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SCC studies in stainless steels and nickel alloys reveal that all grades and conditions are susceptible to SCC
in high temperature water, whether deaerated or aerated, high H2 or low, theoretical purity water or buf-
fered/contaminated, lower temperature or higher. However, the kinetics of SCC growth vary enormously
with stress intensity, yield strength, sensitization, water chemistry, irradiation, temperature, etc. The role
of yield strength is especially important because it changes with surface cold work, bulk cold work, weld
shrinkage strain, and irradiation hardening; the role of metallurgical strengthening mechanisms, e.g.,
nitrogen additions or precipitation hardening, may have a similar effect. SCC growth rate measurements
were performed in high temperature water on unsensitized stainless steels (and alloy 600) of various
grades and compositions. Little effect of grade/heat of stainless steel, martensite content or H2 fugac-
ity/permeation rate was observed, while large effects were observed for yield strength (cold work), stress
intensity factor, corrosion potential, and temperature. A model ‘stainless steel’ containing 5% Si (and ele-
vated Ni and reduced Cr) showed high growth rates and little effect of corrosion potential or stress inten-
sity factor.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Stress corrosion cracking (SCC) in stainless steels and nickel al-
loys has occurred in various unirradiated and irradiated compo-
nents in light water reactors. Despite many observations and
common characteristics, SCC is often compartmentalized into
small, unique modes with individualized mechanisms and depen-
dencies [1–7]. It is now acknowledged [1–8] that the crack tip is
deaerated and at low potential in all cases, the environmental con-
ditions under which crack advance occurs in light water reactor
systems are very similar [1,2,4–7]. Primary differences are associ-
ated with: coolant additives that shift the pH at temperature from
5.6 to �7.0; H2 fugacity (�50 vs. 3000 ppb H2); and temperature
(274 �C vs. 323 �C – or higher in the pressurizer). Of these differen-
tiating factors, temperature is the most important in stainless
steels; temperature and H2 are both important in nickel alloys. B/
Li or NH3 in the pHT range �5.5–8.0 has little effect on SCC growth
rates in deareated water, unlike their effect in aerated water [9].
The existence of surface cold work, weld shrinkage strains, bulk
cold work and irradiation hardening elevate the importance of
understanding the mechanism and kinetics associated with cold
work or, more fundamentally, yield strength. Cold work increases
the SCC growth rate under all conditions – high and low corrosion
potential, temperature, sensitization, stress intensity factor, etc.
ll rights reserved.

en).
2. Experimental procedures

Stainless steels were typically solution annealed at 1050 �C
(1100 �C for alloy 600) for 30 min followed by a water quench.
Deformation was typically introduced by heating the plate mate-
rial to +140 �C (or cooling to �55 �C; alloy 600 was rolled at
25 �C) and rolling about half of the total reduction in each direc-
tion. Rolling at +140 �C (termed ‘cool work’ in this paper) produces
much less deformation-induced martensite in these stainless steels
than rolling at �55 �C (termed ‘cold work’). Some materials were
worked by forging. No deformation-induced martensite forms in
alloy 600. Martensite content was evaluated by optical metallogra-
phy following etching or ferrofluid staining.

0.5T compact type for cold worked materials (and 1T compact
type for the annealed materials) were machined with 5% side
grooves on each side. CT specimens were instrumented with plat-
inum current and potential probe leads for dc potential drop mea-
surements of crack length. In this technique, current flow through
the sample is reversed about once per second primarily to reduce
measurement errors associated with thermocouple effects and
amplifier offsets. The computer control of current reversal, data
acquisition, data averaging techniques, the relationship between
measured potential and crack length, and control of constant stress
intensity factor have been presented previously [10–13]. Data were
stored in a permanent disk file typically once every 1.5 h. In addi-
tion to the data record number, total elapsed and incremental time,
and crack length, the system measured and stored the tempera-
ture, current, corrosion potential, dissolved gases, influent and
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effluent conductivity, load and time/date. Additionally, both oper-
ator and automated program messages describing changes in test
conditions and test status were a permanent part of the data
record.

Zirconia sleeves were used to electrically isolate most CT spec-
imens from the loading pins using, and within the autoclave a zir-
conia washer also isolated the upper pull rod from the internal load
frame. The lower pull rod was electrically isolated from the auto-
clave using an Omniseal pressure seal and from the loading actua-
tor using an insulating washer. Ground isolated instrumentation
was used for the platinum current and potential probe attach-
ments to the specimen.

Crack extension from the machined notch by 0.5–2.0 mm was
performed typically at 1 Hz at a load ratio (Kmin/Kmax) R = 0.5, 0.6
and 0.7 and at a Kmax somewhat below the test value of about
27.5 MPa

p
m. Subsequent pre-cracking in the environment to tran-

sition the crack morphology and plastic zone characteristics was
performed at decreasing frequency to 0.001 Hz, then by introduc-
ing a hold time at Kmax (while maintaining R = 0.7), and finally by
switching to fully static load. Testing was performed using Instron
Fig. 1. SCC growth rate vs. corrosion potential in 288 �C high purity water for stainless ste
(two at lower right).
Model 1362 servo-electric testing machines, Instron Model 1350
servo-hydraulic machines equipped with a single stage, low flow
servovalve to ensure optimal (non-noisy) response, or Interactive
Instruments Models 2K-16 or 4K-16 controllers. All systems were
equipped with digital controls that provide improved machine
control and full computer interface/control capabilities, including
constant K control, K rising/falling profiles, and multi-condition ta-
bles that permit different K/R/frequency/hold time conditions to be
sequentially evaluated. Constant K control was employed in most
tests, with load corrections applied after very small increases in
stress intensity, typically <0.1%. To avoid ‘hunting’ (increases and
decreases in load), decreases in crack length never produced load
corrections.

SCC growth rates can be considered statistically meaningful
when the crack growth increment is at least 10 times the resolu-
tion of the technique, which was typically 0.001–0.005 mm. Thus,
crack length increments were typically >0.05 mm, although for
very low growth rate conditions, smaller increments were occa-
sionally used to reduce testing time from several months per da-
tum to several weeks. The correlation coefficients from linear
el (upper graphs) and also for irradiated stainless steel (lower left) and nickel alloys
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Fig. 2. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 316L stainless steel ‘cold’ worked at �55 �C to 20% reduction in area.
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Fig. 3. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 316L stainless steel ‘cool’ worked at +140 �C to 20% reduction in area.
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regression analyses of the crack lengths vs. time data from which
growth rates are calculated were typically >0.98. The dc potential
drop technique is typically close to the actual incremental crack
depth (generally within 10–20%, although if the crack front is very
uneven, larger errors are inevitable).

Deaerated, demineralized water was drawn through another
demineralizer and submicron filter to ensure ultra high purity
(0.055 lS/cm) and then into a glass column (6.4-cm diameter by
183 cm long). A low pressure pump provided positive pressure to
the high pressure pump, and drew water from and recirculated ex-
cess water (water that did not go into the high pressure pump)
back into the glass column. The autoclave effluent was back-pres-
sure regulated, then measured for conductivity using a Sybron
Barnstead Model PM-512 and dissolved oxygen using an Orbi-
sphere Model 2606. The oxygen concentration was controlled by
bubbling gas mixtures blended by a Tylan Model RO-20-A mass
Fig. 5. Intergranular SCC morphology. Top left: 20% CW (�55 �C) Type 304L SS. Top right:
metal.
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Fig. 6. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 3
flow controller. Impurities were added to the glass column using
a metering pump (Fluid Metering Model RP-G50/H1 GKC) which
was controlled by the Sybron Barnstead conductivity meter. Tests
were performed in 4 liter stainless steel autoclaves at 288 �C and
10.3 MPa (1500 psi). Corrosion potential of the CT specimen and
a Pt coupon were measured using a zirconia membrane reference
electrode [14].

3. Results and discussion

The historical concepts of immunity and thresholds to SCC have
largely given way as more sophisticated measurement techniques
have been employed [15–17]. For example, the absence of thresh-
olds for sensitization, corrosion potential, and water purity are evi-
dent in Fig. 1, which shows data (and predictions) for sensitized
and unsensitized stainless steel in moderate to high purity
20% CW Type 316L SS. Bottom left: 20% CW alloy 600. Bottom right: alloy 182 weld
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Fig. 7. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 304L stainless steel ‘cool’ worked to �50% reduction in area.
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Fig. 8. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 347L stainless steel ‘cool’ worked to �20% reduction in area.
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Fig. 9. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 316L stainless steel ‘cool’ worked at +140 �C to 50% reduction in area.
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Fig. 10. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 316L stainless steel ‘cool’ worked to �50% reduction in area.
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Fig. 11. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 316L stainless steel ‘cool’ worked to �50% reduction in area.
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Fig. 12. Crack length vs. time for a 1TCT specimen of unsensitized alloy 600 cold worked at 25 �C to 20% reduction in area.
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Fig. 13. Effect of yield strength and martensite on the stress corrosion crack growth rate on stainless steel and alloy 600 in 288 �C, high purity water (�0.06 lS/cm outlet)
containing 95 or 1580 ppb H2.
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288 �C water. Fig. 1(b) and (c) show the data from the SKI/EPRI
round robin [18] (the smaller symbols at about +150 to
+200 mVshe); Fig. 1(b) also includes data (larger symbols) under
carefully controlled changes in potential and at low potential.

Usensitized (annealed) stainless steel is not immune to SCC
(Figs. 1(c) and 2), even in ultra high purity H2-deaerated water –
rather, significant care must be used transitioning from a trans-
granular fatigue crack to intergranular SCC. Because some ex-
pressed concern for the role of prior exposure to O2-containing
water, some tests were conducted with exposure only to ultra high
purity H2-deaerated water; Figs. 3 and 4 shows that the SCC
growth rates were not influenced by prior exposure to oxygenated
water. Cracks in all cases are intergranular (Fig. 5) [15–17,19–21].
Many grades of unsensitized stainless steels have been shown to
be susceptible to SCC, even in theoretical purity deaerated water.
Thus, there can be no meaning to a threshold in sensitization, neu-
tron fluence, water purity, corrosion potential, etc. Disproving that
a threshold stress intensity factor, K (KISCC) exists is impossible, be-
cause everyone agrees that cracks won’t grow at zero, but probing,
e.g., below 1 ksi

p
in will likely forever remain impractical. How-
Fig. 14. Effect of yield strength and martensite on the stress corrosion crack growth rat
containing 2000 ppb O2.
ever, the number of real cracks that grow from smooth surfaces
(without the aid of pitting or other detectable cracking precursor)
increases daily, and they must traverse the low K regime. Recent
crack growth data for unsensitized stainless steel at 10 ksi

p
in

and 7 ksi
p

in showed that stable crack growth at constant K was
readily obtained (Fig. 6).

The difficulty in producing and measuring SCC growth in unsen-
sitized stainless steels in deaerated water at many laboratories
highlights the importance of testing techniques. A critical aspect
of SCC testing is the transition from the transgranular fatigue
pre-crack to intergranular SCC, although there are many other
important testing controls and techniques [22]. The net result is
the ability to reproducibly and accurately measure SCC growth
rates under a wide variety of conditions, even at quite low rates.
Reproducibility is a key consideration, and returning to identical
test conditions to establish similar rates is an important measure
of data quality (Fig. 2). Transitioning from transgranular fatigue
to intergranular SCC is always easier at high crack growth rate,
e.g., at high corrosion potential, but it is both possible and essential
under any test condition.
e on stainless steel and alloy 600 in 288 �C, high purity water (<0.10 lS/cm outlet)



Fig. 15. Metallographic cross-section of Type 304L SS cross-rolled by 20% reduction in area at �55 �C.
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All grades of stainless steel (304/304L/316/316L/321/347) show
similar SCC growth rate response (Figs. 2 and 6–11). Indeed, the re-
sponse of alloy 600 cold worked to a similar yield strength is iden-
tical to stainless steel (Fig. 12). For a given condition (i.e. yield
strength, sensitization, etc.), the response of all 18-8 stainless
steels is indistinguishable at low and high corrosion potential. As
problematical as sensitization in stainless steel has been, an in-
crease in yield strength to about 400 MPa is adequate to induce
similar growth rates in unsensitized stainless steel (Fig. 1). The
yield strength effect on growth rate at low and high potential is
shown in Figs. 13 and 14.

There have long been concerns (based primarily on lower tem-
perature (<150 �C) data) for the effects of martensite in stainless
steel. To evaluate its effect, some stainless steels were worked at
140–240 �C to minimize or eliminate martensite, while others
were worked at �55 �C where very high levels of martensite can
form. At high cold reduction levels, the martensite levels, e.g., in
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Fig. 15 are so high (�50%) that the material is strongly magnetic.
However, as shown in Figs. 13 and 14, there is no consequential
difference in crack growth rate at a given yield strength whether
martensite is present or not – including in alloy 600 where mar-
tensite does not form.

To further evaluate the role of H2, H2 permeation was studied in
stainless steel and alloy 600 at 288–340 �C [17,20,21,23–25]. The
salient observations (Figs. 16 and 17) are that H2 permeation is
controlled by the coolant H2 fugacity, which is non-zero even in
water containing no H2. The reproducibility of the data was excel-
lent, even when repeats occurred a thousand hours later (Fig. 16).
Once H2 had permeated into the 4.6 mm ID tube, reducing the
coolant fugacity readily produced dissociation of H2 and perme-
ation back into the coolant. Because the H2 permeation rate is very
high compared to the H2 generation rate from corrosion, radiolytic
proton injection, or transmutation, it is simply not possible to gen-
erate high H2 fugacity in the metal. The measurements of high
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hydrogen concentration in metals [26,27] is simply a reflection of
hydrogen storage locations, e.g., at radiation-induced voids – not
of a high hydrogen fugacity that can have extraordinary effects
on the microstructure. Evaluation of the effects of H2 in deaerated
water shows no difference in growth rate on changing from N2

deaerated water to various levels of H2 (e.g. Fig. 18). Similarly,
the effect of electrocatalytic species (e.g. Pt) on the surface has
no accelerating effect on the crack growth rate in deaerated water.

The role of H3BO3 and LiOH (or HN3) on SCC in deaerated water
is considered to be minimal [9], because they only shift the pH
from 5.63 (for 288 �C pure water) to 6.7 to 7.6 (depending on the
balance of B and Li used). This is reflected in the crack growth rate
response shown in Fig. 19 for stainless steel and Alloy 600. How-
ever, just because it has the capacity to pH buffer does not mean
that it’s an innocuous impurity when thermal or potential gradi-
ents exist in the crack, as shown in Fig. 20.

The response of a model alloy of stainless steel containing 5% Si
(Fe–15Ni–12Cr–5Si–1Mn–0.033C) and cool worked to 22% reduc-
tion in area is shown in Fig. 21. This elevated level of grain bound-
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Fig. 18. Crack length vs. time for a 0.5TCT specimen of unsensitized T
ary Si is designed to address the possible role of high grain
boundary Si from radiation segregation. After pre-cracking, this
material exhibited very high growth rates, and transitioned to con-
stant K conditions very readily. At 312 h, the water chemistry was
changed from 2000 ppb O2 to 95 ppb H2, with the appropriate de-
crease in corrosion potential of the CT specimen observed. How-
ever, there was no discernable effect on the crack growth rate.
Indeed, toward the end of the test, a decreasing K profile was ap-
plied which dropped the K from 27 ksi

p
in to 10 ksi

p
in – only a

limited effect on crack growth rate was observed. The absence of
typical dependencies on corrosion potential and stress intensity
suggests that the crack may be advancing by an altered mecha-
nism, most likely direct dissolution of grain boundary silicon. How-
ever, this may reflect a high level of grain boundary silicon
segregation in this unusual 5% Si alloy.

It should be noted that such bulk model alloys provide a very
limited window into the behavior of alloys that have only very
localized grain boundary segregation (in radiation segregation,
the composition profile is limited to a few nm). This is partly be-
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Fig. 19. Crack length vs. time for a 0.5TCT specimen tested in deaerated water as B/Li were added. Top: unsensitized Type 316L stainless steel with 50% cold work. Bottom:
annealed alloy 600.
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cause the compositional changes affect bulk properties, and if there
is any clear lesson from the work on cold worked stainless steel, it
is that the bulk (i.e. not specifically the crack tip) characteristics
play an important role, presumably through the mechanics of the
crack tip deformation rate. This comment is reinforced by the
observation that high purity (very low Si) stainless steels routinely
show greater susceptibility to SCC following irradiation than nor-
mal stainless steels [26,28].

High yield strength materials (high cold work, irradiation, etc.)
can exhibit both high growth rates and a more limited effect of cor-
rosion potential at high stress intensity factor or under cyclic load-
ing conditions (even under ‘gentle’ cyclic loading conditions
(Fig. 22), which typically enhance the SCC growth rate only very
slightly). However, in some high yield strength materials, rapid
crack advance is observed during the reloading portion of the
waveform, which translates to rates during that time period of
10�4 mm/s. Whether this ‘gentle’ cyclic phenomenon at R = s0.7
would be observed under higher frequency, lower amplitude con-
ditions needs to be evaluated. High growth rates are also observed
as the stress intensity increases at constant K. Fig. 23 shows the
very high growth rates and, while there is some reduction as the
corrosion potential is decreased, the rate rapidly increases as the
crack depth and stress intensity increases.

Elevated yield strength can result from bulk cold work, surface
cold work, precipitation hardening, radiation hardening, and
shrinkage strains in weld heat affected zones. Of these, perhaps
the least recognized until recently is weld shrinkage strains. His-
torically, the primary concerns for welding have revolved around
weld sensitization and weld residual stresses. Recently, a new
technique has been developed to more precisely and locally mea-
sure weld residual strains [19,29,30], and it shows that the peak
strains are close to the weld fusion line and typically range from
8% to 20% equivalent room temperature strain (the amount of
strain that actually occurs during weld solidification and cooling
is higher and impossible to measure after the fact because of
self-annealing – thus, we use a ‘equivalent room temperature
strain’ to capture the residual effect). Figs. 24 and 25 are examples
of the SCC response in 304L, 316L and 347L stainless steels, where
SCC occurs in the heat affected zone. These measurements are
complex because regions of the weld where the fusion line is fairly
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Fig. 20. Crack length vs. time for a 0.5TCT specimen of unsensitized Type 304L stainless steel ‘cool’ worked to �50% reduction in area tested in aerated water with B/Li
additions (top) or HN3 additions (bottom).
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Fig. 21. Crack length vs. time for a 0.5TCT specimen of an unsensitized model ‘stainless steel’ containing 5% Si ‘cool’ worked to 22% reduction in area.
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Fig. 22. (a, b). Crack length vs. time for a 0.5TCT specimen of an unsensitized 316L stainless steel ‘cool’ worked to 50% showing the effect of gentle unloading cycles on
environmental crack advance on stainless steel whose yield strength is elevated by cold work.
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Fig. 23. (a, b). Crack length vs. time for 0.5TCT specimens of an unsensitized Types 304L and 316L stainless steel ‘cool’ worked to 50% showing the effect of high yield strength
and high stress intensity on environmental crack advance and fracture toughness.
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straight must be identified, then the material polished and etched
on both sides, then the CT specimen precisely aligned and ma-
chined so that the plane of cracking is optimally oriented. These
rates are generally lower than those observed on 20–50% cold
worked stainless steel, entirely consistent with their lower
(<20%) residual strain levels.
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Fig. 24. Crack length vs. time for a weld HAZ aligned 0.5TCT specimen of unsensitized Type 316L SS.
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It is interesting to note that the historical inattention to weld
residual strain in sensitized stainless steel piping is not inconsis-
tent with the phenomenon. That is, the peak in sensitization in
304/316 stainless steel does not occur near the weld fusion line,
but typically 5–10 mm away where the thermal profiles favor
nucleation and growth of grain boundary carbides. Similarly, the
peak in weld residual stress is also typically 2–5 mm away from
the fusion, although this is more sensitive to the welding tech-
nique. At the 5–10 mm distance, the role of residual strain is much
less pronounced, and ignoring its contribution represents a small
oversight. As SCC has developed in unsensitized stainless steel
weld heat affected zones, the role of residual strain is much more
important, and indeed most cracks are observed to occur close to
the weld fusion line. The reason why unsensitized stainless steel
piping (e.g. 304L/316NG) shows so little SCC, while unsensitized
stainless steel shrouds show a significant incidence is that the cor-
rosion potential is higher (other factors also differentiate pipe
welds from shroud welds).
Cold worked vs. irradiated stainless steel exhibit similar re-
sponse at a given yield strength [31], which may seem surprising
given the very different nature of the microstructure and harden-
ing mechanism. However, the effect of yield stress appears to be
to constrain the size of the plastic zone to smaller dimensions at
a given stress intensity, which gives rise to steeper strain gradients
near the crack tip [21,31]. It is interesting to note that recent stud-
ies on alloy X750 showed high growth rates under both high and
low corrosion potential conditions (Fig. 26).

The predicted response (by PLEDGE) of yield strength, corro-
sion potential, and sensitization effects is shown in Figs. 1, 13
and 14. The prediction concepts, algorithms, and numerical values
are almost totally unchanged in the �25 years since they were
formulated (e.g. for the effects of corrosion potential, sensitiza-
tion, stress intensity, water purity/specific anion concentrations,
etc.), with the effects of yield strength from cold work and irradi-
ation (as well as other irradiation effects) incorporated 20 years
ago.
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Fig. 26. Crack length vs. time for a 0.5TCT specimen of alloy X750.
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4. Conclusions

SCC growth rates were evaluated on unsensitized stainless
steels and nickel alloys in high temperature, (usually) ultra high
purity water. SCC was strongly affected by yield strength, corrosion
potential, and temperature, and was essentially independent of the
martensite content per se, the type and heat of material, the hydro-
gen fugacity, and the hydrogen permeation rate (which was con-
trolled by the H2 fugacity in the coolant). These observations are
inconsistent with a hydrogen-controlled mechanism of crack ad-
vance. The behavior of various grades of stainless steel (and alloy
600) at 20% cold work were essentially identical at both low and
high corrosion potential.

The importance of weld residual strain was confirmed using
HAZ aligned CT specimens, which showed significant SCC suscepti-
bility, although the rates were somewhat lower than those mea-
sured in specimens with 20–50% bulk cold work, consistent with
the lower residual strain in the HAZ (on average) and with the
challenge of finding a planar weld fusion line in which to locate
the crack plane. Unusually high SCC growth rates were observed
in a model stainless steel containing 5% Si, and in high yield
strength stainless steels tested at high stress intensity and/or un-
der cyclic loading conditions. The SCC response at a similar yield
strength was similar for cold worked and irradiated materials
tested at low potential (where radiation induced Cr depletion plays
a minimal role). The PLEDGE model accurately predicts the effect
on SCC growth rates of yield strength, corrosion potential, alloy
type/heat, sensitization, and other factors.
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