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ARTICLE INFO ABSTRACT

Keywords: Recurring step straining was applied on Alloy 690 to establish a correlation between the dislocation slip/grain
Alloy boundary (GB) interaction mode and the resistance to stress corrosion crack (SCC) initiation in high temperature
SEM

Stress corrosion
Effects of strain
Reactor conditions

hydrogenated water. The intergranular carbides can suppress the dislocation transmission across GB in thermally
treated Alloy 690. GBs that block dislocation slip show higher resistance to SCC initiation than those that
transmit slip. Such correlation reveals that the local normal strain near GB is the primary driving force for

breaching the surface oxide film over GB which is a critical prerequisite in the SCC initiation of Alloy 690.

1. Introduction

Nickel base Alloy 690 has been widely used for heat transfer tubes in
pressurized water reactors (PWRs) thanks to its high resistance to stress
corrosion cracking (SCC). Now an increasing number of results suggest
that penetrative intergranular oxidation is a critical precursor in the SCC
of many austenitic alloys in high temperature water [1-6]. The superior
resistance to SCC initiation of Alloy 690 compared with other austenitic
alloys like Alloy 600 is mainly due to its ability to form a protective
oxide film over the random high angle grain boundary (RHAB) [7-10].
Such oxide film can protect the grain boundary from penetrative
oxidation and embrittlement. Nevertheless, it has been reported that
Alloy 690 is still susceptible to SCC initiation in simulated PWR primary
water under dynamic straining condition [11-14] because the surface
protective oxide film over grain boundary can be breached beyond
repair which induces intergranular oxidation [9,15]. A SCC initiation
model of Alloy 690 under dynamic straining was initially proposed by
Moss et al. [8] and then substantiated by Kuang and Was [9].

According to the model proposed by Moss et al. [8], the SCC initia-
tion of Alloy 690 comprises three stages: 1) formation of a protective
oxide film over the grain boundary via fast diffusion of Cr and grain
boundary migration, 2) the breach of surface oxide film under dynamic
straining, and 3) intergranular oxidation occurs which finally leads to
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the rupture of oxidized grain boundary. Although this model is consis-
tent with the current available experimental results, it is still very pre-
liminary and some unresolved issues should be further addressed. For
example, the breach of surface oxide film in 2nd step is a critical process
in the SCC initiation of Alloy 690. How does this process occur and what
is the driving force behind (strain or stress) are still not clear. Thus, it is
necessary to further investigate the SCC initiation of Alloy 690 in
simulated PWR primary water and improve the current model.

To clarify the fracture mechanism of the surface oxide film, it is
imperative to measure the local strain state near the grain boundary.
Digital image correlation (DIC) is an ideal technique for such purpose.
To incorporate DIC measurement into the process of SCC initiation in
harsh environment like high temperature water, we developed a
recurring step straining technique which decouples the chemical and
mechanical processes in SCC initiation and enables the high-resolution
measurement of local strain using indigenous oxide particles as DIC
markers [16]. The validity of this new technique has been confirmed as
the typical microstructure features in SCC can be reproduced with it
[16]. This novel technique is ideal for SCC initiation study as it enables
quasi in-situ investigation on the full process.

In this work, to further improve the understanding of SCC initiation
of Alloy 690 in simulated PWR primary water, this new test technique
was implemented on both solution annealed (SA) and thermally treated
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(TT) Alloy 690 samples. A certain number of RHABs were pre-selected
and traced through the recurring step straining for each sample. After
every step straining, the local strain state near each GB was measured
and whether SCC initiated was checked. As such, the correlation be-
tween the local strain state and the resistance to SCC initiation can be
established. The effect of intergranular carbide on the local strain dis-
tribution was also evaluated.

2. Experimental

The studied Alloy 690 plate (60.7 wt% Ni, 29.0% Cr, 9.8% Fe, 0.19%
Ti, 0.03% Mn, 0.22% Al, 0.10% Si and 0.02% C) was solution annealed
(1080 °C/12 min) and water quenched. Part of the solution annealed
plate was further thermally treated (715 °C/15 h). Tensile samples (15
mm in gauge length and ~2.5 mm x 2 mm in cross section) were cut
from the SA and TT plates respectively by electrical discharge machining
(EDM). One tensile sample from each condition was tested in this work.
The gauge section of each tensile sample was gradually mechanically
abraded to 3000 grit, polished up to 1 um with diamond polishing paste
and finally vibration-polished with 60 nm colloidal silica suspension for
3 h. To select suitable RHABs for subsequent study, a region of interest
(ROI) within the gauge section of each tensile sample was characterized
with a Nordlys electron back scattering diffraction (EBSD) detector in an
FEI Helios Nanolab 600 system, as shown in Fig. 1a. The EBSD pattern
was collected at a step size of 1.5 um with an electron voltage of 20 kV
and a beam current of 3.4 nA. Around 40 RHABs were pre-selected from
ROI for each tensile sample. The selected RHABs are nearly perpendic-
ular to the tensile direction and the positions of those RHABs were
recorded for subsequent tracking.

To decouple the effects of corrosion and straining in SCC initiation,
static exposure and step straining were performed repeatedly. The ten-
sile samples were exposed to 320 °C, 15 MPa high-purity water (con-
taining 30 cc Hy/kg H20) in a refreshed autoclave system for a certain
amount of time. Then the samples were taken out for step straining at
room temperature. Before and after step straining, scanning electron
microscope (SEM) images were taken from the pre-selected RHABs in an
FEI Verios 460 microscope in secondary electron (SE) mode, as shown in
Fig. 1b. Special attention was paid during the SEM imaging. The sample
surface should be carefully protected from pollution, scratch or collision
so as not to damage the surface oxide particles. The imaging conditions
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were maintained the same. To obtain high quality images for DIC
analysis, the acceleration voltage and the beam current were consis-
tently set to 10 kV and 0.4 nA respectively. The working distance was
kept at 11 mm and the dwell time was set to 30 ps for high resolution. It
should be noted that the magnifications of images for these two samples
are different because the formed oxide particles show different sizes. The
spatial resolution of DIC is dictated by the pattern size. Since the oxide
particles grown on the surface of SA sample are larger than those on the
TT sample, a smaller magnification was used for SA sample compared to
TT sample to get a proper resolution (1500 x vs. 8000 x). Each sample
was strained to 1-1.5% at room temperature at a strain rate of 1 x 1073/
s for each step. With the SEM images taken before and after step
straining, DIC was performed to evaluate the local strain distribution
near the pre-selected RHABs, as shown in Fig. 1b. The outer oxide par-
ticles formed on the sample surface were used as DIC markers as in the
previous work [16]. An open-source 2D DIC software (Ncorr) was used
to process those SEM images [17]. The subset radius, subset spacing, and
strain radius were set to 30, 1, and 15 to achieve a balance of accuracy
and efficiency. The details for each step are listed in Table 1. The total
exposure time reached 2958 h and the SA and TT tensile samples were
accumulatively strained to 7.4% and 6.8% respectively. There are 42
and 36 RHABs continuously tracked on SA and TT samples throughout
the six steps respectively.

Given that the step height of slip band is fine (the out-of-plane strain
is very small) and DIC results show negligible GB sliding, we differen-
tiated these GBs by whether the grain boundary blocks the dislocation
slips or not from the in-plane strain measurement by DIC. For TT sample,
the magnification is high enough to reveal individual slip band. The GB
type was determined according to the ratio (R) of the number of dislo-
cation slip bands transmitting across GB (Nyq) over the number of all
dislocation slip bands (Ng;) impinging GB. A threshold value of 0.5 was
used here to define the dislocation slip/GB interaction mode as in a
previous work [18]. If the average of R values from the six steps was
higher than 0.5, the GB was defined as GB transmitting dislocation slip
(GBry). Otherwise it was defined as GB blocking dislocation slip (GBg).
For SA sample, as the spatial resolution was insufficient to distinguish
the slip bands, the slip band/GB interaction mode was determined based
on the strain level near the GB. If the normal strains on both sides of the
GB were high (exceeding 120% of the average strain), this GB segment
was thought to possess low resistance to dislocation slip. If only one side
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Fig. 1. (a) EBSD characterization of the ROI on the tensile sample and (b) the procedure of recurring step straining that decouples corrosion and straining (DIC was
performed to evaluate the local strain distribution near GB with SEM images taken before and after step straining).
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Table 1
Exposure duration and plastic strains of SA and TT tensile samples in each step.
Sample Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
SA Exposure Duration (h) 572 523 455 438 622 348
Plastic Strain (%) 1.07 0.98 0.85 1.50 1.51 1.48
TT Exposure Duration (h) 572 523 455 438 622 348
Plastic Strain (%) 0.96 0.75 0.88 1.33 1.35 1.52
of GB showed high strain level, this section was thought to block was also used. After the step straining, every GB was examined at
dislocation slip. The length of GB segment with low resistance to 8000 x to check if crack initiated and the number of cracked GBs was
dislocation slip (Lsq) was measured and the GB type was determined by counted. As the intergranular carbides in TT sample is semi-continuous,
the ratio of L, over the total GB length (Lgy). A threshold value of 0.5 some of the intergranular cracks are also semi-continuous. In this case, a
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Fig. 2. (a-f) Normal strain (exx) distribution near a grain boundary that transmits dislocation slip from the TT sample throughout the six straining steps and (d1-f1)
high-magnification SEM images of the grain boundary after the last 3 straining steps.
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grain boundary was counted as cracked when the length fraction of
cracked section was over 50%.

3. Results and discussion

These two types of GBs show quite different strain distributions.
Fig. 2a-f show the normal strain (exx) distributions near a GBt from the
TT sample throughout the six straining steps and Fig. 2d1-f1 show the
high-magnification SEM images of GB after the last 3 step strainings. The
slip bands show localized high strain values and are obviously contin-
uous across the GB from the first three steps during which crack did not
initiate (Fig. 2a-c). The crack initiated during the fourth step straining
which is reflected by the high strain level along the GB (Fig. 2d). The
high-magnification SEM image confirms that crack initiated at this GB
(Fig. 2d1). Thereafter, the linkage between the slip bands in the two
grains is broken at GB (Fig. 2e and f) and the crack becomes more
continuous and wider (Fig. 2el and f1). Nevertheless, the strain is still
evenly distributed on both sides of GB. Thus, the dislocation slip/GB
interaction mode has not been changed by crack initiation. The normal
strain distributions near a typical GBg from the TT sample throughout
the six steps are shown in Fig. 3a-f. There are significant localized strains
distributed along the slip bands on the left grain, while the right grain
shows nearly no strain localization. It is then confirmed that the dislo-
cation slip on the left grain cannot transfer across the GB. More
importantly, this GB doesn’t show any sign of crack initiation through
the whole process, as indicated from the SEM image of GB after the last
straining step (Fig. 3f1). Thus, it seems that GBr is more susceptible to
SCC initiation than GBg for Alloy 690. Consistently, we have found that
even for a single GB, the segment that transmits dislocation slip is more
prone to crack initiation [16].

To establish a solid correlation between the dislocation slip/GB
interaction mode and the susceptibility to crack initiation, all the pre-
selected GBs were carefully analyzed. For the SA sample, 19 out of 42
GBs showed sign of blocking slip band transmission, accounting for
45.2%, as shown in Fig. 4a. Among the 36 GBs selected from the TT
sample, 21 GBs block slip band transmission, accounting for 58.3%, as
shown in Fig. 4b. By comparison, the proportion of GBg on TT sample is
higher than that on SA sample. That is because the carbides formed
along the GBs in the TT sample can act as hindrance for dislocation
movement and block the transmission of slip band across GB. Consistent
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phenomenon has also been reported in a previous work [14]. In the
process of tracking these pre-selected GBs, it was found that the cracking
resistance of GB is closely related to the dislocation slip/GB interaction
mode. Fig. 4c shows the percentages of different GBs for the SA sample.
For the GBg, 17 of them didn’t initiate crack while only 2 GBs cracked.
So the proportion of cracked GB for this type is 10.5%. For the GBT, 13 of
them were still intact and 10 GBs cracked. The proportion of cracked
GBr is 43.5%. Thus, it seems that GBg has higher resistance to SCC
initiation than GBr. The statistics from TT sample show a consistent
trend. As shown in Fig. 4d, there are 18 uncracked GBs and 3 cracked
GBs for GBg. The proportion of cracked GBp is 14.3%. As to GBr, there
are 8 intact GBs and 7 cracked GBs, resulting in a cracking percentage of
46.7%. This result indicates that the dislocation slip/GB interaction
mode plays an important role in the SCC crack initiation of Alloy 690.
SCC initiates more easily on GB that allows slip band transmission. It
should be noted that from these sampled GBs, the fractions of cracked
GB are comparable between these two samples. Actually, more statis-
tically significant results (measured from a total area of ~0.5 mm? for
each sample) show that TT sample has much lower crack length density
than SA sample, confirming the mitigation effect of intergranular car-
bide on SCC initiation as reported before [14].

From the SCC initiation model proposed before [8], the breach of
surface oxide film above GBs is a unique prerequisite for crack initiation
of Alloy 690. Then it is inferred that the tendency to fracture the oxide
film over GB should be directly related to the susceptibility to SCC
initiation. During the dynamic straining of bulk sample, the surface
oxide film would be stretched along with the substrate. Thus, the ten-
dency to fracture the oxide film over GB should be dependent on the
local strain state near GB. As the oxide film is normally brittle, it can be
readily fractured when the local normal strain across GB is high. For
crystalline metallic material, the plastic strain is achieved through
dislocation movement. When the dislocation movement is impeded by
GB which is the situation for GBpg, the local strain near GB is low (as
shown in Fig. 3). In this case, the driving force for oxide film fracture is
low. In contrast, when GB doesn’t block the dislocation slip as in the case
for GBy (as shown in Fig. 2), the local normal strain near GB is high and
the surface oxide film would be more likely to be breached. From this
work, the percentage of cracked GBy is much higher than that of GBg for
both SA and TT samples (Fig. 4), confirming that local normal strain is
the primary driving force for the fracture of oxide film over GB. The
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Fig. 3. (a-f) Normal strain (exx) distribution near a grain boundary that blocks dislocation slip transfer from the TT sample throughout the six straining steps and (f1)

high-magnification SEM image of the grain boundary after the last straining step.
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Fig. 4. The percentages of different GBs based on dislocation slip/GB interaction mode in (a) SA and (b) TT samples. The percentages of cracked and un-cracked GBs

for different GB types in (c) SA and (d) TT samples.

beneficial effect of intergranular carbide in mitigating SCC of Alloy 690
can be partly attributed to its ability to impede dislocation movement
across GB. Our previous work has also confirmed that the local strain
near GB decorated with carbides is lower than that within the grain
matrix [14].

It should be noted that the correlation between dislocation slip/GB
interaction mode and the resistance to SCC initiation depends on the
material studied. For materials that don’t form protective oxide film
over GB but tends to form intergranular oxide (like austenitic stainless
steel [5,19-21]), now extensive results suggest that the SCC initiation
for this type of material is driven by stress. The Schmid-Modified Grain
Boundary Stress model proposed by West and Was indicates that the
intergranular cracking behavior of austenitic stainless steel is strongly
dependent on the local GB normal stress [22]. This model is supported
by the results from irradiated 316 L stainless steel tested in supercritical
water [22] and 304 stainless steel tested in high temperature oxygenated
water [23]. It has also been reported that high local stress can be
induced when dislocation slip is impeded by GB [24-26]. Such high
stress can serve as primary driving force for crack initiation and the GB
that blocks dislocation slip tends to be more susceptible to crack initi-
ation, as reported in proton-irradiated stainless steel [27-30].

The correlation between dislocation slip/GB interaction mode and
resistance to SCC initiation for Alloy 690 is summarized in Fig. 5. For
GBp (Fig. 5a-c), as the dislocation slip transmission across GB is
impeded, the dislocation is accumulated near GB and the local normal
strain is low. The damage to the surface oxide film formed above GB by
dynamic straining is minimized and can be gradually repaired via the
outward diffusion of Cr. As long as the surface oxide film over GB is
intact, penetrative oxidation along GB can’t occur and SCC initiation is
inhibited. As for GBy (Fig. 5d-f), the dislocation slip can transfer across

GB and the normal strain near GB is nearly as large as that in the grain
matrixes. In this case, the oxide film over GB can be readily breached
beyond repair. Thereafter, intergranular oxidation ensues which even-
tually leads to crack initiation. It should be noted that only one tensile
sample per heat treatment was tested in this work. It would be desirable
to further confirm the observations by expanding the data volume in the
future.

4. Conclusions

Recurring step straining was conducted on both solution annealed
(SA) and thermally treated (TT) Alloy 690 samples exposed to high
temperature hydrogenated water. The local strain distribution near pre-
selected random high angle grain boundaries (RHABs) was evaluated
using digital image correlation (DIC). The TT sample shows higher
fraction of grain boundary (GB) that blocks slip band transmission
because the intergranular carbides can hinder the movement of dislo-
cation. For both samples, the GBs that block slip band transmission
exhibit higher resistance to stress corrosion crack (SCC) initiation than
those that transmit dislocation slip. That is because the breach of surface
oxide film over GB is mainly driven by the local normal strain which is
high when GB possesses low resistance to dislocation slip transmission.
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Fig. 5. Schematics of the evolution of surface oxide film over (a-c) GB that blocks dislocation slip transfer and (d-f) GB that transmits dislocation slip during dynamic

straining in simulated PWR primary water.
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