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a b s t r a c t

The crack growth responses of as-received and as-welded Alloy 600/182 and Alloy 690/152 welds to
constant loading were measured by a direct current potential drop method using compact tension
specimens in primary water at 325 �C simulating the normal operating conditions of a nuclear power
plant. The as-received Alloy 600 showed crack growth rates (CGRs) between 9.6 � 10�9 mm/s and
3.8 � 10�8 mm/s, and the as-welded Alloy 182 had CGRs between 7.9 � 10�8 mm/s and 7.5 � 10�7 mm/s
within the range of the applied loadings. These results indicate that Alloys 600 and 182 are susceptible to
cracking. The average CGR of the as-welded Alloy 152 was found to be 2.8 � 10�9 mm/s. Therefore, Alloy
152 was proven to be highly resistant to cracking. The as-received Alloy 690 showed no crack growth
even with an inhomogeneous banded microstructure. The cracking mode of Alloys 600 and 182 was an
intergranular cracking; however, Alloy 152 was revealed to have a mixed (intergranular þ transgranular)
cracking mode. It appears that the Cr concentration and the microstructural features significantly affect
the cracking resistance and the cracking behavior of Ni-base alloys in PWR primary water.
© 2018 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

In-service cracking at the control rod drive mechanism (CRDM)
penetration nozzles and surrounding weldments of the reactor
pressure vessel head (RPVH) of a pressurized water reactor (PWR)
has been found after long-term operation of these components
[1,2]. CRDM penetration nozzles consist typically of Alloy 600 with
a J-groove weld of Alloy 182. Alloy 182 is widely used as a filler or
buttering material for dissimilar metal welds to join Alloy 600 to
stainless steel and/or low alloy steel. It is now well recognized that
Alloys 600 and 182 are susceptible to stress corrosion cracking
(SCC) in primary water environments, referred as primary water
(PW) SCC (PWSCC). The cracking of Alloys 600 and 182 in primary
water has been identified as intergranular (IG) SCC (IGSCC) [3e5].
In response to the cracking of Alloy 600, Alloy 690, another Ni-base
alloy, has been used to replace Alloy 600, and Alloy 152 filler metal
has also served as a companion material to join Alloy 690 compo-
nents in place of Alloy 182. Alloys 690 and 152 are known to be
more resistant to PWSCC than Alloys 600 and 182 owing to their
higher Cr contents. Alloys 690 and 152 have Cr concentrations of

approximately 30 wt% to provide improved SCC. Laboratory tests of
Alloys 690 and 152 have not shown significant SCC in PWR primary
water [6e9].

SCC has been shown to be a highly complicated phenomenon
which is linked certain material properties, the water chemistry,
the applied cold work, internal and applied stresses, and temper-
atures [10]. The degree of complexity is even greater in Alloys 182
and 152 owing to metallurgical variations and residual stresses
which arise during the welding process. A heterogeneous micro-
structure is generated in the welded part due to anisotropic grain
growth and local micro-segregation of the alloying constituents.
Therefore, the PWSCC failure mechanism of Ni-base alloys is not yet
fully understood; however, precise and non-destructive measure-
ments of the crack growth rate (CGR) have been recognized as key
to a proper assessment of the reliability and integrity of nuclear
core components, and thus predictions of the lifetimes of individual
components during the normal operation of a nuclear power plant.
Andressen et al. [7] suggested that reasonable predictions of
component lifetimes can be made through precise measurements
of CGRs. The challenging issues are that the CGR of an alloy can
change significantly due to the thermal or thermomechanical
processing of an alloy and due to other environmental variables as
well. For example, the CGR values of Alloy 690 can differ by several
orders of magnitude depending on the severity of the applied cold* Corresponding author.
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work [6]. Therefore, laboratory data may be irrelevant with regard
to field experience unless the implied meaning of CGR data can be
fully understood in relation to the experimental variables affecting
the results, despite the fact that the disposition curves for Alloys
600 and 182 were derived from many screened datasets as part of
the effort to assess the CGRs of these alloys [11,12].

The main objectives of the present work are to determine the
precise long-term CGRs under constant loading conditions to assess
the integrity and to understand the crack propagation and cracking
behavior of archive materials for domestic CRDM penetration
nozzles and their weldments in typical PWR primary water simu-
lating normal operating conditions. Compact tension (CT) speci-
mens for the CGR test were machined from Alloy 600/182 and Alloy
690/152 welds, and CGRs were measured by the in-situ direct
current potential drop (DCPD) method. Microscopic examinations
were conducted on the cracked specimens after the CGR test to
obtain clear insight into the crack propagation and cracking
behavior. Finally, the root causes of the different PWSCC resistance
levels and the cracking behavior were discussed in terms of the CGR
results, the microstructural characteristics, and the cracking
behavior of these alloys. The results of the in-situ measurements of
the CGRs and of themicroscopic analysis of cracking obtained in the
present study would be helpful for those seeking a clear under-
standing of the cracking phenomena of Ni-base alloys occurring
under the normal operating conditions of a PWR.

2. Experimental procedures

A mill-annealed Alloy 600 round bar with an outside diameter
of 120 mm was used to fabricate an Alloy 600/182 weld. The Alloy
600 round bar was finally heat-treated at 950 �C for 3 h and then
quenched with water. The round bar was cut in half, and an 80 mm
wide � 40 mm deep upside-down trapezoidal groove was made in
the center of the bar, as shown in Fig. 1(a). The groove was filled
with the Alloy 182 filler metal by multi-pass submerged arc
welding (SMAW). A similar process was applied to fabricate an
Alloy 690/152 weld. A forged round bar of Alloy 690 (Heat No.
135264) with an outside diameter of 196 mm was used. The Alloy
690 round bar was finally solution-annealed and then quenched
with water. Trapezoidal grooves 54 mm wide � 65 mm deep were
made in the Alloy 690 round bar, as shown in Fig. 1(b). The groove
was filled with the Alloy 152 filler metal by multi-pass SMAW.
During the welding process, shielding gas of 99.99% Ar was blown
onto the welding parts to protect them from oxidation. The Alloy
600 and Alloy 690 used in this study were archive materials for

domestic CRDM penetration nozzles for use in a PWR, and the
welding was conducted by nuclear-qualified vendors. Table 1
shows the chemical compositions of the test alloys as measured
after the welding step.

CT specimens with a thickness of 12.7 mm were fabricated ac-
cording to the ASTM E647 standard [13]. The CT specimens of the
Alloy 182 and 152 welding metals were machined from the welded
parts such that the cracking planes were parallel to the growth
direction of the primary dendrites in which cracking susceptibility
is highest, as shown in Fig. 1. The CT specimens of Alloys 600 and
690 were taken from the base metals such that the cracking planes
were parallel to the radial direction, as also shown in Fig. 1. The CT
specimens had hemispherical side grooves on each side with a
depth of 0.635mm,whichwas 5% of the thickness of a CT specimen.
All of the CT specimens were prepared from the welds in the as-
received and as-welded conditions.

Two CT specimens taken from each specific region of the weld
with the same orientation were loaded in series into an autoclave.
One specimen (CT1 specimen) was used to measure the precise
CGR values and for an examination of the fractured surface. The
other specimen (CT2 specimen) was used to reveal the crack
propagation and cracking behavior using microscopic equipment.
Before the CGR test, the CT1 and CT2 specimens were pre-cracked
by fatigue at lengths of 2 mm and 1.8 mm at room temperature in
air, respectively. The CGR test was performed in a 316 stainless steel
autoclavewith a volume of 3.8 L. The variation in the crack length of
the CT1 specimen during the CGR test was estimated in-situ using
the DCPDmethod [13]. Twisted Pt leadwires for the electric current
and potential measurement were spot-welded to the CT1 specimen
for the in-situ DCPD measurement. For electric insulation between
the CT1 specimen and the surroundings, surface-oxidized Zr tubes
were inserted into the loading pins, and surface-oxidized Zr
washers were placed between the side faces of the specimen and
the grip.

The test solution simulating PWR primary water was deionized
pure water with 1200 ppm B (weight) as H3BO3 and 2 ppm Li
(weight) as Li(OH) added. After the removal of the dissolved oxygen
by purging with nitrogen gas, hydrogen was added to the test so-
lution by purging the gas. The dissolved oxygen concentration was
held to less than 5 ppb during the test. The conductivity, dissolved
oxygen concentration and pH were continuously monitored at
room temperature throughout the test. The CT specimens were
exposed to simulated PWR primary water at a temperature of
325 �C at a dissolved hydrogen concentration of 30 cm3/Kg H2O for
the Alloy 600 and Alloy 182 specimens. For the Alloy 690 and Alloy

      (a)                                                     (b)
Fig. 1. Cross-sectional views showing the locations and directions of the CT specimen in the (a) Alloy 600/182 and (b) Alloy 690/152 welds.
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152 specimens, the dissolved hydrogen concentration was main-
tained at 10 cm3/Kg H2O to enhance the PWSCC susceptibility
because the CGRs of these alloys were expected to be very low. This
concentration of dissolved hydrogen corresponds to the Ni/NiO
phase boundary at 325 �C, at which Ni-base alloys show a peak in
the crack growth [14].

Triangular and trapezoidal loadings were initially applied in
sequence to the CT1 specimen with a ratio of the minimum load
Kmin to the maximum load Kmax (R) of 0.7 to transition the trans-
granular (TG) crack front established by pre-fatigue in air into an
SCC crack. After completion of the test with the triangular and
trapezoidal loading, subsequent constant loadings were applied. To
determine the CGR values depending on the stress intensity factor
(K) at a crack tip, the constant load was gradually increased after
recognizable crack growth was identified by the in-situ DCPD
measurement. The measured DCPD increment was linearly
normalized to obtain the average CGR value during each loading
step. Changes in the intrinsic resistivity of the test material during
the CGR test were assessed using a reference coupon attached
directly to the CT specimen.

After the CGR test, the CT1 specimenwas fractured by fatigue in
air. The fractured surfacewas examined by optical microscopy (OM)
and scanning electron microscopy (SEM) to identify the cracking
modes and to calibrate the crack length obtained from the in-situ

DCPD measurement precisely. The other CT2 specimen was cut
into several pieces in a direction perpendicular to the thickness for
a microscopic analysis. The specimens for the OM and SEM were
prepared by chemical etching in a solution of 2 vol%
bromine þ98 vol% methanol to identify the relationship between
the microstructural characteristics and the crack propagation. Thin
foil specimens for transmission electron microscopy (TEM) were
prepared by grinding the slabs until they were approximately 60㎛

thick, after which they were electro-jet polished in a 7 vol%
perchloric acid þ 93 vol% methanol solution at 40 �C with a current
of approximately 80 mA. The SEM examination was conducted
using a JEOL 5200 (operating voltage 25 kV) and a JEOL 6300
(operating voltage 20 kV). The TEM was carried out with a JEOL
JEM-2100F (operating voltage 200 kV).

3. Results and discussion

3.1. Microstructural characterization

Fig. 2 shows the typical microstructures of the Alloy 600, 182,
690, and 152 samples under test. The average grain sizes of the test
alloys were measured in accordance with the ASTM E112 standard
[15]. Alloy 600 had a homogeneous and isotropic microstructure
with an average grain size of 194 ㎛ (Fig. 2(a)). The large average

Table 1
Chemical compositions of the test alloys (wt%).

Cr C Fe Ni Mn Si Ti Al S P

Alloy 600 16.06 0.06 6.66 75.44 0.68 0.03 0.21 0.19 0.001 0.014
Alloy 690 29.71 0.014 8.80 60.10 0.21 0.32 0.24 0.33 <0.001 0.003
Alloy 182 16.22 0.05 2.91 70.65 7.42 0.05 0.04 0.45 0.001 0.010
Alloy 152 30.10 0.03 14.70 48.30 4.03 0.57 0.10 0.05 0.007 0.029

Fig. 2. OM images showing the overall microstructures of Alloys (a) 600, (b) 690, (c) 182, and (d) 152.
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grain size of this alloy can be attributed to the final heat treatment
at a temperature of 950 �C for 3 h. On the other hand, Alloy 690 had
an inhomogeneous banded microstructure with periodically ar-
ranged intragranular Cr carbides and small-sized grains in a matrix
of normal-sized grains along the axis of the round bar, as shown in
Fig. 2(b). The average grain size of the banded part with small-sized
grains was measured and found to be 46㎛, while that of the matrix
with the large-sized grains was 97 ㎛. This alloy was specially
selected for the CGR test because this type of inhomogeneity in the
microstructure can significantly increase the susceptibility to
cracking. The weld metals of Alloys 182 and 152 had a typical so-
lidified microstructure. The grains in the weld metals epitaxially
grew from the heat-affected zone of the base metals, becoming
greatly elongated parallel toward the solidification direction, as
shown in Fig. 2(c) and (d).

The precipitation morphologies of the Cr carbides and high-
temperature compounds in the test alloys are shown in Fig. 3.
Needle-like tiny intragranular Cr carbideswere distributed inside the
grains with a high density and coarse IG Cr carbides were sparsely
distributed on grain boundaries of Alloy 600 (Fig. 3(a)). A
precipitation-free zone was generated on each side of a grain
boundary with a width of approximately 3 ㎛ as a result of the
precipitation of IG Cr carbides. On the other hand, Alloy 690 had
randomly distributed coarse Cr carbides inside the small-sized
grains, and small IG carbides were densely precipitated on the
grain boundaries (Fig. 3(b)). The formation behaviors of the second
phases in the weld metals were rather complicated owing to the
generation of several types of particles during the solidification and
subsequent cooling processes after the welding step. Essentially, two
types of high-temperature compounds formed during the welding
process: (Nb,Ti)C and Al2O3- and TiO2-type oxides. In Fig. 3(c) and
(d), the coarse and faceted particles shownwere identified as (Nb,Ti)
C, while the round and small ones were Al2O3- and TiO2-type oxides.

IG Cr carbides evolved during the cooling process after the solidifi-
cation of theweld. Tiny IG Cr carbides with a dense distributionwere
found on the grain boundaries, as shown in Fig. 3(c) and (d). More
detailed information about the precipitates found in the Alloy 600/
182 weld is available in the literature [16].

IG Cr carbides significantly affect the resistance to cracking of
Ni-base alloys in a positive manner [17]. Therefore, precise exam-
inations were conducted with regard to the characteristics of IG Cr
carbides in the test alloys. Fig. 4 shows TEM bright-field images of
the IG Cr carbides and the corresponding selected-area diffraction
patterns (SADPs). From the analyses of the SADPs, the IG Cr carbides
in Alloy 600 (Fig. 4(a)) and Alloy 182 (Fig. 4(c)) were identified as
Cr7C3, whereas those in Alloy 690 (Fig. 4(b)) and Alloy 152
(Fig. 4(d)) were Cr-richM23C6. The Cr carbides found in the Ni-Cr-Fe
alloys are commonly identified as Cr7C3 and/or Cr23C6 (or Cr-rich
M23C6). Whether Cr7C3 or Cr23C6 precipitates depends on the
concentration of Cr and the heat-treatment temperature [18].
When the concentration of Cr is low and the heat-treatment tem-
perature is high, Cr7C3 tends to precipitate. In the opposite case, the
formation of Cr23C6 is more favorable. Given that Alloys 690 and
152 each have a high Cr concentration of approximately 30 wt%,
Cr23C6 is commonly found to precipitate irrespective of the heat-
treatment temperature. However, Alloys 600 and 182 have a rela-
tively low Cr concentration of approximately 16 wt% compared to
Alloys 690 and 152. Therefore, they can have Cr7C3 or Cr23C6, or
both Cr7C3 and Cr23C6 as well depending on the heat-treatment
temperature. Lim et al. [16] reported that the IG Cr carbides of
Alloy 182 weld metal were identified as Cr-rich M23C6, in contrast
to the present result.

3.2. CGR test

Precise CGR measurements were taken to reveal the crack

Fig. 3. SEM images showing the precipitation behavior of the Cr carbides and high-temperature compounds in Alloy (a) 600, (b) 690, (c) 182, and (d) 152 samples.
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growth responses of Alloys 600, 182 and 152 to the applied loads. It
was found in preliminary tests that the as-received Alloy 690 base
metal showed no crack growth up to a stress intensity K value of
50 MPa√m in PWR primary water at 325 �C simulating normal
operating conditions with a hydrogen concentration of 10 cm3/kg

H2O. Fig. 5 shows an example of the crack growth response of the
as-received Alloy 152 weld metal to K and time over the entire span
of the CGR test in primary water at 325 �C with a hydrogen con-
centration of 10 cm3/kg H2O. In the first step of a triangular wave
loading mode with Kmax set to 30 MPa√m, R set to 0.7 and a

Fig. 4. TEM images and related SADPs obtained from the grain boundary precipitates of Alloys (a) 600, (b) 690, (c) 182, and (d) 152.

Fig. 5. Variation of the crack length depending on the applied loading and time for Alloy 152 in PWR primary water at 325 �C.
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frequency of 0.001 Hz, the average CGR was found to be
1.6� 10�8 mm/s. In the next step, the loadingmodewas shifted to a
trapezoidal waveform at a Kmax value of 30 MPa√m, R equal to 0.7
and with periodic variation of the loading such that 9,000s/500s/
1s/500s (hold at Kmax/falling time/hold at Kmin/rising time). The
average measured CGR was 4.3 � 10�9 mm/s at this step. After the
triangular and trapezoidal wave loadings, constant loading fol-
lowed with a gradual increase of K. In the first step of constant
loading at K ¼ 30 MPa√m, an average CGR of 2.9 � 10�9 mm/s was
obtained. These outcomes confirm that the average CGRs decreased
considerably when the loadingmode changed from harsh to gentle,
that is, from triangular wave loading to trapezoidal wave loading
and then to constant loading. The average CGR under triangular
wave loading was roughly 5.5 times higher than that obtained
under the constant loading condition. The average CGR during
trapezoidal wave loading was between those of the triangular and
constant loadings. Similar phenomena were also found in the CGR
tests of Alloys 600 and 182.

At the beginning of every subsequent step to a higher K in the
constant loading mode, there was a sudden and small increase in
the crack length and/or more rapid crack growth before a stable
crack growth phase was attained, as denoted by the dotted circles
in the figure. This phenomenon can be attributed to the sudden
cracking or fracture of uncracked ligaments inside the PWSCC re-
gion owing to the application of a higher loading amount [19].
Under more loading, the uncracked ligaments begin to crack, grow
at a rapid rate, and finally cause a sudden increase in the potential
drop. This transient increase in the crack length and/or CGR can be
expected until the completion of the cracking of the uncracked
ligaments occurred in the previous loading step. The average CGRs
within the range of 30 MPa√m � K � 50 MPa√m under constant
loading were between 2.4 � 10�9 mm/s and 3.4 � 10�9 mm/s. The
CGR values remained roughly constant despite the gradual increase
of K. Therefore, it appears that the crack growth response of the as-
welded Alloy 152 to K is insensitive within the range of K applied

here. Andressen et al. [7] found similar CGRs for as-welded Alloy
152 tested in PWR primary water at 360 �C with a hydrogen con-
centration of 26 cm3/kg H2O. This concentration of hydrogen cor-
responds to the Ni/NiO phase boundary in Ni-base alloys when the
temperature of the primary water is 360 �C [14], at which a peak in
the crack growth is observed.

Fig. 6 shows a summary of the CGRs obtained from Alloys 600,
182 and 152 depending on K in the constant loading mode. The
disposition curves for Alloy 600 [11] and for Alloy 182 [12] were
also added to the figure. First, the CGRs of the Alloy 182 weld metal
ranged from 7.9 � 10�8 mm/s to 7.5 � 10�7 mm/s. Therefore, this
alloy showed very low resistance to PWSCC. The CGR results of
Alloy 182 obtained from the present study were in reasonably good
agreement with the disposition curve for Alloy 182. This indicates
that the cracking resistance and CGR dependence on K of Alloy 182
weld metal under test are similar to those in previous results [12].
The Alloy 182 weld metal was shown to be very susceptible to
cracking, suggested that IG cracking could occur evenwith K values
of less than 9 MPa√m, as revealed by Jenssen et al. [20]. On the
other hand, the CGRs of Alloy 600were between those of Alloys 152
and 182, with CGRs between 9.6� 10�9 mm/s and 3.8� 10�8 mm/s.
The data for Alloy 600 obtained in this study were located at the
lower bound of the disposition curve for Alloy 600, indicating that
the resistance to PWSCC of the as-received Alloy 600 under test is
much higher than those in others’ results [11]. The high resistance
to PWSCC of this Alloy 600 compared to those of other Alloy 600
materials appears to originate mainly from the well-developed IG
Cr carbides (Fig. 3(a)) and the relatively defect-free microstructure,
i.e., with a very low dislocation density (Fig. 4(a)) arising during the
thermal treatment at 950 �C for 3 h. The beneficial effects of IG Cr
carbides on the resistance to SCC in Ni-base alloys are well estab-
lished despite the fact that the mechanism involved remains un-
clear [21,22].

The CGRs of the Alloy 152 weld metal with K values ranging
from 30 to 50 MPa√m were located far below 1 � 10�8 mm/s and

Fig. 6. Summary of CGRs depending on K under constant loading condition for Alloys 600, 182 and 152 in PWR primary water at 325 �C.
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therefore exhibited very low susceptibility (or high resistance) to
PWSCC even with a hydrogen concentration of 10 cm3/Kg H2O, at
which the CGRs could be expected to be the highest [14]. The
present CGR results of Alloy 152 were in good agreement with
previous results [7]. Growth rates of less than 5 � 10�9 mm/s
appear to be typical CGRs for as-welded Alloy 152 in PWR primary
water conditions [7e9]. The CGR data trend of Alloy 152 appears to
flatten out and become independent of K in the range of 30MPa√m
to 50 MPa√m. The average CGR in this range of K was calculated to
be 2.8 � 10�9 mm/s, whereas the average CGRs of Alloys 600 and
182 gradually increased as K was increased. Therefore, the K
dependence of CGR, similar to the cases with inserted disposition
curves, was clearly identified for Alloys 600 and 182. Finally, the as-
received Alloy 690 did not show any cracking up to K ¼ 50 MPa√m
in the present test simulating the normal operating conditions of a
PWR. The Alloy 690 samples had an inhomogeneous banded
microstructure; therefore, their susceptibility to cracking was ex-
pected to be higher than those with homogeneous and isotropic
microstructures. Nevertheless, no evidence of cracking in the
simulated PWR primary water was found. In that Alloy 690 showed
no crack growth, this alloy showed the greatest resistance to
cracking among the tested alloys. Toloczko and Bruemmer [8]
revealed that as-received, thermally treated Alloy 690 showed
extremely low CGRs of less than 1 � 10�9 mm/s under constant K
values in the range of 30e40 MPa√m at 325e350 �C.

Consequently, it could be confirmed from the present study that
the as-received Alloy 600 and the as-welded Alloy 182 are highly
susceptible to cracking. The present results provide clear evidence
of the frequent cracking occurrence of these alloys in operating
power plants. Once a crack initiates in Alloys 600 and 182, it can
propagate very rapidly due to the considerably high CGRs of these
alloys. On the other hand, the as-welded Alloy 152 was shown to be

resistant to cracking with very low CGRs in PWR primary water.
Over the past few decades, Alloys 690 and 152 have been consid-
ered to be immune to SCC in primary water given that there have
been no reports of SCC failures of components made of Alloys 690
and 152 in operating PWRs. Despite the very low CGRs of Alloy 152,
it is also confirmed from the present study that Alloy 152 can be
considered as not perfectly immune to cracking under normal PWR
primary water conditions. Recent laboratory experiments have also
shown that Alloy 152 is susceptible to SCC in primary water [23]. In
contrast, there was no evidence of crack growth in the as-received
Alloy 690 even with the inhomogeneous and anisotropic micro-
structure used in the present study, indicating that this alloy is
highly resistant to PWSCC under normal operating conditions.
However, Alloy 690 can have very high CGR values when severe
cold working is applied [6,24].

3.3. Cracking behavior

Fig. 7 shows the crack propagation morphologies obtained from
the cross-sectioned specimens. As shown in Fig. 7(a) of Alloy 600,
cracks propagated along the grain boundaries, indicating that the
grain boundaries are the preferential paths for cracking in this alloy.
However, Alloy 690 showed no crack growth with some crack tip
blunting, as shown in Fig. 7(b), owing to its very high resistance to
SCC in PWR primary water. Because this material has an inhomo-
geneous and anisotropic microstructure (Fig. 2(b)), the SCC resis-
tance can differ considerably depending on the orientation of the
cracking plane in relation to the microstructural variations. In the
present study, the CT specimen was machined such that a crack
propagated along the radial direction of a round bar. If the cracking
plane is aligned toward a direction such that a crack propagates
along the axis of a round bar, the results for this alloy may differ

Fig. 7. Optical micrographs showing crack propagation in Alloys (a) 600, (b) 690, (c) 182, and (d) 152 after a CGR test in PWR primary water at 325 �C.
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from the present findings. More careful work with regard to the
orientation effect on the CGR is necessary for this Alloy 690.
Fig. 7(c) shows the crack propagation outcome for Alloy 182. The
cracks propagated along the grain boundaries, as in the case of
Alloy 600. It is well established that PWSCC cracks in Alloy 600 [3,4]
and Alloy 182 [5] propagate along random high-angle grain
boundaries. The cause of the IG propagation of cracks in these alloys
can be explained by the IG oxidation phenomenon [25,26]. When a
grain boundary is oxidized by the inward diffusion of oxygen from
primary water, it can become brittle. This type of oxidized grain
boundary can fracture easily, even under a low level of applied
stress [26]. Because the grain boundaries of Alloy 182 grew in a
complicated manner during the solidification process (Figs. 2 and
3), the crack paths following the grain boundaries also had a
tortuous form, as shown in Fig. 7(c). Unlike those of Alloys 600 and
182, the cracks of Alloy 152 did not necessarily propagate along the
grain boundaries. Rather, they advanced in a mixed (TG þ IG
cracking) mode, as shown in Fig. 7(d). In the figure, a secondary
crack is shown to have branched off from the propagating TG crack,
becoming an active IG crack. The pre-existing TG crack stopped
propagating immediately after branching off of the secondary
active IG crack. The newly formed IG crack propagated along a grain
boundary in a tortuous form, as in the case of Alloy 182, which
appears to be the typical crack propagation morphology arising
when PWSCC cracks propagate along the grain boundaries in a
weld metal.

After the CGR tests, the CT1 specimens were fractured by fa-
tigue in air, and then a microscopic examination was conducted to
gain an accurate measurement of the crack length and to char-
acterize the cracking mode. Fig. 8 shows the fractured surfaces of
the test alloys. In Fig. 8(a), for Alloy 600, grains are clearly visu-
alized on the fractured surface, indicating that the cracking mode

is clearly IG cracking. Fig. 8(b) shows the overall fractured surface
morphology of Alloy 182, and Fig. 8(c) is a magnified view of the
PWSCC region denoted by the dotted rectangle in Fig. 8(b). In
Fig. 8(c), the grain shapes of the weld metal are clearly visible,
providing evidence of IGSCC. Given that the CGRs of the Alloy 152
weld metal were extremely low, cracks propagated only for short
distances. Fig. 8(d) shows the fractured surface morphology of
Alloy 152. Most of the PWSCC region shows TG cracking; however,
some areas were fractured by IG cracking, as denoted by the
dotted lines in the figure. The IG-cracked areas exhibit the typical
grain boundary shapes of a weld metal. These results clearly
demonstrate that the cracks in the Alloy 152 weld metal propa-
gate in a mixed mode, indicating that the grain boundaries are
highly resistant to cracking. Andressen et al. [7] also found a
mixed form of cracking in Alloy 152 weld metal from a fractured
surface analysis after a CGR test. The IG-cracked parts had pro-
truded over the average crack front, advancing further than their
TG-cracked counterparts, as shown in Fig. 8(d), which is in
agreement with the result from the cross-sectioned specimen
shown in Fig. 7(d).

The protrusion of the IG-cracked area indicates that the crack
propagated more rapidly in the case of IG cracking as compared
to TG cracking. Toloczko and Bruemmer [8] also revealed similar
results, showing that IG-cracked areas protruded from the
average crack front in an as-welded Alloy 152 sample. Though
the crack propagation morphology and cracking mode of Alloy
690 were not assessed in the present work, the SCC fractured
surface of Alloy 690 was also shown to be a mixed (TG þ IG
cracking) mode, and some portion of IG cracking appeared to
increase upon the introduction of cold rolling [8], which in-
dicates that cold rolling increases the susceptibility of the grain
boundary to SCC. Consequently, the cracking mode of Alloys 600

Fig. 8. Fracture morphologies showing the cracking modes of (a) Alloy 600, and (b) Alloy 182, (c) a magnified view of the PWSCC region denoted by the dotted rectangle in (b), and
(d) Alloy 152 after the CGR test in PWR primary water at 325 �C.
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and 182 is mainly IG cracking; however, that of Alloys 690 and
152 is a mixed mode consisting of the TG and IG types.

To summarize, Alloys 600 and 182 showed very low resistance
levels to PWSCC with IG cracking characteristics. However, Alloys
690 and 152 were revealed to have much higher resistance levels
to PWSCC with a mixed cracking mode compared to Alloys 600
and 182. The major difference in the compositions between these
two alloy groups was the Cr concentration, i.e., approximately
16 wt% for Alloys 600 and 182 and approximately 30 wt% for
Alloys 690 and 152, as shown in Table 1. Therefore, the different
levels of resistance to cracking and cracking behavior appear to
originate from the different Cr concentrations in these alloys. The
weld metal showed lower resistance to PWSCC than the com-
panion base metal with a similar Cr concentration. The Alloy 182
and 152 weld metals are more vulnerable to cracking than their
companion base metals of Alloys 600 and 690 likely due to the
typical weld microstructural characteristics, such as the anisot-
ropy, heterogeneity and defects which arise during the welding
process. Therefore, it appears that the Cr concentration and the
microstructural features significantly affect the resistance to
cracking and the cracking behavior of Ni-base alloys in PWR
primary water simulating the normal operating conditions of a
PWR.

4. Conclusions

In the present work, the crack growth responses of archive
materials for domestic CRDM nozzles (Alloys 600 and 690) and
their weldments (Alloys 182 and 152) to applied loading were
investigated in PWR primary water at 325 �C simulating the
normal operating conditions of a nuclear power plant. The main
objectives were to obtain precise CGR data using a DCPD method
under constant loading, and to understand the crack propagation
and cracking behavior using microscopic equipment. From CGR
measurements depending on the stress intensity factor K, it was
found that the as-received Alloy 600 showed CGRs between
9.6 � 10�9 mm/s and 3.8 � 10�8 mm/s, while the as-welded Alloy
182 had CGRs between 7.9 � 10�8 mm/s and 7.5 � 10�7 mm/s
within the range of the applied loading. From these results, it can
be confirmed that Alloys 600 and 182 are susceptible to cracking.
On the other hand, the average CGR of the as-welded Alloy 152
was found to be 2.8 � 10�9 mm/s, which indicates that this alloy is
highly resistant to cracking in PWR primary water. Despite the
very low CGRs of Alloy 152, it was also determined that the as-
welded Alloy 152 cannot be considered as perfectly immune to
cracking. The as-received Alloy 690 showed no crack growth even
with an inhomogeneous banded microstructure, indicating that
this alloy is more resistant to cracking than the as-welded Alloy
152. The cracks in Alloys 600 and 182 propagated along the grain
boundaries, and the cracking mode was shown to be IG cracking.
However, the cracks in Alloy 152 did not necessarily propagate
along the grain boundaries; therefore, this alloy was revealed to
undergo mixed (IG þ TG) cracking. Consequently, it appears that
the Cr concentration and the microstructural characteristics
significantly affect the cracking resistance and the cracking
behavior of Ni-base alloys in PWR primary water simulating the
normal operating conditions of a PWR.
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