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a b s t r a c t

This work aims to establish a model of a primary water stress corrosion crack growth rate of Alloy 690
material for the head penetration nozzles of Korean pressurized water reactors. The test material had an
inhomogeneous microstructure with bands of fine-grains and intragranular carbides in the matrix of
coarse-grains, which was similar to the archive materials of the head penetration nozzles. The crack
growth rate was measured from the strain-hardened materials as a function of the stress intensity factor
in simulated primary water at various temperatures and dissolved hydrogen contents. The effects of
strain-hardening, temperature, and dissolved hydrogen on the crack growth rate were analyzed inde-
pendently, and were then introduced as normalizing factors in the crack growth rate model. The crack
growth rate model proposed in this work provides a key element of the tools needed to assess the
progress of a stress corrosion crack when detected in thick-wall Alloy 690 components in Korean
reactors.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

From the previous experiences of primarywater stress corrosion
cracking (PWSCC) of Alloy 600 components in primary water
reactor (PWR) [1], thin-wall tubings and thick-wall pipings have
been made from the higher Cr-containing Alloy 690 in the last
several decades [2]. Until now, there have been no reports of
corrosion cracking failures of components made from Alloy 690 in
operating PWRs. However, it has been recently reported that Alloy
690 is also susceptible to PWSCC in certain experimental condi-
tions, especially when work-hardened [3e5] by welding,
machining or surface finishing during the fabrication or field repair
of the components.

When a flaw indication related to PWSCC is detected from non-
destructive examination on the surface of the pressure boundary
components exposed to the primary water, it is mandatory to
assess the progress of cracking in a quantitative way to assure the
integrity of the components and to determine whether and when
the components should be repaired. For thick-wall components
made from Alloy 600, the quantitative assessment tools were well-

developed by EPRI (Electric Power Research Institute) based on the
PWSCC growth rate (CGR) model in 2002 [6] and have been widely
used in PWRs. The CGR model was established from the controlled
testing of fracture mechanics specimens fabricated using 26 heats
of thick-wall piping, rolled bar, forged bar, and plate materials. This
is based on the strain rate model of SCC, which includes the effects
of temperature and dissolved hydrogen in the primary water. Since
2002, a substantial amount of data on PWSCC CGR have been
produced from laboratory testing. From reevaluating those data,
the CGR model was recently updated for Alloy 600 including its
weld metals, Alloy 82, 182, and 132 in 2017 [7].

In the case of Alloy 690, a factor of improvement (FOI) approach
has been proposed by EPRI as a method for evaluating PWSCC CGR
for plant application [8]. In this approach, FOI is defined as the CGR
ratio for Alloy 690 relative to Alloy 600. Based on a full-modelling of
the complied CGR data of Alloy 690, the CGR equation was also
introduced, but not recommended for use to evaluate the actual
flaws in plant components. This was due to insufficient data from
laboratory testing and a lack of experience in field failure until now.
The Alloy 690 materials used for this approach were generally in
the solution-annealed and thermally-treated conditions.

It is well-known that the PWSCC behavior of Ni alloys is strongly
affected by the microstructure and its uniformity. As a consequence
of the compositional segregation during solidification in the* Corresponding author.
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fabrication process, as well as the insufficient homogenization in
post-processing, a banded microstructure that has an inhomoge-
neous grain-size distribution with regions of high carbide density,
resulting in fine-grain regions interleaved with a coarse-grain area,
can be retained in the final product [8]. The banded microstructure
was not unusual in the early products of Alloy 690. In the past
decade, extensive laboratory testing for CGR measurements has
been performed on various heats of Alloy 690. Among those heats,
some of the inhomogeneous materials revealed the highest CGR
when cold-worked [5]. However, it was not always the case, indi-
cating that the banded microstructure does not necessarily play a
primary role in the abnormally high CGR observed for cold-worked

Alloy 690. Nevertheless, this should still be a concern for Korean
PWRs because the banded microstructure is found in some archive
materials of the head penetration nozzles.

In this respect, this work aims to establish the CGRmodel for the
PWSCC of thick-wall components made from Alloy 690 in Korean
PWRs. The CGR was measured from material that has the same
microstructural feature to archivematerials of the head penetration
nozzles, that is, the banded microstructure. From the statistical
analysis of the CGR data, the CGR model is proposed based on a
strain rate theory, which includes the stress intensity factor, tem-
perature, dissolved hydrogen content, and strain-hardening effects.

2. Experimental methods

The Alloy 690 material used in this work was a forged bar (Heat
No. 135264, solution annealed) that has the same microstructural
features to archive materials of the head penetrations nozzles of
Korean PWRs. These materials have an inhomogeneous micro-
structure with bands of fine-grain regions and intragranular car-
bides in a coarse-grain matrix that is aligned in the axial direction
of the forged bar. The chemical composition has been given in detail
elsewhere [5].

The test material was cold-rolled to simulate a strain-hardening
condition that is usually induced by welding, machining or surface
finishing during the fabrication or repair process. The one-

Table 1
List of Alloy 690 materials tested in this work.

Specimen Cold-rolling level HVa KAMb YSc

CR 0% 0% 177 0.48o 208 MPa
CR 10% 10% 253 1.34o 401 MPa
CR 20% 20% 283 2.03o 625 MPa
CR 30% 30% 312 2.48o 706 MPa
CR 40% 40% 327 3.05o 756 MPa
HT-CR 40% 40% e 2.45o e

a HV: Vickers hardness measured from micro-hardness test [5].
b KAM: Kernel average misorientation obtained from EBSD analysis [5].
c YS: Yield strength measured in air at 350 �C.

Fig. 1. Crack length increments measured from the inhomogeneous heat of Alloy 690 with various degrees of strain-hardening; (a) as-received, (b) CR 10%, (c) CR 20%, (d) enlarged
graph of the 5th test step for CR 20%, (e) CR 30%, (f) CR 40%, (g) HT-CR 40%, and (h) enlarged graph of the 3rd test step for HT-CR 40%. Variables in the test conditions are given in the
figures, as indicated by an arrow at the onset time of each test step.
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dimensional rolling process was conducted with a multi-pass to
achieve a relatively uniform plastic deformation in a macro-scale at
room temperature. In each rolling pass, the thickness of the cuboid
sample was reduced by about 3% of its original thickness while
preventing any mechanical damage of the materials. The rolling
was carried out in the axial direction of the forged bar that was
parallel to the carbide. In this work, the strain-hardening level of
the cold-rolled material is defined as the thickness reduction ratio
in percentage (CR %).

After the cold-rolling process, the samples designated by CR 0%,
CR 10%, CR 20%, CR 30% or CR 40% were used in the PWSCC tests
without further heat-treatment. On the other hand, a sample from
CR 40% Alloy 690 was post-heat treated at 500 �C for 10 h (desig-
nated by HT-CR 40%), to investigate the effect of residual stress and/
or strain reliefs on the crack growth behavior of the strain-
hardened Alloy 690. The post-heat treatment temperature and
time were determined at the condition where little change was
found in themicrostructural features such as carbide and grain-size
distribution, while a considerable decrease in the local misorien-
tation was confirmed from an electron back-scattered diffraction
(EBSD) analysis. The microstructural features of the as-received
material and the cold-rolled materials have been given in detail
elsewhere [5]. Table 1 presents the list of test materials including
cold-rolling level and their physical properties.

Compact tension (CT) specimens were made from the strain-
hardened materials in accordance with the ASTM E399 standard

[9]. A fatigue pre-crack with a length of about 2 mmwas formed in
the notch of the CT specimen in air, while monitoring the crack
increment using the direct current potential drop (DCPD) method
[10]. The CGR tests were then conducted in a primary water that
simulated typical operating condition of PWRs, i.e., a solution of
1200 ppm B as H3BO3, and 2.2 ppm Li as LiOH with a dissolved
oxygen (DO) content at less than 5 ppb. The inlet and outlet con-
ductivity and pH of the solution were approximately 23 mS/m and
6.4, respectively. The test temperature, T, varied from 325 to 360 �C
to investigate its effect on CGR while the dissolved hydrogen (DH)
content was controlled to the Ni/NiO equilibrium at the test tem-
perature. This was 22 cc/kg-H2O at 360 �C, 15 cc/kg-H2O at 340 �C,
and 10 cc/kg-H2O at 325 �C [11,12].

After a sufficiently long transition time for SCC advance from a
fatigue pre-crack in the primary water environment, the applied
load was suitably controlled to maintain the constant stress in-
tensity factor, K, ranging from 18 to 40 MPa√m at a crack tip. The
crack direction was parallel to the direction of the bands in the S-L
orientation (i.e. the crack plane whose normal direction was the
thickness direction of a cold-rolled plate, with the predicted di-
rection of crack propagation coinciding with the direction of cold-
rolling [9]).

3. Results and discussion

Fig. 1 shows the crack length increments measured from the

Fig. 1. (continued).
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inhomogeneous heat of Alloy 690 with various degrees of strain-
hardening by using the in-situ DCPD method. The main variables
in the test condition for each test step are given in the figures, as

indicated by an arrow at the onset time of that test step. Among the
various factors affecting the PWSCC growth behavior, K, T, DH and
CR % were selected as the main test-variables in this work. Other
test conditions were in accordance with those described in Section
2 unless otherwise stated. The CGR was determined from the
average crack length increments with time after stabilizing the
crack growth in each test step. After the CGR tests, the ratewas then
corrected based on the actual crack length confirmed by post-
destructive examination, along with the correction of K at the
crack tip.

Figs. 2 and 3 give fractographs and cross-sectional images,
respectively, that were obtained from half of the CT specimen cut
lengthwise after the CGR tests. It was revealed that any irregularity
of cracking like crack-front curvature or out-of-plane cracking was
not significant for all specimens. Detailed analyses of the micro-
structural features of PWSCC, including the fracture morphology
and growth path, and their relationship with the local strain dis-
tribution were carried out on the same heat of Alloy 690 in the
previous studies [5,13]. It was found that PWSCC occurred in a
mixed form of transgranular (TG) and intergranular (IG) cracking,
despite the fact that the applied load was suitably controlled to
maintain a constant K condition after a sufficient transitioning and
to advance the entire crack front in primary water from the fatigue
pre-crack. This low preference for IG cracking over TG cracking has
also been reported from PWSCC-resistant materials, like Alloy 690,
of which grain boundaries (GBs) have very low susceptibility to
SCC, while highly susceptibility materials like Alloy 600 revealed
mostly an IG cracking morphology [2,13].

Fig. 4 summarizes the CGR data for Alloy 690 with the banded
microstructure as a function of K, which was calculated from the
crack increment with time and then corrected by post-test exam-
ination. For comparison, the CGR data were also measured from
Alloy 600 in this work and plotted in Fig. 4, along with the dispo-
sition curves proposed for Alloy 600 at 340 �C [6]. Considering the
similarity in the K-dependences of CGR between Alloy 690 and 600,
as shown in Fig. 4, a power-law model based on the strain rate
theory was adopted for the CGR model of Alloy 690 in this work as
follows,

Fig. 2. Fractographs obtained from half of the CT specimen cut lengthwise after CGR
tests; (a) as-received, (b) CR 10%, (c) CR 20%, (d) CR 30%, (e) CR 40%, (f) HT-CR 40%.

Fig. 3. Cross-sectional images obtained from half of the CT specimen cut lengthwise after CGR tests; (a) as-received, (b) CR 10%, (c) CR 20%, (d) CR 30%, (e) CR 40%, (f) HT-CR 40%.
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Fig. 4. CGR data of Alloy 690 and 600 measured as a function of K along with the disposition curve proposed for Alloy 600 at 340 �C [6]. CGR and K values were corrected by post-
test examination.

Fig. 5. Plots of (a) CGR as a function of thickness reduction ratio (CR %) collected from the CGR data of Alloy 690 at the test condition of T ¼ 360 �C, K ¼ 30 ± 5 MPa√m and
DH ¼ 22 ± 2 cc/kg-H2O (for Alloy 600, T ¼ 340 �C, K ¼ 25 ± 5 MPa√m and DH ¼ 15 ± 2 cc/kg-H2O), and the CGR ratio as a function of (b) HV, (c) YS, and (d) KAM. The CGR ratio is
given with respect to the CGR measured from non-deformed Alloy 690.
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CGR ¼ a fSH fT fDH Kn (1)

where a is the power-law constant, fSH, fT and fDH are the normal-
izing factors for strain-hardening, temperature and dissolved
hydrogen, respectively, and n represents the exponent for the stress
intensity factor. To individually investigate the effect of each factor
on the crack growth behavior, a set of CGR data were collected at
the test condition where one of the factors was the independent
variable while the other factors were the controlled variables.

Fig. 5(a) shows the dependency of CGR with the strain-
hardening factor as CR % collected from Fig. 4 at the test condi-
tion of T ¼ 360 �C, K ¼ 30 ± 5 MPa√m and DH ¼ 22 ± 2 cc/kg-H2O
for Alloy 690, and T ¼ 340 �C, K ¼ 25 ± 5 MPa√m and
DH ¼ 15 ± 2 cc/kg-H2O for Alloy 600. Alloy 600 showed a severe
increase in CGR when the strain-hardened to CR 20%, which ac-
counts for the field failure mostly found in the welded or surface-
machined regions of the thick-wall components of PWRs. In the

case of Alloy 690, the CGR increased slightly with strain-hardening
up to CR 20%, while CGR increased remarkably upon further
deformation to CR 40%. This can be attributed to the heterogeneity
of the relative strain distribution in Alloy 690 with the banded
microstructure when it severely strain-hardened [5,13]. The plastic
strain was considerably localized near the fine-grain region due to
interactions of dislocations with the intragranular carbides and
GBs, which enhanced TG and IG cracking when severely strain-
hardened over CR 20%, while the local strain was concentrated
primarily near the GBs at a moderate level of strain-hardening
below CR 20%. It should be noted here that the post-heat treat-
ment of CR 40% Alloy 690 decreased the CGR, which was possibly
due to the partial recovery of dislocations and defects.

According to the ASME B&PV code, a fabrication-induced local
strain of the plant components is limited to 5% [14]. From various
weld mock-up tests [7,15], the plastic strain is usually derived to be
less than 20% by welding in the operating power plants. However,
there should still be concerns about local strain-hardening that is
higher than 20% in abuse conditions like repetitive repair welding,
and over 40% in mechanical plugs for steam generator tube plug-
ging [16]. To consider the effect of strain-hardening on CGR as fSH of
Eq. (1), a process-independent variable should be used as an
indicative of the plastic strain instead of CR %. In this work, the
Vickers hardness (HV), yield strength (YS, 0.2% offset) and kernel
average misorientation (KAM) are proposed because those can be
measured on the component itself or on a small sample collected
from the component in the field.

Fig. 5(b), (c) and (d) present the CGR ratio of the strain-hardened
Alloy 690 relative to the non-deformedmaterial as a function of HV,
YS, and KAM, respectively. According to the hybrid model for
PWSCC growth in Ni alloys [17e20], the strain-hardening term in
the strain rate equation can be empirically approximated as a po-
wer function of YS. In this work, by considering little change in CGR
when strain-hardened below CR 20%, fSH in Eq. (1) is proposed as a
power function of the measurable quantity for strain-hardening
(QSH) with an offset as follows,

fSH ¼ 1þ b Qm
SH (2)

where the offset is assumed to be unity, b is the coefficient and m is
the exponent of QSH. When QSH is given as HV, b and mwere fitted
to be 2.27 � 10�93 and 37.48, respectively; 1.92 � 10�88 and 30.82
for QSH as YS in MPa, and 1.31 � 10�2 and 7.21 for QSH as KAM in
degree. The fitted curve and goodness-of-fit as an adjusted R-
square value were given in each figure. The CGR data of the HT-CR
40% Alloy 690 were also well-fitted to the strain-hardening model
given by Eq. (2) for KAM as QSH. This indicates that KAM is also a
useful parameter for estimating the strain-hardening and its effect
on CGR.

Fig. 6 gives the temperature dependence of the CGR ratio of the
CR 20% Alloy 690 and HT-CR 40% Alloy 690 in a linear form of the
Arrhenius equation. The CGR ratio is given with respect to the CGR
measured from each material at the reference temperature of
360 �C. As shown in Fig. 6, all of the CGR ratios are well-fitted to one
line with a negative slope, meaning that the PWSCC growth
mechanism is possibly the same thermally activated process,
regardless of the strain-hardening level within the range tested in
this work. Therefore, the temperature dependence of the CGR ratio
can be expressed with one activation energy, and hence, fT in Eq. (1)
is given by,

fT ¼ exp

"
� Eact

R

 
1
T
� 1
Tref

!#
(3)

Fig. 6. Temperature dependence of the CGR ratios of the CR 20% Alloy 690 and the HT-
CR 40% Alloy 690 in a linear form of Arrhenius equation. The CGR ratio is given with
respect to the CGR measured from each material at 360 �C.

Fig. 7. Effect of DH on the CGR ratio of the CR 20% Alloy 690 and the HT-CR 40% Alloy
690 measured at 360 �C. The CGR ratio is given with respect to the CGR measured from
each material at DH of 1 cc/kg-H2O.
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where Eact is the activation energy calculated as 108 ± 7 kJ/mol, R is
the gas constant of 8.314 kJ/mol,K, T is the temperature in K, and
Tref represents the reference temperature of 633.15 K.

Fig. 7 shows the effect of DH on the CGR ratio of the CR 20% Alloy
690 and the HT-CR 40% Alloy 690measured at 360 �C. The CGR ratio
is givenwith respect to the CGRmeasured from eachmaterial at DH
of 1 cc/kg-H2O, which is the minimum hydrogen content tested in
this work, where its effect on CGR is expected to be the lowest. In
Fig. 7, the CGR ratio increases to a peak-to-background of 3.5X as
DH increases to about 20 cc/kg-H2O. It then decreases with a
further increase of DH. A similar peak behavior of the CGR ratio vs.

DH was found by Attanasio and Morton [11] in various Ni alloys
such as Alloy 600, 82, and X-750, which was formulated as a
symmetric exponential function based on the thermodynamic
approach to correlate the electrochemical potential with the
hydrogen fugacity for the Ni/NiO phase stability. The formulation
was then modified by Andresen et al. [12] to consider that the CGR
ratio approaches to 1 as a baseline growth rate at a very low or very
high DH while retaining the peak behavior at the Ni/NiO phase
boundary.

Since the CGR ratio vs. DH for Alloy 690 also revealed peak
behavior, as shown in Fig. 7, the effect of DH on CGR, fDH in Eq. (1), is

Fig. 8. Plots of (a) the normalized CGR data as a function of K and (b) the normal distribution of lnðaÞ along with the Anderson-Darling normality test results.
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formulated as the symmetric exponential function:

fDH ¼ 1þ ðg� 1Þ exp
n
� d T2

�
lnðDHÞ � ln

�
DHeq

��2o (4)

where g is the peak height, d is the inverse of the peak width, T is
the temperature (K), and DHeq represents the dissolved hydrogen
content (in cc/kg-H2O) that corresponds to the Ni/NiO equilibrium
at the temperature. Based on the previous report on the Ni/NiO
transition regime [11], DHeq is expressed as exp

�
� 8440

T þ 16:46
�
)

in this work. Therefore, Eq. (4) can be written as,

fDH ¼ 1þ ðg� 1Þ exp
�
� d T2

	
lnðDHÞ þ 8440

T
þ ε


2�
(5)

where ε includes an offset of the peak position from the Ni/NiO
phase boundary. The formulation of Eq. (5) is fitted to both data for
the CR 20% Alloy 690 and the HT-CR 40% Alloy 690, even though
two CGR ratio vs. DH curves revealed slightly different peak height
and peak position. From the best-fit, g and dwere determined to be
3.52 and 1.23 � 10�6, respectively, and ε was found to be �15.82,
which corresponds to about 17 mV offset from the Ni/NiO equi-
librium potential. The peak position was found at DH of 12 cc/kg-
H2O, which is slightly lower than DHeq of 22 cc/kg-H2O at 360 �C.

The peak height, width and position of the CGR ratio vs. DH
curve for the Alloy 690 obtained in this work is within the range of
those values reported for Alloy 600, 82 and X-750 [11]. For the Ni
alloys, the peak height, width and position were also found to be
invariant within the test temperature from 260 to 360 �C [11].
Andresen et al. [12] draw a similar conclusion based on the CGR
data measured from Alloy 600 and 182, except for the offset of the
peak position. They assumed the offset as zero in their modified
formulation because there was little basis for concluding that all
the CGR peaks do not actually occur at the Ni/NiO phase boundary
itself. However, it is harder to rationalize that the offset should be
zero when considering different alloy elements and their effect on
the thermodynamic phase stability. Under the circumstances, the
parameters determined from the best-fit of Eq. (5) are used for
Alloy 690 within the temperature range of this work.

In order to obtain the exponent for K, n in Eq. (1), all CGR data
were normalized using factors for strain-hardening (fSH in Eq. (2)),
temperature (fT in Eq. (3)), and hydrogen content (fDH in Eq. (5)), as
follows,

CGRnorm ¼ CGR= fSH fT fDH
¼ a Kn (6)

This normalization makes the entire CGR data valuable for sta-
tistical evaluation by adjusting the CGR measured at different test
conditions to a notionally common condition, except for K. Fig. 8(a)
gives the normalized CGR data as a function of K. From the best-fit
of the model in a linear form, lnðCGRnormÞ ¼ lnðaÞþ n lnðKÞ, a and
n were determined to be 7.69 � 10�15 and 3.51, respectively. From
the Anderson-Darling normality test, lnðaÞ was well-modelled by a
normal distribution as shown in Fig. 8(b).

In summary, the PWSCC growth rate model for thick-wall
components made from Alloy 690, particularly the banded mate-
rials used in Korean PWRs, was established to be functions of QSH
(given by HV, YS in MPa or KAM in degree), T in K, DH in cc/kg-H2O
and K in MPa√m, as follows:

CGR ¼ a
�
1þ b Qm

SH
�
exp

"
� Eact

R

 
1
T
� 1
Tref

!#

�
�
1þ ðg� 1Þ exp

�
� d T2

	
lnðDHÞ þ 8440

T
þ ε


2� �
Kn (7)

where all constants are listed in Table 2.
For thick-wall components fabricated from Alloy 600, EPRI

recommends using the 75th percentile curve to evaluate the
growth rate of SCC flaws exposed to the primary water environ-
ment [6]. This may be interpreted as the mean of the upper half of
the distribution that describes the heat-to-heat variation in CGR.
Fig. 8(a) shows that the upper half of the CGR data are included
under the 75th percentile curve for Alloy 690 (a ¼ 1.17 � 10�14 in
Eq. (7)), when normalized using factors for strain-hardening,
temperature, and hydrogen content.

However, in this work, all of the CGR data were measured from
one heat of Alloy 690, even though the specimens were strain-
hardened with different levels. Thus, an alternative value of a was
proposed for a more conservative evaluation: a ¼ 2.08 � 10�14,
which was based on the 95th percentile curve that takes into ac-
count the lack of knowledge about a specific condition of the
component such as material heat, residual strain/stress, or water
environment of the component, as well as the uncertainties in CGR.
As shown in Fig. 8(a), most of the CGR data came under the 95th
percentile curve. From the most conservative evaluation using the
95th percentile CGR curve, the FOI was calculated to be about 34 for
a non-deformed Alloy 690 with the banded microstructure, and
even about 31 for 10% strain-hardened Alloy 690 at a moderate K
and T (for example, 30 MPa√m and 340 �C, respectively). From the
results, it is confirmed that Alloy 690 has excellent resistance to
PWSCC growth as compared to Alloy 600, even though its micro-
structure reveals an inhomogeneity of carbides and grain-size
distribution. However, there are still concerns about severe
strain-hardening. For example, 40% strain-hardening in the me-
chanical SG plugs of Alloy 690 reduced FOI to nearly 1, which is
comparable to the CGR of the as-received Alloy 600.

4. Conclusions

The PWSCC growth rate model was established for Alloy 690
based on the CGR data measured from the strain-hardened mate-
rials with the banded microstructure as a function of the stress
intensity factor in the simulated primary water at various tem-
peratures and dissolved hydrogen contents. The strain-hardening
effect on CGR was introduced as the power function of the me-
chanical property such as HV, YS or KAM according to the strain
rate theory. The temperature dependence of CGR was modelled as

Table 2
Constants in the PWSCC growth rate model of Eq. (7) for thick-wall components
made from Alloy 690.

Constant Value Remark

a 7.69 � 10�15 mm/s power-law constant for the best-fit
1.17 � 10�14 mm/s power-law constant for the 75th percentile
2.08 � 10�14 mm/s power-law constant for the 95th percentile

b 2.27 � 10�93 pre-exponent for QSH as HV
1.92 � 10�88 pre-exponent for QSH as YS
1.31 � 10�2 pre-exponent for QSH as KAM

m 37.48 exponent for QSH as HV
30.82 exponent for QSH as YS
7.21 exponent for QSH as KAM

Eact 108 kJ/mol activation energy
Tref 633.15 K reference temperature
g 3.52 peak height of CGR vs. DH
d 1.23 � 10�6 inverse of peak width of CGR vs. DH
ε �15.82 offset of peak position of CGR vs. DH
n 3.51 exponent for K
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an Arrhenius equation for thermally activated process. The DH ef-
fect on CGR was formulated as the symmetric exponential function
that considers the thermodynamic approach on the Ni/NiO phase
stability. From the statistical analysis of all the CGR data normalized
using the strain-hardening, temperature, and DH factors, the 95th
percentile curve of the CGR model was proposed for the conser-
vative evaluation of PWSCC growth in thick-wall components made
from Alloy 690 with the banded microstructure in Korean PWRs.

Acknowledgments

This work was financially supported by the Korean Nuclear R&D
Program organized by the National Research Foundation (NRF) in
support of the Ministry of Science and ICT (Information and
Communication Technology), Korea (2017M2A8A4015155).

References

[1] S.S. Hwang, Y.S. Lim, S.W. Kim, D.J. Kim, H.P. Kim, Nucl. Eng. Tech. 45 (2013)
73e80.

[2] P.M. Scott, An overview of materials degradation by stress corrosion cracking
in PWRs, in: D. Feron, J.M. Olive (Eds.), Corrosion Issues in Light Water Re-
actors - Stress Corrosion Cracking, Woodhead Publishing Ltd., New York, 2007.

[3] P.L. Andresen, Unusual cold work and strain rate effects on SCC, in: Proc. 14th
Int. Conf. On Env. Deg. Mater. Nucl. Power Syst, Water Reactors, Virginia, 2009,
pp. 805e845.

[4] S.M. Bruemmer, M.J. Olszta, M.B. Toloczko, L.E. Thomas, Corrosion 69 (2013)
953e963.

[5] S.W. Kim, S.S. Hwang, J.M. Lee, Corrosion 71 (2015) 1071e1081.
[6] Materials Reliability Program (MRP), Crack Growth Rates for Evaluating Pri-

mary Water Stress Corrosion Cracking (PWSCC) of Thick-Wall Alloy 600 Ma-
terials (MRP-55) Revision 1, EPRI, Palo Alto, CA, 2002, p. 1006695.

[7] Materials Reliability Program (MRP), Crack Growth Rates for Evaluating Pri-
mary Water Stress Corrosion Cracking (PWSCC) of Thick-Wall Alloy 600 Ma-
terials and Alloy 82, 182, and 132 Welds (MRP-420), EPRI, Palo Alto, CA, 2017,

p. 3002010758.
[8] Materials Reliability Program (MRP), Recommended Factors of Improvement

for Evaluating Primary Water Stress Corrosion Cracking (PWSCC) Growth
Rates of Thick-Wall Alloy 690 Materials and Alloy 52, 152, and Variants Welds
(MRP-386), EPRI, Palo Alto, CA, 2017, p. 3002010756.

[9] ASTM Standard E 399, Standard Test Method for Linear-Elastic Plane-Strain
Fracture Toughness KIC of Metallic Materials, ASTM International, West
Conshohocken, PA, 2007.

[10] ASTM Standard E 647, Standard Test Method for Measurement of Fatigue
Crack Growth Rates, ASTM International, West Conshohocken, PA, 2005.

[11] S.A. Attanasio, D.S. Morton, Measurement of the nickel/nickel oxide transition
in N-Cr-Fe alloys and updated data and correlations to quantity the effect of
aqueous hydrogen on primary water SCC, in: Proc. 11th Int. Conf. On Env. Deg.
Mater. Nucl. Power Syst, Water Reactors, Stevenson, 2003, pp. 143e155.

[12] P.L. Andresen, J. Hickling, A. Ahluwalia, J. Wilson, Corrosion 64 (2008)
707e720.

[13] S.W. Kim, T.Y. Ahn, Y.S. Lim, S.S. Hwang, Arch. Metall. Mater. 62 (2017)
1243e1248.

[14] ASME Boiler and Pressure Vessel Code, Section III, Rules for Construction of
Nuclear Power Plants, Division 1, Subsection NH, Paragraph NH-4212, ASME
International, New York, NY, 2007.

[15] T. Yonezawa, T. Maeguchi, T. Goto, H. Juan, Quantitative residual strain ana-
lyses on strain hardened nickel based alloy, in: Proc. 15th Int. Conf. On Env.
Deg. Mater. Nucl. Power Syst. - Water Reactors, Colorado Springs, 2011,
pp. 1759e1771.

[16] T. Maeguchi, K. Sakima, K. Sato, K. Fujimoto, Y. Nagoshi, K. Tsutsumi, PWSCC
susceptibility of alloy 690, 52 and 152, in: Proc. 18th Int. Conf. On Env. Deg.
Mater. Nucl. Power Syst, Water Reactors, Portland, 2017, pp. 485e500.

[17] S. Suzuki, T. Shoji, Y.-S. Li, J.K. Kim, Theoretical SCC crack growth prediction
under various loading modes in high temperature water, in: Proc. 8th Int.
Symp. On Env. Deg. of Mater. in Nucl. Power Syst. e Water Reactors, LaGrange
Park, 1997, pp. 695e703, 1997.

[18] Y. Gao, K. Hwang, Elastic-plastic fields in steady crack growth in a strain-
hardening materials, in: Advances in Fracture Research, 5th Int. Conf. On
Fracture, Cannes France, 1981, pp. 669e682.

[19] M.M. Hall Jr., Corros. Sci. 50 (2008) 2902.
[20] E. Eason, R. Pathania, Crack tip strain rate models for environmentally-

assisted fatigue crack growth in light water reactor environments, in: Proc.
ASME 2016 Pressure Vessels and Piping Conf., Vancouver, 2016. Paper No.
PVP2016-63640.

S.-W. Kim et al. / Nuclear Engineering and Technology 51 (2019) 1060e10681068

http://refhub.elsevier.com/S1738-5733(18)30679-X/sref1
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref1
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref1
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref2
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref2
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref2
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref3
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref3
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref3
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref3
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref4
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref4
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref4
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref5
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref5
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref6
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref6
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref6
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref7
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref7
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref7
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref7
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref8
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref8
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref8
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref8
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref9
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref9
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref9
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref10
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref10
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref11
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref11
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref11
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref11
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref11
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref12
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref12
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref12
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref13
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref13
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref13
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref14
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref15
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref15
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref15
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref15
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref15
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref16
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref16
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref16
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref16
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref17
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref18
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref18
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref18
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref18
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref18
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref19
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref20
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref20
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref20
http://refhub.elsevier.com/S1738-5733(18)30679-X/sref20



