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a b s t r a c t

While nickel-based alloys have been widely used for power plants due to corrosion resistance and good
mechanical properties, during the last couple of decades, failures of nuclear components increased
gradually. One of main degradation mechanisms was primary water stress corrosion cracking at dis-
similar metal welds of piping and reactor head penetrations. In this context, precise estimation of
welding effects became an important issue for ensuring reliability of them. The present study deals with
a series of finite element analyses and crack growth rate evaluation of Alloys 690/152. Firstly, variation of
residual stresses and equivalent plastic strains was simulated taking into account welding of a cylindrical
block. Subsequently, extraction and pre-cracking of compact tension (CT) specimens were considered
from different locations of the block. Finally, crack growth curves of the alloys and heat affected zone
were developed based on analyses results combined with experimental data in references. Character-
istics of crack growth behaviors were also discussed in relation to mechanical and fracture parameters.
© 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

Pressurizedwater reactors (PWRs) can be classified into primary
and secondary systems. Since most of main equipments are
installed in the primary system, their structural integrity should be
ensured sufficiently to prevent unanticipated failure so as to sustain
safety of nuclear power plants (NPPs) [1]. However, during the last
four decades, flaws caused by primary water stress corrosion
cracking (PWSCC) have been continuously reported at reactor
coolant pressure boundary (RCPB) components in domestic NPPs as
well as foreign NPPs like Oconee, Davis-Besse, V.C. Summer and
Tsuruga et cetera.

It is known that the PWSCC occurs at certainmaterials subjected
to high tensile stress and interacted with corrosive reactor coolant
[2]. Typical degradation sites are nickel-based dissimilar metal
welds of primary piping and connected to major components and
reactor head penetrations. Provided the harsh environment and
sensitive materials of operating plants do not changed easily,
magnitudes of tensile stress, strain and stress intensity factor are
the governing parameters influencing on the PWSCC occurrence

and growth. Therefore, from the view point of safe operation as
well as optimumdesign andmanufacturing, accuratemeasurement
and prediction of welding effects on the plausible joints are very
important [3].

Lots of studies on nickel-based alloys have been carried out by
regulatory authorities, research institutes and academia around the
world [2,4,5]. For instance, as experimental activities, microstruc-
tural features and changes due to corrosion were examined [6,7],
characteristics of outside diameter SCC (ODSCC) were assessed and
mechanical properties were measured [8]. As numerical activities,
mainly, effective finite element (FE) analysis methods were devel-
oped and used to predict weld residual stresses and expanded for
fatigue life and fracture investigation [9,10]. Dong [11,12] intro-
duced special FE models and performed systematic analyses of
typical multi-pass welds in Type 316 L stainless steel pipes. Deng
et al. suggested a FE model with simplified heat source for dis-
similar metal girth welded pipe joints [13]. Also Lee et al., the au-
thors of the present study, investigated verification of welding
simulation techniques through sensitivity analyses of BMI nozzle
mock-up and CRDMnozzle mock-up, examination of residual stress
effects for a welded cylindrical block and application of the residual
stress evaluation method to real CRDM penetration nozzles made
of the alloy 690 [14]. Also, Xu et al. examined thermo-mechanical* Corresponding author.
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stress in U-tube including forming effect as a part of SCC failure
analysis [15].

Meanwhile, two kinds of efforts for practical application have
been focused on confirmation of weld residual stress profiles and
investigation of crack growth rates (CGRs) as well as cracking
mechanism in representative nickel-based alloys. With regard to
the former, US nuclear regulatory commission (NRC) and electric
power research institute (EPRI) performed cooperative works to
validate weld residual stress prediction at dissimilar metal welds in
PWRs [16e18]. Alexandreanu examined effects of residual stresses
on SCC test specimens fabricated from a nuclear piping and cou-
pons used in weld overlay investigation [19,20]. Kerr et al.
employed a slitting method to measure residual stress profiles, of
which results were taken for comparison between experimental
and FE analysis data of compact tension (CT) specimens [21]. With
regard to the latter, for Alloy 600, in-depth studies on high tem-
perature SCC mechanism and subsequent CGR were carried out
considering influence of deformation [22,23]. To replace Alloy 600,
which shows susceptibility to PWSCC, Alloy 690 with a higher Cr
content (about 30 wt % Cr) is used as the structural materials in
NPPs. There have been no reports of SCC failures of components
from Alloy 690 in operating NPPS, and Alloy 690 has been
considered to be much resistant to PWSCC due to the higher Cr
content as compared to Alloy 600. Therefore for Alloy 690, CGR due
to the PWSCC has not been explicitly reported yet while a few
corrosion-fatigue tests of steam generator tubing were conducted
[24] and life estimation models were investigated under PWR
environment [25].

To sum up the aforementioned PWSCC research activities on
nickel-based alloys, there is lacking inwelding and CGR assessment
data of Alloy 690 contrast to those of Alloy 600 with failure his-
tories. Therefore, in the present study, a series of finite element
analyses and crack growth rate evaluation of Alloys 690/152 are
challengingly attempted. Variation of residual stresses and equiv-
alent plastic strains is simulated taking into account welding of a
cylindrical block, extraction and pre-cracking of compact tension
(CT) specimens from the block with different residual levels. Sub-
sequently, crack growth curves of the alloys and heat affected zone
(HAZ) are developed based on each analysis results combined with
experimental data in references. In addition, characteristics of crack
growth behaviors are examined relating to staple parameters such
as the stress, strain and stress intensity factor.

2. Simulation of cylindrical block welding

2.1. Welding simulation method

During the multi-layer welding of component joints, materials
are subjected repeatedly to expansion and contraction caused by
varying thermal loads. While generation of the residual stress is
inevitable due to change in the volume of welded portion sup-
pressed by adjacent base metal, it has not been explicitly consid-
ered for lack of appropriate quantification scheme. In the present
study, a promising sequential heat transfer and stress analyses
procedure was employed to simulate the heating and cooling
processes taking into account welding heat source [26]. In partic-
ular, temperature profiles obtained from the heat transfer analysis
were used as input for the subsequent thermal stress analysis with

isotropic hardening model as a function of the following strain (ε).
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where, superscripts e and p represent the elastic and plastic com-
ponents, respectively. n is the Poisson's ratio, E is the Young's
modulus, ti are principal values of Kirchhoff stress, tkk is t1 þ t2 þ
t3, Es is the secant modulus and ti is ti � tkk [27,28].

In order to simulate welding process and to estimate stress
distributions, material properties over high temperature range are
required. Table 1 summarizes basic properties of Alloys 690/152
such as the density, Poisson's ratio and Young's modulus at room
temperature with solidus and liquids temperatures. Also, Fig. 1
shows temperature dependent thermal and mechanical proper-
ties of the materials used in this study. Also time-dependent bi-

Table 1
Basic properties of Alloys 690/152 [14].

Density (kg/m3) Poisson's ratio Young's modulus (GPa) Solidus temperature (oC) Liquidus temperature (oC)

8.19 � 103 0.30 206 1343 1377

Fig. 1. Time dependent material properties used in this study.
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linear stress-strain relationships were employed. They were
collected from a recent study [14] and materials specification
sheets of the manufacturers [29,30]. Systematic elastic-plastic FE
analyses were performed by using a general-purpose software,
ABAQUS [31]. Model change option within the software was used,
which initially creates all the lumped beads composing welded
area, deactivates them after storing information, and consecutively
re-activates as the welding order during FE analyses.

2.2. Analysis model and conditions

The welding simulation method described in the previous sec-
tion was applied to analyze residual stress distribution of a cylin-
drical weld block. The block comprises base metal of Alloy 690 and
weld filler metal of Alloy 152, and its outer diameter is 196 mm.
Fig. 2(a) shows schematic of two double J-groove shape welded
areas (Rounds 1 and 2) and two J-groove shape welded areas
(Rounds 3 and 4). The J-groove welding was performed in the order
of Rounds 1, 2, 3 and 4, of which details such as number of beads
and welding sequences are depicted in Fig. 2(b). In fabrication of
the weld block, post-weld heat treatment was not performed.

A FE model of the cylindrical weld block was generated by 8-
node quadrilateral elements (Types DC3D8 for the heat transfer
analysis and C3D8R for the stress analysis in ABAQUS element li-
brary). It was composed of 87,740 elements and 97,449 nodes, and
total number of lumped pass beads was 312 that matched 70% of
real beads [32]. During FE analyses, the welding sequence was set

as proportionate to real condition and four sides of base metal were
restrained. Heat input was determined based on the prescribed
temperature method and its annealing temperature was 1370 �C
[14]. Also, the sink temperature and heat transfer coefficient of
surface exposed to air were defined as being a natural convection
condition at room temperature (T¼ 25 �C, h¼ 10W/m2�C) [33]. The
conductive and radiative heat loss boundary conditions were
incorporated as the welding efficiency of 0.7 [34,35]. Transient

Fig. 2. Schematics of cylindrical weld block.

Fig. 3. Planes of interest in cylindrical weld block.
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analysis was carried out according to actual welding procedure
specification, of which final weld residual stress and residual strain
data after the post-weld cooling time were used for structural
analyses.

2.3. Residual stress and strain distributions

To check analysis results of the cylindrical weld block, three
planes a, b and c of interest were selected as illustrated in Fig. 3.
Figs. 4 and 5 depict hoop and axial stress distributions after
welding. As expected, residual stresses in the HAZ andwelded areas
were higher than those in the base metal area. Also, according to
the weld sequence of beads, relatively lower inside stresses and
higher outside stresses were generated along the radial direction.

In summary, the minimum compressive stress occurred at the
center of the cylinder block and the maximum tensile stress
occurred at the outermost portion of the HAZ located red box. From
the view point of stress components, the axial stress was relatively
higher than the hoop stress.

Fig. 6 represents equivalent plastic strain distributions of the
cylindrical block after welding. The location with the highest value,
represented by a red box in plane b, was the same with that having
maximum residual stress. In addition, equivalent plastic strains at
contact surfaces between the base and weld materials were also
quite high. Trend and values of the equivalent plastic strain in
welded area were similar to those in a recent research [3] ranging
from 0.10 to 0.15.

Fig. 4. Hoop stress distributions of cylindrical block after welding.

Fig. 5. Axial stress distributions of cylindrical block after welding.

Fig. 6. Equivalent plastic strain distributions of cylindrical block after welding.
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3. Simulation of CT specimens preparation

3.1. Analysis procedure and conditions

In order to simulate crack growth behavior of Alloy 690/152 and
to validate the simulation results by comparing with experimental
CGR data, a compact tension (CT) specimen was selected as the
representative specimen type in this work. According to ASTM E647
standard [36], the CT specimen has been widely used to measure
crack growth rates of environment-assisted cracking such as
fatigue/corrosion-fatigue under cyclic loading condition and SCC
under constant loading condition.

Five 1 =2T-CT specimens were extracted from the welded cylin-
drical block. Fig. 7 shows their locations, anticipated crack plane
orientations and dimensions. CT-1 was taken from the position
where its notch tip coincided with the weld line of Round 3, CT-2
was taken from the position where its notch tip was

perpendicular to the weld line of Round 1 and toward the welded
area. In case of CT-3, the position of notch tip was the same with
that of CT-2, however, toward the base metal. In case of CT-4, its
notch tip was located inside thewelded area of Round 2 and toward
the center of the block. Finally, CT-5 was taken from the base metal
having slanted angle of 45� and its notch tip directionwas the same
with that of CT-4.

Prior to estimation of crack growth behavior, for quantification
of initial status, preparation of these CT specimens were simulated
as actual sequences. Fig. 8 depicts the whole process such as cut-
ting, extraction and pre-cracking. At first, after cutting top and
bottom parts of the cylindrical block, a disc with 12.7 mm height
was obtained. In succession, each specimen was extracted as
described previously and 2 mm fatigue pre-crack length with pin-
holes was produced based on American society for testing and
materials (ASTM E647) standard [36].

Fig. 7. Information of 1 =2 T-CT specimen.

Fig. 8. Process of CT specimen preparation.
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3.2. Effect of specimen extraction

As described above, the specimens were prepared in the order of
weld block cutting, specimen extraction and pre-cracking. Fig. 9
compares residual stress distributions at the top of the disc
before and after cutting. In case of the hoop stress distributions, it
was confirmed that values of compressive stress at the center and
tensile stresses at the weld were relaxed. Particularly, the
maximum tensile stress within the red box was reduced 15%, from
554 MPa to 472 MPa. On the other hand, the stress relation brought
on a distinct change in the axial stress distributions. The maximum
tensile stress within the red box decreased from 786 MPa to
215 MPa so that amount of the stress relaxation was 73%.

Table 2 represents typical residual stresses and equivalent
plastic strains from the notch tip to end of CT specimens. Lines 1
and 3 were set along each surface and Line 2 was set along the
ligament of the specimen. As anticipated, most of stress compo-
nents remained in the cylindrical weld block were significantly
relaxed through the extraction while some of themwere remained
in CT-1 and CT-2. Representatively, CT-4 located in the welded zone
shows very low stress values and the highest stresses were
observed along Line 2 in all specimens due to constraint effect.
However, equivalent plastic strains were almost remained in spite
of the extraction process, which can be explained by generation of
permanent deformation due to thermal load during the welding
process.

3.3. Effect of pre-cracking

Effect of the pre-cracking was also depicted in Table 2 as typical

residual stresses and equivalent plastic strains from the crack tip to
end of CT specimens. While stress redistributions occurred in all
specimens by inserting a pre-crack, differences were not remark-
able in most of specimens because residual stresses already relaxed
before the pre-cracking process except for CT-1 and CT-2. Moreover,
almost same values of the equivalent plastic strains were observed
regardless of this process. Summing up together with the effect of
extraction, on the whole, y-directional stresses were generally
higher than x-directional stresses and some residual stresses were
remained in the crack tip region of the specimen taken from
welding parts.

3.4. Discussion on specimen preparation

Contrasting to 85% of hoop stress values, axial stress values in
the disc were only 27% than those in the cylindrical weld block due
to the cutting process. These results indicate that the vertical cut-
ting direction had significantly influenced on axial stress relaxation.
Effects of the extraction and pre-cracking processes were smaller
than that of the cutting process. Although their magnitudes were
ignorable except for CT-2, maximum stresses were observed in
front of the crack tip by subsequent stress relation and redistribu-
tion. Particularly, due to the constraint effect as well as the cutting
direction, relatively higher residual stresses were generated at the
center than each side of specimens. However, as described previ-
ously, we have to note that quite different trend in strain distri-
butions. Equivalent plastic strains were not changed regardless of
the specimen preparation processes. This means it may a rather
governing factor than the residual stress influencing on the CGR.

Fig. 9. Stress distributions at the top of disc before and after cutting.
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Table 2
Effects of extraction and pre-cracking in CT specimens.

Specimen ID X-directional stress Y-directional stress Equivalent plastic strain

CT-1

CT-2

CT-3

CT-4

CT-5

(continued on next page)
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4. Evaluation of crack growth behaviors

4.1. Brief review of crack growth rates

Several models to estimate CGRs of specimens have been re-
ported. One is a simple model based on the well-known super-
position concept [25]. It assumed the total crack growth rate in a
given environment to be the sum of rates due tomechanical fatigue
and SCC as Eq. (4):

�
da
dt

�
Tot

¼
�
da
dt

�
F
þ
�
da
dt

�
SCC

(4)

where (da/dt)Tot, (da/dt)F and (da/dt)SCC represent the total CGR, CGR
due to mechanical fatigue and CGR due to SCC, respectively.

In MRP-55 report [37], a detailed formula to predict PWSCC
crack growth rate of reactor head nozzle and pipe made of Alloy
600 material was suggested as Eq. (5) by EPRI.

CGR ¼ exp

"
� Q

R

 
1
T
� 1
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!#
aðK � KthÞb (5)

where CGR is the PWSCC crack growth rate (m/s), Q is the activation
energy (kJ/mol), R is the gas constant (kJ/mol-K), T is the absolute
temperature at the crack location, Tref is the reference temperature
used in the prediction equation, K is the stress intensity factor
(MPa-m1/2), Kth is the stress intensity factor threshold, a and b are
the material constants.

Also, similar formula to predict PWSCC crack growth rate of
Alloy 182 weld material in Eq. (6) was addressed through MRP-115
report [38].

CGR ¼ exp

"
� Q

R

 
1
T
� 1
Tref

!#
aKb (6)

Moreover, there are a few ongoing activities on advanced nickel-
based alloys to substitute Alloys 600 and 182. As representative
one, an EPRI-sponsored PWSCC international joint research project
was started in 2008 and a MRP report has been being prepared for
publication in the near future. However, engineering schemes to
predict PWSCC crack growth rates of Alloy 690 and Alloy 152 have
not been finalized yet.

Table 2 (continued )

Specimen ID X-directional stress Y-directional stress Equivalent plastic strain

Table 3
Parameters used in determination of crack growth curves [39e45].

Material Parameter Value

Alloy 690 Q ¼ Activation energy for crack growth (kJ/mol) 240
R ¼ Universal gas constant (kJ/mol-K) 0.008314
T ¼ Absolute operating temperature (K) 613
Tref ¼ Absolute reference temperature used to normalize the CGR data (K) 598
b ¼ Exponent (�) 1.16

Alloy 152 Q ¼ Activation energy for crack growth (kJ/mol) 300
R ¼ Universal gas constant (kJ/mol-K) 0.008314
T ¼ Absolute operating temperature (K) 613
Tref ¼ Absolute reference temperature used to normalize the CGR data (K) 598
b ¼ Exponent (�) 1.6

HAZ Q ¼ Activation energy for crack growth (kJ/mol) 240
R ¼ Universal gas constant (kJ/mol-K) 0.008314
T ¼ Absolute operating temperature (K) 613
Tref ¼ Absolute reference temperature used to normalize the CGR data (K) 598
b ¼ Exponent (�) 1.16
HAZ factor 1.2
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4.2. Determination of crack growth curves

For lack of material properties on Alloys 690 and 152, in this
section, crack growth curves of them were estimated based on
experimental data reported by EPRI [39] and PNNL [40] combined
with Arrhenius equation. Table 3 [39e45] summarizes the param-
eters used in determining crack growth curves of Alloy 690, Alloy
152 and HAZ. Fig. 10 shows resulting crack growth curves of each
material along with those of Alloys 600 and 182 for comparison.
Theywere dependent on coldworking (CW) to cause residual strain
so that either referred or developed based on experimental data
reported in the references.

In detail, crack growth curves of Alloy 690 were developed by
fitting limited experimental data obtained frommaterials with 17%
CW and 30% CW as well as without CW. For Alloy 152, since only
non CW experimental data exist, its crack growth curves were
developed proportionally to those of the same series Alloy 690. For
example, when K ¼ 30 MPa/m1/2, crack growth rates of Alloy 152
were 10 times faster than crack growth rates of Alloy 690. Finally,
crack growth curves of HAZ were developed as 1.2 times faster than
those of Alloy 690 according to a description in Argonne national
laboratory (ANL) report [3]. Validity of crack growth curves
generated in this study can be checked if corresponding data are
open from the aforementioned ongoing PWSCC project. The
experimental results of PWSCC CGRs measured from the CT spec-
imens extracted from the welded cylindrical block will be pub-
lished in elsewhere [46,47] and comprehensive work on validity of
the numerical simulation results is planning in near future.

4.3. Evaluation conditions and results

Stress intensity factors of the five CT specimens were calculated
via three-dimensional analyses. Fig. 11 shows FE analysis model
generated by 20-node linear elements (type C3D20R in ABAQUS
element library), and each specimen consists of 12,624 elements
and 58,562 nodes. All residual stresses and strains after the pre-
cracking were assigned as initial conditions by using mapping
technique. The lower pin-hole was fixed and a constant load of
610 kgf was applied to the upper pin-hole complying with actual
fracture toughness test condition.

Table 4 summarizes CGRs of CT specimens together with their y-

Fig. 10. Estimation of crack growth curves.
Fig. 11. FE model of CT specimens with a pre-crack.

S.H. Lee et al. / Nuclear Engineering and Technology 51 (2019) 1805e1815 1813



directional stresses, equivalent plastic strains and stress intensity
factors. Large differences of CGRs were also observed and speci-
mens could be rearranged as CT-2, CT-4, CT-1, CT-3 and CT-5 in
descending order. As details, the fasted CGR occurred at CT-2
because its crack-tip was located in the welded area. When
comparing CT-2 with CT-4, the difference of residual stresses was
less than 5% but the difference of CGR was around 25%. Similarly,
with regard to CT-3 and CT-5, the difference of stress intensity
factors was less than 5% but the difference of CGR was approxi-
mately 40%.

In order to quantify effects of residual stresses and strains on
CGRs, additional FE analyses were carried out. For these analyses,
two different initial conditions were set; one is to exclude residual
stress distributions and the other is to exclude residual strain dis-
tributions during mapping onto the CT specimens. Calculated stress
intensity factors and resulting CGRs were compared with those in
Table 4. Fig. 12 represents CGR ratios without either residual
stresses or residual strains. With regard to the former, while the
CGR ratios were low in the order of CT-2, CT-1, CT-3, CT-4 and CT-5,
effect of the residual stress exclusion was less than 5%. However,
with regard to the latter, effect of the residual strain exclusion was
significant as over than 50%. The CGR ratios were low in the order of
CT-1, CT-4, CT-2, CT-3 and CT-5. In summary, it seems reasonable to
explain crack growth behaviors in relation to the equivalent plastic
strains as well as stress.

4.4. Discussion on crack growth behaviors

Lots of previous researches dealt with weld residual stress dis-
tribution as governing factor influencing on the CGR. However, in
this study, residual strains generated by welding were also taken
into account together for appropriate fracture mechanics

assessessment. It was thought as prerequisite to address order
different crack growth rates obtained from diverse materials and
manufacturing conditions. Since weld residual stresses were
significantly relaxed in some specimens, specific strains sustained
almost irrespective of extraction and pre-cracking processes did act
as suitable supplements so as to correlate with crack growth rates
having similar features. As results of additional FE analyses, except
for CT-5 extracted from the basemetal, mean value of CGRw/o residual

stress/CGR was 95.55% and mean value of CGRw/o residual strain/CGR
was 46.23%. It means that effect of residual strains was governing,
in this study, due to significant stress relaxation during the spec-
imen extraction process. However, since residual stress distribu-
tions are remained in actual components, residual stress along with
strain should be considered together in the evaluation of CGR for
practical application.

5. Conclusions

In this study, a series of FE analyses and crack growth rate
evaluation were carried out for nickel-based Alloys 690/152 as al-
ternatives of Alloys 600/182, and the following conclusions were
derived.

(1) Variation of residual stresses and strains was quantified
taking into account welding of a cylindrical block, extraction
and pre-cracking of 1 =2T-CT specimens from the block. Also,
effects of locations and anticipated crack plane orientations
of the specimens were investigated.

(2) While residual stress levels were high in the order of HAZ,
Alloy 152 and Alloy 690, stress relaxation occurred up to 75%.
On the other hand, in case of the equivalent plastic strain,
there was no remarkable change by specimen preparation
processes. Also trend and values of the equivalent plastic
strain in welded area were similar to those in a recent
research.

(3) Crack growth curves of the alloys and HAZ were determined
based on each analysis results with reference data and sub-
sequent fracture mechanics assessment was performed.
Since the residual stresses were significantly relaxed in some
specimens, characteristics of crack growth behaviors were
examined relating to other staple parameters of strains and
stress intensity factors.
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Table 4
CGR of CT specimens.

Specimen ID Y-directional stress (MPa) Equivalent plastic strain (%) Stress intensity factor, K (MPa-m1/2) CGR (mm/sec)

CT-1 68.5 9.4 31.97 1.1� 10�9

CT-2 78.2 8.2 32.10 4.5� 10�8

CT-3 58.8 5.2 32.20 8.9� 10�10

CT-4 19.1 8.2 30.33 3.4� 10�8

CT-5 17.2 0 30.35 5.5� 10�10

Fig. 12. Comparison of CGR ratios according to exclusion of residual stresses and
strains.
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