing the fatigue
strength or (as appropriate) the fatigue limit, o;;. From
the intersection of both lines, AK,, is defined by o, and
the critical crack depth, a,. For fatigue specimens with
crack initiation occurring within a surface grain, one half
of the grain size is a good approximation for q..1% We
have discussed the Tanaka analysis and related issues
elsewhere. 340

Knowing o;; and estimating a, = d/2, AK,, at the fa-
tigue strength or limit can be calculated for a given con-
figuration correction factor C:
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log Ac

log a ——

Fig. Al—Identification of parameters a, and g from plot of AK,, in
log Ac-log a space.

d 1/2
AK, = 20,,(775) -C [2A]

Any critical crack depth can now be calculated as a func-
tion of applied stress by introducing Eq. [2A] (for the
fatigue limit) in Eq. [1A] (general function), resulting in

-2 -2
a, d (o,
d=a=al|—] =-|— [3A]
o 2 \oy

The applicability of this analysis might be limited if
major differences in occluded crack chemistry occur as
a function of crack length.!'3222"1 [n such cases, a crack
length dependence could be added to the present model.
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