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a b s t r a c t 

Recurring step straining was developed to investigate the environmentally assisted cracking (EAC) initi- 

ation of a Ni-30Cr-10Fe alloy (Alloy 690) in simulated pressurized water reactor (PWR) primary water. 

Thanks to this technique, the roles of corrosion and straining in the EAC initiation of Alloy 690 was 

decoupled and typical microstructures in stress corrosion cracking, i.e. diffusion induced grain bound- 

ary migration and oxidation into the migration zone, were reproduced. Digital image correlation using 

indigenous surface oxide particles as markers was successfully incorporated into this technique for high- 

resolution in-plane strain measurement. The preliminary results show that intergranular crack initiation 

is correlated with the high local strain in both adjacent grains, indicating that slip transfer across the 

grain boundary promotes crack initiation. Recurring step straining is desirable for the mechanistic study 

of EAC as it makes the separate roles of chemical and mechanical processes adjustable and traceable. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Nickel base Alloy 690 is an important structural material in

pressurized water reactors (PWRs). This material shows signifi-

cantly higher stress corrosion cracking (SCC) resistance than its

predecessor-Alloy 600 in the primary water environment [1 –4] .

The high resistance to SCC in Alloy 690 is reflected by the diffi-

culty to initiate cracking in this alloy in simulated PWR primary

water with conventional constant deflection or constant load tech-

niques [5] . Now increasing evidence shows that the high resis-

tance to SCC initiation of Alloy 690 is related to the formation

of a compact oxide film over the random high angle boundary

(RHAB) [6 –8] which suppresses the penetrative intergranular ox-

idation. Nonetheless, SCC of Alloy 690 can be consistently initi-

ated by dynamic straining [5 , 9 –11] and an initiation model was

proposed by Moss et al. [5] . Recently, Kuang and Was [12] char-

acterized the microstructures of grain boundaries at different SCC

initiation stages after constant extension rate tensile (CERT) test to

further substantiate the model. The microstructure analysis of SCC

cracks formed on Alloy 690 [13] also suggests that diffusion in-

duced grain boundary migration (DIGM) and penetrative oxidation

into the migration zone are two important precursors in the SCC

process. 
∗ Corresponding author. 
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Although significant progress has been made in the SCC study

f Alloy 690 in simulated PWR primary water, there are still some

nresolved issues. On the one hand, it is difficult to reveal the

ull process of SCC initiation through post-test analysis. SCC is a

omplicated process which involves the coupling of environmental

egradation and mechanical deformation. The previous work nor-

ally characterizes the sample after SCC test is finished. It only

aptures a static frame of the whole SCC process and the sepa-

ate roles of corrosion and deformation cannot be clearly identi-

ed. Ex-situ straining after exposure test has been used to single

ut the mechanical process in the initiation of environmentally as-

isted cracking (EAC) of alloy 600 [14 –17] . Unfortunately, such one

tep straining couldn’t initiate cracking on Alloy 690 [18] . On the

ther hand, the previous work indicates that dynamic straining is

rucial in driving the SCC initiation on Alloy 690 [5 , 10] . However,

he mechanism of straining effect in SCC initiation is still not clear.

ddressing this issue necessitates the measurement of local strain

istribution near a grain boundary during plastic deformation. Dig-

tal image correlation (DIC) has been widely used for local strain

easurement [19] . To apply DIC for SCC initiation study in high

emperature water, the DIC markers should be compatible with the

arsh environment. Noble metal grid has been used for this pur-

ose [20] . Nevertheless, in addition to causing possible interference

n the corrosion process, depositing a thin layer of noble metal is

omplicated and only covers a small area of interest. Marrow et al.

https://doi.org/10.1016/j.scriptamat.2020.08.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2020.08.016&domain=pdf
mailto:wjkuang66@xjtu.edu.cn
mailto:wjkuang66@gmail.com
https://doi.org/10.1016/j.scriptamat.2020.08.016


W. Kuang, H. Yue and X. Feng et al. / Scripta Materialia 189 (2020) 122–128 123 

Fig. 1. (a) High angle annular dark-field (HAADF) and (b) bright field images of grain boundary A after 4th exposure, (c) enlarged HAADF image from framed area in (a), (d) 

energy dispersive spectroscopy (EDS) line profile across the line in (a), (e) HAADF image of grain boundary A after 4th straining and (f) EDS line profile across the line in (e). 
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21 , 22] produced DIC markers on stainless steel by electro-etching

nd studied the cracking processes in high temperature water by

aking optical images through a windowed autoclave. In this tech-

ique, the electro-etching would inevitably affect the cracking be-

avior of material and the produced DIC marker maybe covered

y the oxide particles formed by precipitation during exposure to

igh temperature water. Moreover, the optical system only covers a
xed area of interest at limited resolution. Therefore, the test tech-

ique needs to be further improved to advance the mechanistic

nderstanding of SCC initiation on Alloy 690. 

In this work, recurring step straining was developed to inves-

igate the EAC initiation of Alloy 690 in 350 °C simulated PWR

rimary water. The chemical composition of Alloy 690 used in

his work is 59.3 wt% Ni, 29.4% Cr, 10.2% Fe, 0.31% Mn, 0.14% Al,
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Fig. 2. (a) and (b) SEM images of sampled grain boundary B after 4th exposure, (c) and (d) SEM images of sampled grain boundary B after 4th straining, (e) enlarged image 

from frame e in (c). The black dashed frame in (d) marks the position for FIB cutting. 
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0.25% Si and 0.02% C. The bulk material was solution annealed

(SA) at 1100 °C for 1 h and water quenched. Round tensile bars

with 20 mm in gauge length and 2 mm in diameter were ma-

chined from the bulk material. As in our previous work [9 , 23] ,

the gauge section of the tensile bar was mechanically abraded up

to 40 0 0 grit and electropolished for 30 s at 30 V in a solution

of 10% (volume fraction) perchloric acid in methanol which was

cooled to −30 °C. All the samples were cleaned three times alter-
ately with methanol and acetone immediately after electropolish-

ng. 

The tensile bar was exposed in a refreshed stainless steel au-

oclave without being loaded. The environment was 350 °C water

ith 2 ppm Li (as LiOH), 10 0 0 ppm B (as H 3 BO 3 ). The dissolved

ydrogen concentration was maintained at 19.7 cm 

3 (STP) H 2 /kg

 2 O. After the exposure, the sample was taken out and examined

n a FEI Helios SEM with the tensile axis aligned with the horizon-
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Fig. 3. Measured strain (a) XX , (b) YY and (c) XY from grain boundary B after 4th straining by digital image correlation (DIC). Tensile direction was along the X axis. 

Table 1 

Details of the experiment steps. 

1st step 2nd step 3rd step 4th step 

Exposure time (h) 648 140 255 1031 

Plastic strain 2.4% 1.9% 1.9% 2.0% 

Final stress (MPa) 284 292 337 364 
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al direction. Secondary electron (SE) imaging mode was used. The

cceleration voltage was 30 kV and beam current was set to 1.6

A. Around 20 grain boundaries were examined, and the positions

f those boundaries were recorded. Then the sample, which has a

ield strength of 255 MPa and a uniform elongation of 53.5%, was

trained ~2% on an MTS machine at 0.15 mm/min in air at room

emperature. Afterwards, the sample was put back into the SEM

nd the previous grain boundaries were tracked and reexamined

o see if the straining induced crack initiation. These steps were re-

eated several times. The exposure time, applied plastic strain and

he final stress for each step are listed in Table 1 . The SEM images

aken before and after the step straining were used for DIC analysis

ith the indigenous surface oxide particles serving as DIC markers.

n open-source 2D DIC software (Ncorr) was used to process the

mages [24] . The resolution of strain measurement is around 10 −4 

ith the algorithm used in the software [25] . To get a good trade-

ff between resolution and noise, the subset radius, subset spacing,

train radius, were set as 15, 1, 10 pixels. The spatial resolution is

round 0.24 μm based on the SEM imaging condition. Cross sec-

ions of some grain boundaries were cut using focused ion beam

FIB) milling on a FEI Helios Nanolab per the procedure used be-

ore [8 , 12 , 13] . The element composition and microstructure were

nalyzed with scanning transmission electron microscope (STEM)

EOL 2100 which is equipped with an Octane Super silicon drift en-

rgy dispersive spectroscopy (EDS) X-ray detector system, a bright
eld detector and a high angle annular dark-field (HAADF) de-

ector. Some EDS line profiles were also acquired in a JEOL JEM-

200(HR) microscope which is equipped with two 100 mm 

2 EDS

-ray detectors. 

Grain boundary A was sampled as it shows crack initiation after

rd straining. Fig. 1 (a) and (b) are HAADF and bright field images

f the cross section of grain boundary A after 4th exposure. The

rack is filled with oxide which formed by precipitation because

he stainless-steel autoclave would generate a local high concen-

ration of Fe ion which deposits onto the sample surface as spinel

articles [26 , 27] . There is a grain boundary migration zone beyond

he oxide with a curly migrated grain boundary on the right. DIGM

as long been reported in this alloy [6 , 7 , 13 , 28] when exposed to

igh temperature reducing water or steam. The bright field image

hows that the area near the oxide tip is as bright as the open

pace above the sample ( Fig. 1 (b)), confirming that this area cor-

esponds to an open crack. The trace of migrated grain boundary

s readily identified from Fig. 1 (b) as the two grains show different

ontrasts. Fig. 1 (c) is an enlarged image from the dashed frame in

ig. 1 (a). The open crack beyond the oxide deposit appears darker

n the HAADF image and the forefront point corresponds to the

rack tip ( Fig. 1 (c)). Beyond the crack tip, it is found that oxide

orms along the migrated grain boundary and extends into the mi-

ration zone, consistent with a previous work [13] . Fig. 1 (d) shows

he EDS profile along line d in Fig. 1 (a). The migration zone is

nriched in Ni and depleted in Cr while the oxide shows signifi-

ant Cr enrichment ( Fig. 1 (d)). The intergranular oxide beyond SCC

rack has been revealed to be composed of NiO and Cr 2 O 3 [13] .

fter 4th straining test, another FIB sample was made from grain

oundary A. Fig. 1 (e) shows the HAADF image of the cross section.

he crack can only extend as far as the intergranular oxidation ad-

ances, consistent with the results from miniature cantilever bend

est on oxidized grain boundary of alloy 600 [15] . Therefore, the
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Fig. 4. (a) HAADF and (b) bright field images of the grain boundary cross section cut from Fig. 2(d), (c) HAADF and (d) bright field images of grain boundary migration zone 

beyond the crack tip, (e) and (f) EDS line profiles across the lines in (a). 
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ntergranular oxidation is an inevitable precursor for SCC cracks to

nitiate or propagate. The EDS line profile along line f in Fig. 1 (e)

onsistently shows that the migration zone is enriched in Ni and

epleted in Cr ( Fig. 1 (f)). 

A previous foil-fracture test [18] indicated that one step strain-

ng after exposure test could not induce intergranular cracking on

lloy 690. That is mainly due to its ability to form a protective ox-

de film over RHAB [6 –8 , 28] which suppresses the penetrative in-

ergranular oxidation. Here it is demonstrated that recurring step

training can induce crack initiation on this alloy. The protective

xide film over grain boundary A should have been breached dur-

ng the previous straining and penetrative oxidation ensued there-

fter. The oxide film over the grain boundary was not repaired dur-

ng exposure even when no stress or strain was applied. Therefore,

he breach of surface oxide film over RHAB, which is a crucial pre-

ursor to crack initiation on Alloy 690, can also be caused by step

training as in this work. 

Crack initiation was captured on grain boundary B right after

th straining. Fig. 2 (a) and (b) shows the SEM images of grain

oundary B after 4th exposure. A twin in the left grain (grain I)

ntersects the grain boundary ( Fig. 2 (a)). No crack is observed on

he enlarged image in Fig. 2 (b). Interestingly, after 4th straining

est, the enlarged SEM image shows intergranular crack initiation

 Fig. 2 d)). The enlarged image from frame e in Fig. 2 (c) shows that

he crack was terminated by the twin intersection ( Fig. 2 (e)). DIC

nalysis from the SEM images taken before and after 4th strain-

ng was conducted. The strain distribution near this grain bound-

ry is shown in Fig. 3 . The tensile direction was aligned with the

 axis. Fig. 3 (a) clearly shows that the XX strain along the grain

oundary reaches local maximum except the section where the

win emerges. That is because the crack initiation creates opening

long the grain boundary which is treated as displacement in DIC

oftware. The XX strain along the grain boundary decreases rapidly

here the twin intersects the right grain (grain II), confirming that

rack initiation was suppressed by the twin. It is interesting to find

hat grain I shows a relatively uniform XX strain near 2% while the

train in the twin is almost 0% ( Fig. 3 (a)). It is worth mention that

he upper part of the twin close to the cracked grain boundary

hows local distribution of relatively small strain ( Fig. 3 (a)), which

hould result from the concentrated stress state near the crack tip.

onsistently, the YY strain in grain I is mostly negative while that

n most of the twin is still around 0% ( Fig. 3 (b)). Fig. 3 (c) shows

he distribution of XY strain. The maximum value (around 0.6%)

ies in the crack and extends to the twin interior. From Fig. 3 , the

igher susceptibility to crack initiation of grain boundary is well

orrelated with the higher plastic strain in the adjacent grains. It

uggests that high local strain in both grains, i.e. easy slip trans-

er across the grain boundary, promotes the crack initiation of

rain boundary. In contrast, according to the local stress analysis by

cMurtrey et al. [29] and Jonson et al. [30] , when the dislocation

hannel transfer was impeded at a grain boundary, the dislocation

ile-up would raise the local stress and increase the susceptibility

o SCC initiation on ion-irradiated stainless steel. Therefore, local

train is probably the controlling factor in the fracture of surface

xide film over RHAB and hence the SCC initiation for alloy 690. 

A cross section was sampled from the black frame in Fig. 2 (d).

ig. 4 (a) and (b) shows the HAADF and bright field images of the

ross section. The crack has a mixed route. It starts from the ox-

de/grain II interface, goes through the intergranular oxide and ex-

ends along the grain I/oxide interface. The crack reaches the end

f the intergranular oxide as in Fig. 1 (e). The exposed grain ma-

rixes along the crack flanks are almost free of oxidation, confirm-

ng that this crack was freshly generated during 4th straining. The

AADF and bright field images of migration zone beyond the crack

re shown in Fig. 4 (c) and (d). The original grain boundary is repre-

ented by a yellow broken line ( Fig. 4 (c)) and the migrated bound-
ry can be readily identified in the bright field image ( Fig. 4 (d)).

pparently, this grain boundary migrated in both directions. The

DS profiles along the lines in Fig. 4 (a) confirm that the migration

one is enriched in Ni and depleted in Cr ( Fig. 4 (e) and (f)). 

In this study, the main process of crack initiation, i.e. the in-

ergranular oxidation along the DIGM zone and fracture of the ox-

de or the oxide/matrix interface is clearly revealed. The evidence

hown here supports the SCC initiation model proposed by Moss

t al. [5] and agrees with the previous characterization results

12 , 13] . Thus, recurring step straining can be a valid technique for

he mechanistic study of the SCC initiation behavior of Alloy 690.

ome limitations should be noted for this new technique. The ef-

ect of mechanical loading on the corrosion process could not be

imulated in the recurring step straining test as the sample is not

oaded during corrosion. It is also not meaningful to quantitatively

ompare the cracking result from recurring step straining test with

hat from CERT test. That is because both techniques accelerate the

rocess of crack initiation, but to different degrees due to the dif-

erence in straining condition. 

Compared with CERT, recurring step straining does have some

ttractive advantages. Firstly, it decouples the effects of corrosion

nd straining and the separate roles of chemical and mechanical

rocesses in SCC can closely traced. Prior to step straining, the cor-

osion process is paused by taking the sample out of harsh en-

ironment and the corrosion-induced microstructure changes can

e thoroughly investigated. Thus, how corrosion contributes to

rack initiation can be revealed. More importantly, the ex-situ step

training can be well controlled, and the resultant local strain state

nd mechanical response of microstructures can be examined in

etail. Secondly, the decoupling of corrosion and straining allows

he local strain distribution to be measured at high resolution

ithout introducing extraneous DIC markers ( Fig. 3 ). The current

IC technique is ideal for the EAC initiation study as it uses indige-

ous oxide particles as markers without causing extra interference

nd the resolution is high enough to capture the local strain dis-

ribution. Therefore, recurring step straining is a quasi in-situ test

echnique which allows a thorough investigation on the full pro-

ess of cracking. It is a desirable alternative to CERT when study-

ng SCC in harsh environment like high temperature high pressure

ater which precludes the use of in-situ test technique. Lastly, the

everities of corrosion and mechanical straining can be readily ad-

usted by changing the length of corrosion time and the applied

train to match the properties of tested material. While in a CERT

est, strain rate is used to balance the severity of corrosion with

echanical straining [9] . A very low strain rate (~10 −8 /s) is nor-

ally needed to initiate SCC on resistant material like Alloy 690

hich is very challenging to acquire. 
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