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ABSTRACT

Identification of the mechanism responsible for primary water stress corrosion cracking
(PWSCC) in nickel-base alloys is a controversial topic. Numerous mechanisms, including the
film-rupture/oxidatjon (i.e., slip-oxidation or slip-dissolution) mechanism, have been proposed to
explain PWSCC. According to this mechanism, the observed sensitivity of PWSCC to
material and environmental factors may be explained by the combined effects of repassivation
kinetics, oxide rupture strain, and crack tip strain rate (which includes creep). Previqus research
has shown that increasing the Cr content of Ni-9%Fe-Cr from 16 to 30 wt?lo strongly decreases
PWSCC susceptibility. Consequently, measurements of these three fundamental parameters
(repassivation, oxide rupture, and creep) were performed as a function of Cr content, and
SCC crack growth rates were predicted on the basis of the resulting data. This paper illustrates
that considering these three parameters concurrently may contribute to the understanding of Cr
effects on PWSCC of Ni-base alloys. However, it is not clear whether the film-rupture/oxidation
mechanism can adequately predict the observed crack growth rates for Alloy 600 at 338°C.

L INTRODUCTION

Several mechanisms have been proposed to explain crack advance in Ni-base alloys in primary
water at high temperature (i.e., 250-360”C), including film-rupture/oxidationl, hydrogen-assisted
cracking2, internal oxidation, vacancy condensation, and creep-assisted grain boundary rupture5.
Previous analytical electron microscopy (AEM) studiesG support the film-rupture/oxidation
mechanism. Grain boundaries in front of PWSCC crack tips do not appear to contain voids
(as might be expected for the hydrogen-assisted, vacancy condensation, or creep-assisted grain
boundary rupture mechanisms), and do not appear to contain oxidized Cr or oxygen (as might be
expected for an internal oxidation mechanism). Although the AEM evidence is not definitive, it
does indicate that film-rupture/oxidation merits further study as a candidate PWSCC mechanism.

To evaluate the film-rupture/oxidation mechanism, quantitative measurements were performed
as a function of Cr level for each of its subprocesses (repassivation, oxide rupture, and creep).
The measured values were used as quantitative inputs to the mechanism’s governing equation7:

CGR=-&: [1]

where CGR is crack growth rate (cm/s), M is atomic weight (g/mole), p is density (g/cm3), z is
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valence state (eq/mole), F is Faraday’s constant (96,485 C/eq), q is the corrosion charge density
passed per oxide rupture event (C/cm2), and t, is the time between oxide rupture events (s).

A typical repassivation transient maybe adequately described by the following expression:

i(t) = iOfor O S t< to and i(t) = iO(t/tO)~ for t 2 to [2]

in which iOis the bare surface current density (A/cm2), tois the time at which repassivation begins

(s), and N is the repassivation rate (i.e., the slope of current density vs. time in the power law
regime). Note that N is analogous to the n value used by Ford7 to characterize the power law
slope, except that in the present work, N is a negative number (i. e., N = -n). This adjustment was
made to facilitate the integration of Equation 1. After integration, Equation 1 can be rewritten as:

c“ =(%)(+3)F+(Y+’I
[3]

Note that t,= Er/&cf,where &r is the oxide rupture strain and SC*is the crack tip strain rate (s-l).

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Repassivafion - Chromium Efects .
Drop-weight repassivation tests were conducted at 338°C on wires fabricated from Alloy
600 (16% Cr) and Alloy 690 (30% Cr). Bulk alloys were used as a first approximation to the
composition of material at the grain boundaries. Tests were conducted in a facility modeled after
the drop-weight facility at the General Electric Corporate Research and Development Center*.
Specimens were polarized 50 mV anodic to the open-circuit potential (ocp) using a platinum wire
as a reference electrode; IR compensation was not utilized. The environment was simulated
primary water (0.65M H~BOq + 3.4 x 10-3M NaOH + 40 ppm NH3), similar to that used in a

previous study8. This solution was selected to provide reasonable ionic conductivity (to minimize
IR error) and a pH similar to that of primary water. Deaeration was performed with nitrogen
rather than hydrogen to minimize the non-faradaic oxidation of hydrogen9.

Typical repassivation results are shown in Figure 1. Similar iOvalues were obtained for both
alloys, but differences were noted in there-filming region, as Alloy 690 repassivated somewhat
more rapidly than Alloy 600. Following the work of Ford7, the repassivation kinetics can be
quantified using io, tO,and the power law slopes (i.e., N values), which are N = -0.40 and -0.42 for
Alloy 600 and N = -0.53 and -0.56 for Alloy 690. Although the differences in the N values may
appear minor, these differences have a significant effect on the predicted CGRS, due to the
nonlinear form of Equation 3. To illustrate this point, Equation 3 was used to estimate the CGR
ratio for Alloy 600 with respect to Alloy 690 due to repassivation alone, with the simplifying
assumption that M, p, Z, F, iO,and 8, are similar for both alloys. The estimated CGR ratio for

Alloy 600 with respect to Alloy 690 varies between approximately 3.7 and 8.7. In other words,
at an assumed constant oxide rupture periodicity, Alloy 600 is predicted to crack 3.7 to 8.7 times
faster than Alloy 690 due solely to slower repassivation kinetics after oxide rupture. This CGR

ratio depends on the value of crack tip strain rate (&) used in the estimate. For the purposes of

this estimate, a &t range of 10-]0to 10-7S-l was utilized, since this range represents i2C,values of

interest for the CGR predictions, as will be discussed later in this document.

-2-
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A previous set of repassivation tests reported by both Mithieux et al. 10and Noel et al. 11are in
qualitative but not quantitative agreement with the present data. Although both the prior worklO’l]
and the present work found that Alloy 690 repassivates more rapidly than Alloy 600, the current
densities in the prior work are about 2 orders of magnitude lower than in the present work. It is
likely that this discrepancy is due to the different test methods used. The prior work used a 300
second cathodic pulse to reduce the oxide film, and then polarized the specimens to the original
ocp after the pulse, whereas the present work used a drop-weight method to rupture the oxide,
with specimens polarized 50 mV above the ocp. Note that the 50 mV polarization is used to
minimize cathodic reactions on the sample that can reduce the measured anodic current density.

B. Oxide Rupture Strain - Chromium EfFects
Oxide rupture strain measurements were conducted at 288°C on Ni-9Fe-xCr specimens with
Cl levels from 4.6to41 wt%, in a constant extension rate facility operated at a strain rate of

6 to 12x 10-5s-l. Specimens (0.236 cm diameter) were electrically isolated from the autoclave,
and polarized 50 mV anodic to the ocp for 24 to 72 hours prior to straining. Displacement was
measured in-situ using an eddy current probe attached to the specimen. Specimens were
pre-strained (20% engineering strain), to work-harden them sufficiently to ensure that the
oxide rupture event occurred well before plastic yielding of the specimen.

Results for a 39 wt% Cr alloy in aerated primary water (2-3 ppm Oz) are shown in Ffgure 2. The
baseline passive current was 24 ~ 1 WAprior to straining. The increase in current at 140 seconds
is believed to represent oxide rupture, with the increase in current attributed to corrosion of the
underlying metal. Yielding of the metal occurred at 230 seconds, as indicated by a flattening of
the load-time curve at this point. The increase in current at the yield point is attributed to large
scale slip-step emergence. Figure 3 shows the oxide rupture strain (E,) data as a function of Cr
level. The E, is about 0.0010 from 4.6 to 23 wt% Cr, but increases to 0.0020 to 0.0025 for 23 to
41 wt% Cr. It is clear that Cr increases the oxide rupture strain, but the effect is moderate (2 to
2.5X). The magnitude of the presents, values are judged to be reasonable, on the basis of prior

12 which reported .s, values of 0.001 to 0.004.studies on stainless steel in high temperature water ,

Aerated water was used because of problems with tests in hydrogenated water, where a decrease
rather than an increase in current occurred at times corresponding to strains of 0.001 to 0.004.
The reason for this problem is not understood. This issue maybe significant, since corrosion
potential can affect oxide thickness and perhaps oxide rupture strain. However, the aerated data
are judged to be a reasonable first approximation of the expected &,in hydrogenated water.

C. Creep - Chromium Effects
Creep tests were conducted on Alloy 600 and Alloy 690 at 338°C in hydrogenated primary water
(40 scclkg H2).’ Electrochemically polished uniaxial creep specimens (diameter 0.23 cm and gage
length 2.5 cm) were subjected to constant load, with the resulting displacement measured using
linear variable differential transformers (LVDTS) mounted external to the autoclave. Since tests
were conducted above the yield strength (approaching the ultimate tensile strength), the data are
reported in terms of true stress (load divided by instantaneous cross-sectional area). The stress
levels in these tests (i.e., 530 to 750 MPa) were not selected to represent a particular stress range
of interest such as a range of estimated crack tip stress levels. Rather, these stress levels were
selected to facilitate experimental measurement.
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Creep data are shown in Figure 4 for Alloy 600 and Alloy 690 tested in the same autoclave.
In each case, a primary creep region is observed (0.7 to 1.7 days), with the remainder of the test
dominated by secondary (i.e., steady-state) creep. In the primary creep region, similar behavior

was observed for Alloy 600 and Alloy 690. However, the measured steady-state creep rate (:~~ )

for Alloy 600 (4.7 x 10-10s-]) was greater than that for Alloy 690(1.6x 10-10S-l). These data imply

that the $~~ for Alloy 600 was approximately 3X higher than the &~~for Alloy 690 under identical

environmental conditions, even though the Alloy 690 specimen was tested at a higher true stress
(702 MPa) than the Alloy 600 specimen (641 MPa).

The present data agree qualitatively with prior tests conducted in air by Mithieux et al. 10and Noel
et al.’*, in which creep rates for Alloy 600 were 3-8X higher than for Alloy 690. Note also that
the present steady-state creep rates for Alloy 600 are more than 10X lower than those reported for
high purity alloys by Was et aL5J3, likely due to the higher carbon level in commercial alloys.

D. Creep - Stress Efects

Tests were performed to evaluate the effect of stress on &~~for mill annealed Alloy 600 at 338*C.

Data were acquired using tests at different constant loads, and by using stress-step tests in which
the load was periodically increased during the test. In the stress-step tests, a steady-state creep
rate was established prior to each load increase. The results are shown in Figure 5. Although

there is scatter in the data, it is evident that stress strongly influences ri~~(i. e., $~~~ G ).
6.64

In fact, Figure 5 can be used to compare the 6$. values for Alloy 600 and Alloy 690 at an

equivalent value of true stress. At a true stress of641 MPa (the stress level at which Alloy
690 was tested), Figure 5 predicts a steady-state creep rate of 1.8 x 10-10S-l for Alloy 600. This

result suggests that the k~~ for Alloy 600 may be only 1.1X greater than that for Alloy 690. At

present, no data are available to assess the effect of stress on the creep rates of Alloy 690.

III. DISCUSSION OF RESULTS

A. Stress Corrosion Crack Growth Rate Predictions
Predictions of CGR based on the film-rupture/oxidation mechanism were made using Equation 3
and measured values for repassivation, oxide rupture strain, and creep. Figure 6 shows predicted
CGRS for Alloy 600 and Alloy 690 as a function of an assumed crack tip strain rate. This figure
identifies two CGR regimes. First, a band is identified which indicates expected CGRS for Alloy
600 (1.7 x 10-9to 1.7 x 10-8cm/s), based on measured CGRS for Alloy 600 at 338”C. Also shown
is a limiting CGR (2.3 x 10-10cm/s), below which it is believed that cracking cannot be sustained.
The limiting CGR, according to Ford et al. 14,corresponds to the CGR at which metal loss on the
sides of the crack equals the metal loss at the crack tip, resulting in the loss of a sharp crack. The
limiting CGR was estimated using Faraday’s Law and a measured passive current density of
7 x 10-6A/cm2 for Alloy 600. The passive current density (iP.,,) was measured in a series of tests
at various potentials, of sufficient duration to allow the current density to reach steady-state. It is
noted that the steady-state iP~,,is lower than the current densities in Figure 1, as sufficient time was

not provided in the repassivation tests for the specimens to reach steady-state. The measured iP,,,
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results in an estimated dissolution rate of 2.3 x 10-]0crrds, which was taken as the limiting CGR.

The limiting CGR implies that a minimum &cl is required to startup or to sustain PWSCC.

Crack growth rate predictions were made by temporarily assuming that creep is the sole

contributor to &Ct. Secondary creep rates (~~, ) were initially used to approximate &C~,and

subsequently the influence of primary creep was also considered. It is noted that all of the CGR
predictions below are based on measured creep data, from tests which were conducted at stress
levels which may not accurately describe the relevant stress levels at an SCC crack tip.

If secondary creep is assumed for the moment to be the sole contributor to &Ct,the measured &~~

values can be used to predict CGR. For Alloy 690, with a measured &~~of 1.6 x 10-10S-*,the

predicted CGR resides below the limiting CGR. This result suggests that no cracking will occur
for Alloy 690 due to the inability to maintain a sharp crack; this prediction is consistent with the
known PWSCC resistance of Alloy 690. For Alloy 600, predictions were made using both the

measured &~$in Figure 4 (i.e., 4.7 x 10-10s-*)and the ~~~value predicted from the regression in

Figure 5 (i.e., 1.8x 10-10S-l). Using these values as an assumed 5Ct range results in predicted

CGRS of 5.5 x 10-10to 1.0 x 10-9cm/s. These values predict CGRS that exceed the limiting CGR,
suggesting that creep does provide sufficient crack tip strain rate to support crack growth in Alloy
600 via the film-rupture/oxidation mechanism. However, the predicted CGRS reside below the
observed range of Alloy 600 CGRS. This result suggests that for Alloy 600, the measured steady-
state creep rates (from tests conducted at stress levels of 530 to 750 MPa) are not high enough to
explain, by themselves, the observed PWSCC behavior via the film-rupture/oxidation mechanism.

Primary creep will increase the average crack tip strain rate over the steady-state value, which will
reduce t, and increase the predicted CGR. The influence of primary creep on predicted CGR can

be estimated using creep data from Figure 4. For Alloy 600, the total creep strain (which includes
contributions from both primary and secondary creep) is projected to reach the oxide rupture
strain (i. e., 0.00 1), at 22.5 days. Using Equation 3, at, value of 22.5 days leads to a predicted

CGR range of 8.6 x 10-10to 1.1 x 10-9cm/s for Alloy 600. Thus, the measured creep data suggest
that even when the effects of primary creep are taken into account, the CGRS predicted via the
film-rupture/oxidation mechanism are slightly lower than the range of observed Alloy 600 CGRS
at 338”C. For Alloy 690, the total creep strain will reach the oxide rupture strain (i.e., 0.002) at
about 138 days. A t, value of 138 days yields a predicted CGR range of 3.8 x 10-[*to 6.1 x 10-1*

cm/s; this range is below the limiting CGR, suggesting that Alloy 690 should be resistant to SCC.
Evaluation of Figure 4 suggests a possible reason why prima~ creep does not lead to a large
increase in predicted CGR. In these two tests, the primary creep strain is about 0.0001, which
means that secondary creep must account for a strain of 0.0009 for Alloy 600 and 0.0019 for
Alloy 690. The data in Figure 4 suggest (at least for stress levels in the range 641 to 702 MPa),
that most of the total creep strain required to rupture the oxide must come from secondary creep.

At present, it is not known how the range of tested stress levels (e.g., 530 to 750 MPa) compares
to typical stresses present ahead of a crack tip. If crack tip stresses are equal to or lower than the
stress values used in the present measurements, then the conclusions outlined above are still valid.
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However, if the crack tip stresses are significantly higher than 750 MPa, then the projected creep
rates will increase. Note that it is theoretically possible that crack tip stresses can exceed the
ultimate tensile strength of the material, due to the presence of a triaxial stress state ahead of the
crack tip. Extrapolation of the power law fit in Figure 5 suggests that crack tip stresses of 850
to 1970 MPa would be necessary in order to produce creep rates of approximately 10-9to 10-7S-l,
which would explain the observed range of Alloy 600 CGRS. Finite element analyses may
provide insight into the issue of expected crack tip stresses.

B. Additional Source of Crack Tip Strain Rate

It is important to realize that creep is not the only possible contributor to &Ct,as additional strain

will be generated for a growing crack due to the redistribution of strain in front of the crack tip, as
discussed by Ford7 and Shoji15. For Alloy 600, since creep does appear to provide sufficient crack
tip strain rate to grow an SCC crack, the redistribution of strain is expected to provide additional

&C[above that due solely to creep. It is possible that the corresponding increase in &ct may

explain how the observed CGRS for Alloy 600 can be achieved via the film-rupture/oxidation

process. However, -it is difficult to quantify this additional &Ctcontribution at present. Although

recent progress has been made in evaluating the mechanical contributions to 6Ct15,a complete,

quantitative understanding of this issue has not yet been achieved.
.

Due to the expected contribution of strain redistribution to &Ct,it is not possible to state with

certainty that the film-rupture/oxidation mechanism cannot account for the observed Alloy 600
CGRS at 338”C. It is conceivable that the role of creep in the film-rupture/oxidation mechanism is

to provide sufficient SCt to initiate cracking or to re-start the growth of a dormant crack, at which

time the redistribution of strains becomes the dominant source of crack tip strain rate. Progress is

needed in assessing the mechanical aspects of ECfbefore this issue can be resolved. An additional

limitation of the present work is that the repassivation tests were conducted on bulk Alloy 600 and
Alloy 690, which may have different compositions than typical grain boundary compositions.

C. Applicability to Other PWSCC Mechanisms
It is noted that the effects of Cr quantified in this work are applicable to other mechanisms as well.
Due to the effects of Cr on repassivation, oxide rupture, and creep, Alloy 600 will undergo more
localized (i.e., crack tip) corrosion than Alloy 690. This increased corrosion will be accompanied
by increased hydrogen production, increased corrosion-enhanced creep, and increased vacancy
generation. Thus, the effects of Cr on corrosion may also affect SCC via the hydrogen-assisted
cracking2, vacancy condensation, and creep-assisted grain boundary rupture mechanisms.s

IV. CONCLUSIONS

The validity of any primary water stress corrosion cracking (PWSCC) mechanism should be
evaluated on the basis of its ability to predict measured crack growth rates (CGRS) and to explain
observed sensitivities of PWSCC to material, environmental, and mechanical parameters. The
film-rupture/oxidation mechanism predicts that cracking should not occur for Alloy 690 at 338°C
due to the inability to maintain a sharp crack. This prediction is consistent with the known
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PWSCC resistance of Alloy 690. If measured creep data are used to estimate crack tip strain rate,
the film-rupture/oxidation mechanism predicts Alloy 600 CGRS at 338°C that are lower than the
range of observed CGRS. Incorporating the effect of strain redistribution on crack tip strain rate
should increase the predicted CGRS, but this effect cannot be quantified at present. Thus,
predicted CGRS for Alloy 600 will be of the correct order of magnitude only if crack tip stresses
are greater than 750 MPa (thus increasing creep rates), or if the effects of strain redistribution on
crack tip strain rate are significant. At present, these crack tip strain rate issues are not fully
understood. Apart from the effects of Cr discussed in this study, the ability of the film-rupture/
oxidation mechanism to account for other PWSCC dependencies such as temperature, cold work,
heat treatment, dissolved hydrogen, and corrosion potential must also be evaluated.
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Figure 1. Typical repassivation kinetics for Alloy 600 and Alloy 690 wires at 33’8°C. Tests were conducted via the

drop-weight method at 50 mV anodic to the open-circuit potential. Each drop produced 3% additional strain.
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Figure 2. Oxide rupture test of Ni-9Fe-39Cr in aerated primary water (2-3 ppm 02) at 288”C. The specimen was

oxidized at 50 mV anodic to the open-circuit potential for 24 hours before straining.
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Figure 4. Creep data for Alloy 600 and Alloy 690 at 338°C in hydrogenated primary water.
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