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Abstract — Dissimilar metal weld joints (DMWJs) between low-alloy steel SA508 and austenitic stainless steel
316L, fabricated using nickel-based alloy 52M as filler metal, are critically important in the primary circuit of
pressurized water reactors (PWRs). The structural integrity of such DMWJs is strongly influenced by the mechan-
ical heterogeneity, especially near the fusion line (FL). In this study, the local mechanical properties of an SA508-
52M-316L DMWJ were determined via an indentation test, while metallographic analysis was employed to
characterize the heterogeneous microstructure adjacent to the FL. A finite element (FE) model incorporating
continuously graded mechanical properties was developed using a predefined temperature field approach to
represent the material heterogeneity more accurately than conventional sandwich models. Based on this continuous
transition model, elastoplastic FE analyses were conducted to evaluate the Mises stress and plastic strain
distributions at the tip of cracks located at different positions relative to the FL. The results reveal that the
inhomogeneous mechanical property distribution significantly alters the crack-driving force, particularly when
the crack approaches the FL region, underscoring the necessity of accounting for local heterogeneity in the
structural integrity assessment of DMWJs.

Keywords — Welded joints, stress corrosion cracks, mechanical state of crack tip, mechanical heterogeneity.

I. INTRODUCTION

The dissimilar metal weld joint (DMWJ) between low-
alloy steel SA508 and 316L austenitic stainless steel (SS)
piping is a critical component extensively utilized in the
primary coolant circuits of pressurized water reactors
(PWRs) within nuclear power plants. Such joints, typically
incorporating a nickel-based filler metal such as alloy 52M to
mitigate issues such as carbon migration, are primarily
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employed in nozzle-to-safe-end connections for reactor pres-
sure vessels, ensuring the structural integrity of the core
containment system under demanding operational conditions
[1,2].

The low-alloy steel SA508 is typically employed in
the fabrication of pressure vessels and pipe nozzles in
nuclear power plants (NPPs), owing to its favorable
combination of strength, favorable ductility, cost-
effectiveness, and commendable resistance to neutron
irradiation embrittlement [3,4]. To enhance corrosion
resistance in the high-temperature, high-pressure aqueous
environment of the primary circuit, a 316L austenitic
stainless piping is applied. This configuration results in
a DMW!] that integrates three distinct metallic materials,
each with unique mechanical and physicochemical prop-
erties. The primary engineering objective of this hetero-
geneous material system is to synergistically leverage the
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advantageous characteristics of each constituent.
However, this joint has been observed to exhibit suscept-
ibility to stress corrosion cracking (SCC) within primary
water environments, presenting considerable concerns for
the structural integrity and operational safety of PWRs
[5,6]. Such cracking degradation predominantly initiates
and propagates along the fusion line (FL) and the heat-
affected zone (HAZ) of the weldment [7,8].

Given the difficulties in performing maintenance or
replacement on irradiated components in the primary
circuit of NPPs over their full life cycle, extensive studies
have been devoted to the mechanical properties of
DMW!Is in their initial state. For microstructural and
mechanical characterization, Sun et al. [9] investigated
the stress corrosion crack growth rate (SCCGR) of a 20%
cold-worked 316LN SS/Inconel 52M fusion boundary
(FB) (20%CW 316LN/52M-FB) in simulated PWR pri-
mary water. Their results indicated that the SCCGR at the
20%CW 316LN/52M-FB was five to six times higher
than that of a non-cold-worked 316L/52M-FB [9].
Okonkwo et al. [10,11] employed electron back-
scattered diffraction (EBSD) to analyze the grain size
across the refined, partially refined, and base metal
(BM) matrix regions within the HAZ of an
SAS508-309L/308L DMWIJ. The yield strength of the
HAZ was subsequently determined using the Hall-Petch
correlation derived from the grain size data. Nevertheless,
the predictive capability of this EBSD-based approach
calls for further experimental verification to confirm its
reliability across different DMWJ conditions [10,11].

On the fracture behavior of DMW/Js, Wang et al. [12]
developed a coupled numerical approach integrating the
extended finite element method (XFEM) and a De-bond
submodel to investigate crack growth behavior in
DMWIs. Their simulations, which accounted for contin-
uous transitions in local mechanical properties, revealed
that crack paths are significantly influenced by mechan-
ical heterogeneity, with SCC demonstrating a propensity
to propagate toward regions of higher yield strength due
to a greater crack driving force in these areas [12]. Zhao
et al. [13] introduced a constraint parameter, D, incor-
porating both in-plane and out-of-plane constraints,
which is defined by the equivalent plastic strain (PEEQ)
gradient near the crack front in DMW]Js. Utilizing the
User-Defined Field (USDFLD) subroutine, they achieved
a continuous transition of mechanical properties aligned
with the joint’s geometry, while the submodel technique
enabled a detailed analysis of the crack-tip constraint
under complex loading conditions. Their findings indi-
cate that cracks located at the specimen center possess
a higher propensity for propagation compared to surface
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cracks, with the SA508/52Mb interface identified as the
most critical location within the DMW/Js [13]. Yang and
Wang [14] systematically investigated the fracture beha-
vior of nuclear safety-end DMW/Js under different con-
straints, considering the effect of residual stresses
introduced via a restart method after applying localized
pre-loads to single-edge notched bend (SENB) speci-
mens. Their results demonstrated that residual stresses
significantly influence the fracture behavior, with the
J-R curve of high-constraint specimens being more sen-
sitive to residual stress variations compared to low-
constraint specimens [14]. Based on the Vickers hardness
test and stress-hardness correlation, Wang et al. [15]
characterized the heterogenecous mechanical properties
of the DMWJ with continuous transition. The results
show that the gradient in mechanical properties consider-
ably enhances the crack driving force near the FL, under-
scoring the need to account for local property variations
in the integrity assessment of DMWIs [15]. Zhang et al.
[16] systematically examined the influence of strength
mismatch and work hardening mismatch on the stress
and strain fields at SCC crack tips in dissimilar metal
welded joints using a finite element (FE) method under
small-scale yielding conditions. Their findings demon-
strate a pronounced influence of these mismatch para-
meters on the plastic zone and stress state within the weld
metal (WM), contrasted by a negligible effect in the BM,
while the J-integral decreased with an individual increase
in either mismatch type [16]. Gu et al. [17] investigated
the fracture behavior of nuclear safety-end DMWIJs by
introducing localized residual stresses into SENB speci-
mens via a pre-loading and restart method. Their results
demonstrated that residual stresses, whether tensile or
compressive depending on the pre-load location, respec-
tively decreased or increased the J-R curve, with high-
constraint specimens exhibiting greater sensitivity to
these stresses compared to low-constraint specimens
[17]. Overall, existing scholarly efforts in analyzing
SCC growth behavior in DMWIJs have not yet compre-
hensively integrated the variations in mechanical proper-
ties induced by the welding process into the calculation of
crack-tip mechanical fields. This omission may lead to
insufficient accuracy in predicting the crack propagation
behavior.

This investigation accounted for the heterogeneous
distribution of mechanical properties within the DMW/J;
the mechanical properties along the direction transverse
to the fusion line were determined via indentation testing.
Subsequently, an elastoplastic FE model incorporating
continuously graded mechanical properties (i.e., continu-
ous model) across the FL was developed. Numerical



simulations were subsequently performed to quantify dis-
crepancies in the crack-tip mechanical states predicted by
this continuous model versus a conventional sandwich
model. The findings contribute to enhanced precision in
structural integrity assessments for DMW/Js.

Il. EXPERIMENTS

ILA. Materials and Specimen

The DMWJ with a material configuration of
SA508-52M-316L  was adopted for investigation.
Fig. la illustrates a full-scale model of the DMWJ, and
the joint integrates 316L SS at the piping terminus,
valued for its superior corrosion resistance, with SA508
alloy steel serving as the base material at the reactors
pressure vessel. A nickel-base alloy, alloy 52M, is uti-
lized as the WM; within the DMW], the specific variant
applied on the pressure vessel side (SA508 side) is
denoted as 52Mb, while that on the piping side
(316L side) is designated as 52Mw. The cladding is
fabricated by depositing 308/309L SS using shielded
metal arc welding, which serves as a corrosion-resistant
cladding on the SA508 pressure vessel side [15].

This structural configuration is designed to leverage
the respective advantages of the constituent materials,
thereby potentially enhancing the service longevity of
the DMWJ. The specimen (SA508-52M-316L) utilized

Safety-end welded joint

D834.6

?D1001.6

(a) The structure and composition
of DMW]I for nuclear power safety
ends.
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for indentation testing in this study was extracted from an
actual DMW]J. The location from which the specimen
was cut, indicated by a red dashed rectangle, and the
specimen itself are presented in Fig. 1 [18,19].

11.B. Indentation Test

Given the inherent mechanical heterogeneity char-
acteristic of DMWIJs, conventional uniaxial tensile test-
ing is inadequate for characterizing the mechanical
properties across the joint region. To address this lim-
itation, a customized indentation testing apparatus was
utilized to inversely determine the distribution of
mechanical properties within the welded joint. Owing
to its minimal thickness (7 mm), the 309L/308L SS
cladding was disregarded in the indentation test. The
quasi-static indentation behavior was evaluated using
a UTM-6103 universal testing machine equipped with
a tungsten carbide spherical indenter (radius = 0.5 mm)
to ensure high rigidity. Tests were conducted under
displacement control at a constant rate of 0.1 mm/min
until a penetration depth of 0.1 mm was achieved.
Furthermore, to guarantee experimental consistency,
the ambient temperature was strictly regulated, with
fluctuations maintained below 0.2°C/h. The indentation
experiments were conducted in compliance with the
specifications outlined in the standard
GB/T 22 458-2008, with a spacing of 2 mm maintained
between adjacent indentation locations [20]. To increase

I : —‘ Dissimilar metal welded joint

\ [

52Mb S2Mw

308/309L

308/309L

(b) The dimensional parameters of DMW]J

Fig. 1. A typical DMWI in nuclear Reactor Pressure Vessel (RPV) /safe-end connections.
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the spatial density of measurements, a staggered distri-
bution pattern comprising two sets of test points was
implemented, with an inter-set separation of 5 mm. The
final indentation layout applied to the welded specimen,
comprising a total of 49 measurement points, is
depicted in Fig. 2. For comprehensive details regarding
the methodology for extracting mechanical properties of
DMW!/Js via indentation testing, readers are referred to
Ref. [21]. Central to this analysis is the derivation of
constitutive properties from indentation data. Utilizing
the Hollomon hardening law, an FE model was con-
structed to define the mapping function between the
indentation signatures (the maximum load F,,,, resi-
dual depth 4,) and the elastoplastic parameters (yield
strength o, strain-hardening exponent n). The experi-
mental indentation data, acquired perpendicular to the
welding direction, were subsequently processed through
this inversion algorithm to quantify the local mechan-
ical properties of the joint. It should be noted that Figs.
2 and 3 are presented as schematics to clearly delineate
the measurement point locations, rather than to-scale
engineering drawings of the test specimens.

II.C. Microstructure Analysis

Microstructural analysis was performed on a DMWJ
specimen from the safe-end region, using a Leica
DM2700M metallographic microscope. The specific sam-
pling locations for microstructural analysis are shown in
Fig. 3.

XXV 316L'SS.
00 0é Qf’;",. ..'..‘..Q....IE
; £

v

/ deéoedeeseshoscehacesssen

~SA508

Fig. 2. Indentation test area [21].

SA508-52Mb

SA508

52Mw-316L

Fig. 3. Microstructure scanning area.
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Specimens from these locations were sectioned via
wire cutting and ground sequentially up to 2000-grit
silicon carbide paper using a YMPZ-1 automatic metal-
lographic grinding and polishing machine. The surfaces
to be examined were then polished to a final finish of
2.5 um. Appropriate etchants were selected for the dif-
ferent materials involved; the etched surfaces were
subsequently observed for metallographic characteriza-
tion. The specific etchants used are summarized in
Table 1.

IIl. FINITE ELEMENT MODEL ANALYSIS

I1I.A. Constitutive Model

Owing to the geometrical constraints of the HAZ,
extracting standard tensile specimens from the
SA508-52M-316L DMWIJ is often infeasible.
Consequently, indentation testing is widely employed
to characterize mechanical properties, especially within
localized regions such as the FL, where significant
gradients in mechanical behavior are present. This
study utilizes a constitutive model, derived from
a previously established computational method within
our research group, to determine the mechanical prop-
erty distribution across the DMWJ. The resulting dis-
tributions of yield stress and the hardening exponent
for the SA508-52M-316L. DMW!] are presented in Figs.
4 and 5, respectively [21,22].

The quantitative relationships among yield stress
(oy), strain hardening exponent (n), and distance (D)
across key regions of the welded joint—specifically,
the SA508 BM, the 316L HAZ, and the WMs (52Mb
and 52Mw)—were derived using the Curve Fitting
Toolbox in MATLAB. The fitting equations formu-
lated for the interface between the SA508 HAZ and
the 52Mb WM, along with their corresponding good-
ness-of-fit metrics, are presented below [21,22].

TABLE 1
Types of Etchants Employed for Different Zones of the DMWJ
Location Etching solution
SAS508 4% nital (4 mL nitric acid and 96 mL ethanol)
52Mb 10% chromic acid
52Mw 16 g FeCl; +2 mL HNO3; + 80 mL HCI +11 mL
316L H,O
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(a) SA508-52Mb FL region (b) 52Mw-316L FL region
Fig. 4. Yield stress distribution across the SA508-52M-316L DMWJ [21,22].
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Fig. 5. Hardening exponent distribution across the SA508-52M-316L DMW]J [21,22].
o, = 0.698D° — 4.946D* — 6.244D + 431.2, R* = 0.8223 (1)
n=-2539x107D° +4.116 x 107*D? — 8.18 x 107*D +0.101, R* = 0.8702 (2)
For the interface location between the WM 52Mw and the 316L HAZ:
0, = —8.443 x 107°D* — 0.3605D* + 28.12D + 46.66, R* = 0.8262 (3)
n=—5.669 x 10°°D* —4.956 x 107*D? — 0.0128D + 0.205, R* = 0.9092 (4)

The Young’s modulus values of SA508, 52M, and 316L SS were determined as 202.41 GPa, 178.13 GPa, and
196 GPa, respectively, based on Refs. [23-25]. To accurately represent the gradual transition of mechanical properties
across the DMW], a material model incorporating continuous property variation, referred to as the continuous model
was developed using a predefined temperature field approach.

The sandwich model represents an established approach for characterizing the mechanical behavior of welded
joints. In this investigation, the DMWJ was delineated into distinct zones within the sandwich model framework, with
each constituent material assigned specific yield stress (oy) and strain hardening exponent () values, for simplification,
the mechanical properties of the HAZ were considered identical to those of the BM. To facilitate comparison, the von

@ANS
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TABLE 2
The Mechanical Parameters for the Sandwich Model [22]
Material Young’s modulus, E/MPa Yield stress, o,/MPa Hardening exponent, n
SA508 202410 382.6 0.1090
316L 196 000 340.7 0.1134
52Mb 178 130 377.8 0.1032
52Mw 178 130 385.9 0.1020

Mises stress and the plastic strain on the crack tip were
computed concurrently for both the sandwich model and
the continuous model utilizing the same FE analysis
framework. The mechanical parameters adopted for the
four materials in the sandwich model are summarized in
Table 2 [22]. To delineate the distinction in material
parameterization between the sandwich and continuous
transition models, in Figs. 4 and 5, respectively, the
mechanical properties of SAS508, 52Mb, 52Mw, and
316L (as specified in Table 2) are represented by solid
lines in dark green, dark red, orange, and light blue,
respectively, corresponding exclusively to the sandwich
model configuration.

111.B. Geometric Model

By utilizing temperature-dependent field variables in
ABAQUS, the continuously varying temperature field
served as an intermediary to assign the gradually transi-
tioning hardening exponent n and yield stress o, from
Figs. 4 and 5 to the numerical model, thereby achieving
continuously graded mechanical properties in the material
model, as illustrated in Fig. 6a. Meanwhile, to compare
the differences in computational results between the
model with continuously graded mechanical properties
and the traditional sandwich model, a sandwich material
model was also developed, as illustrated in Fig. 6b. It is
pertinent to mention that the 309L/308L SS cladding,
characterized by a nominal thickness of 7 mm, was
rationally omitted from the numerical domain. This deci-
sion was predicated on the necessity of geometrical sim-
plification to mitigate computational complexity and
facilitate a tractable analysis.

I1I.C. Finite Element Models

Based on the actual geometry and dimensions of the
weld joint provided in Fig. 1, a global model was devel-
oped as illustrated in Fig. 7a. Subsequently, a submodel
containing a crack, measuring 74 mm x 20 mm, was

@ANS

continuously transitioning material
b

v

316L

(a) continuously transitioning material model
52Mb

316L

52Mw
(b) sandwich material model

Fig. 6. Comparison between the continuously transition-
ing material model and the sandwich model.

extracted from the inner wall of the pipe near the weld
seam, as depicted in Fig. 7b. To more accurately analyze
the influence of crack location within the heterogeneous
weld joint on the mechanical fields at the crack tip,
including the stress and strain fields, a secondary submo-
del with a diameter of 0.5 mm was constructed, as shown
in Fig. 7c. In Fig. 7, the positive x-axis direction is
defined as perpendicular to the weld seam, while the
positive y-axis direction is parallel to the weld seam.

To analyze the influence of different crack positions
on the crack-tip mechanical fields, an investigation was
conducted on cracks originating from specific locations:
crack #2 at the SA508-52Mb fusion line within the weld,
interface crack #5 at the 52Mw-316L fusion line, and sub-
interface cracks situated 1 mm away from the fusion line
in the base metals SA508, 316L, and 52M, designated as
cracks #1, #3, #4, and #6, respectively. The crack lengths
were set uniformly to 6 mm for all cases. The specific
distribution of these crack locations is illustrated in Fig. 8.

The global model, primary submodel, and the second-
ary submodel are illustrated in Figs. 9a, 9b, and Figs. 9d,
respectively. All these models were discretized using four-
node bilinear axisymmetric elements (CAX4). The global
model comprised 5343 elements, the primary submodel
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Submodel extraction location

Lo

(a) Global finite element model

Vgl

Secondary submodel extraction location

Crack location

4

~@=0.5m

(b) Submodel

(c) Secondary submodel

Fig. 7. Geometric model of the welded joint containing SCC cracks.

SA508 i
L/

1
|
6mm
1mm

Fusion line

52M

316L

Interfacial crack

| i‘/ \‘/Sub-interfaci al crack

#1 #2 #3

Fig. 8. Schematic diagram of crack locations in a welded joint.

contained 3692 elements, and the secondary submodel
consisted of 8738 elements. In Fig. 9, the x-axis is oriented
perpendicular to the crack propagation direction, while the
positive y-axis aligns with the direction of crack extension.
Due to the significant variations in mechanical properties
near the weld seam, which induce high stress gradients, the
mesh in the vicinity of the crack tip was refined in both the
primary and secondary submodels. This refinement
ensures a smooth transition and avoids distortion in the
crack tip region, thereby facilitating an accurate represen-
tation of the mechanical fields [26].

To quantitatively analyze the variation of stress and
strain at the crack tip with respect to crack position,
observation path 1 was established along the crack pro-
pagation direction, while observation paths 2, 3, and 4
were defined as semicircular arcs centered at the crack tip
with radii of 1.7 um, 3 pum, and 4.3 pum, respectively.
These paths were used to extract specific parameters of
the crack-tip stress and strain fields at different locations.
A schematic diagram of the observation paths is shown in
Fig. 10. The length of path 1, which captures the crack-tip

#4 #5 #6

mechanical fields, is 1.5 pm. Paths 2, 3, and 4 represent
semicircular arcs at radial distances of 1.7 pm, 3 pm, and
4.3 um from the crack tip, respectively.

IV. RESULTS AND DISCUSSIONS

IV.A. Microstructure Results of the DMWIJ Interface Area

Fig. 11a through d present the metallographic micro-
structures of the safe-end DMW]J specimen, showing the
SAS508 alloy steel (pressure vessel end), the SA508-52Mb
interface, the 52Mw—316L interface, and the 316L auste-
nitic SS (piping end), respectively, as revealed by high-
magnification microscopy.

Fig. 11a presents the microstructure of the SA508 low-
alloy steel, which consists primarily of tempered bainite.
Within this structure, regions exhibiting darker and lighter
contrasts correspond to areas of higher and lower carbon
concentrations, respectively, indicating a nonuniform dis-
tribution of carbon within the SA508 alloy.

@ANS
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(b) Submodel

(c) Submodel crack tip

(d) Secondary submodel

(e) Detailed view

Fig. 9. Finite element mesh model of welded joint with SCC crack.

Fig. 10. Schematic diagram of monitoring paths for
crack-tip plastic strain field.

Figs. 11b and 11c present the metallographic struc-
tures of the SA508-52Mb interface and the 52Mw—316L
interface, respectively. Owing to the significant micro-
structural differences between tempered bainite and aus-
tenite, a distinct fusion line is observable in Fig. 11b.
Both the buttering layer (nickel-based alloy 52Mb) and
the butt WM (alloy 52Mw) exhibit a columnar austenitic
structure. However, it is evident that within the buttering

@ANS

layer (52Mb), the grain orientation is predominantly par-
allel to the welding direction, whereas in the butt weld
zone (52Mw), the grains are oriented perpendicular to the
weld. According to the literature [27], during the progres-
sive solidification of the weld pool, grains typically grow
along the direction of the maximum temperature gradient,
which corresponds to the direction of most rapid heat
dissipation. Consequently, the difference in the primary
heat flow direction resulting from variations in welding
procedures is identified as the main reason for the differ-
ing grain orientations observed in these structurally simi-
lar materials. Fig. 11c reveals the presence of a band-like
unmixed zone adjacent to the 52Mw—316L interface. This
indicates that the molten nickel-based alloy 52Mw soli-
dified without sufficient mixing with the 316L BM, lead-
ing to the formation of this zone. Studies referenced in
the literature [2] indicate that the presence of an unmixed
zone can create a strength mismatch across the weld,
thereby promoting the initiation of SCC.

Fig. 11d presents the metallographic analysis results
of the 316L BM located away from the weld zone. The
microstructure is characterized as austenitic, with a small
number of dark, point-like inclusions observable both



Unmixed zone

f ; s‘:‘:/' &3‘ $

(c) 52Mw-316L interface

Fig. 11. Microstructure results of the DMW] interface area.

within the grains and along the grain boundaries. No
significant grain growth is evident in the micrograph,
indicating that the thermal effects of the welding process
had a limited influence on the macroscopic structure of
the 316L region distant from the weld.

IV.B. Simulation Results

Mechanistic SCC growth formulations, exemplified
by the Ford—Andresen framework [28,29], permit the
direct integration of mechanical state variables—specifi-
cally crack-tip opening stress and PEEQ. Within these
paradigms, crack propagation is governed by the syner-
gistic effects of the crack-tip strain rate (derived from
plasticity accumulation) and the local stress state, as
quantified by stress triaxiality and opening stress.
Consequently, the precise quantification of crack-tip
mechanical variables within the DMW]J region is of cri-
tical importance. The following analysis focuses on the
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52Mb

Fusion line

(b) SA508-52Mb interface

T ey

> e Point-like inclusions

100pm

(d) 316L BM

mechanical state variables at SCC crack tips situated
within distinct zones of the DMW].

IV.B.1. Effect of Crack Location on the Crack-Tip Stress
Distribution in Stress Corrosion Cracks

The Mises stress distributions at the crack tip for cracks
at different locations are shown in Figs. 12 through 17. The
observation region has a radius of 0.2 mm, and the crack
length is uniformly set to 6 mm. In Figs. 12 through 17,
cracks #2 and #5 are interface cracks, while cracks #1, #3,
#4, and #6 are sub-interface cracks.

Overall, under the condition that the crack location
and crack length remain consistent, the Mises stress in the
crack tip region computed using the continuous transition
model is significantly higher than that obtained with the
sandwich model. This indicates that the traditional sand-
wich model may underestimate the Mises stress at the
crack tip when characterizing the crack-tip stress field.

@ANS
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(a) Graded transition model

Fig. 12. Mises stress at the tip of sub-interfacial crack #1.
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(a) Graded transition model

Fig. 13. Mises stress at the tip of interfacial crack #2.

(a) Graded transition model

Fig. 14. Mises stress at the tip of sub-interfacial crack #3.

Furthermore, from the stress distribution of interface crack
#2 computed with the sandwich model, a distinct disconti-
nuity in the stress distribution can be observed. To quanti-
tatively analyze the stress magnitude at the crack front for
different crack locations, the Mises stresses along observa-
tion path 1 were extracted at six positions for both the
continuous transition model and the sandwich model, as

@ANS

(b)Sandwich model

shown in Figs. 18a and 18b. It can be seen that the
maximum Mises stress at the crack front is obtained for
crack #1 in the heat affected zone of the SA508 BM using
the continuous transition model, whereas for the sandwich
model, the maximum occurs at crack #2 at the
SA508-52Mb interface. Moreover, the Mises stresses at
the crack front for all six cracks are higher in the
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(a) Graded transition model

Fig. 15. Mises stress at the tip of sub-interfacial crack #4.
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(a) Graded transition model

Fig. 16. Mises stress at the tip of interfacial crack #5.
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(a) Graded transition model

Fig. 17. Mises stress at the tip of sub-interfacial crack #6.

continuous transition model than in the sandwich model,
reaffirming that the simplification of material properties in
the sandwich model may lead to an underestimation of the
Mises stress at the crack front in the weld joint.

The Mises stresses along observation path 2 for the
interface cracks at the SA508-52Mb and 52Mw-316L
boundaries (crack #2 and crack #5) were extracted from

\ /"”
~ 316L| 316L

NUCLEAR TECHNOLOGY M1

(b)Sandwich model

the continuous transition model and the sandwich model,
respectively. The results are presented in Figs. 19a and 19b.
The Mises stress distribution around the crack tip obtained
from the continuous transition model transitions smoothly
without any discontinuity. In contrast, the sandwich model
exhibits a distinct discontinuity in the Mises stress distribu-
tion across the crack tip when characterizing the

@ANS
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Fig. 18. Comparative analysis of Mises stresses along crack propagation directions for cracks at distinct locations.
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Fig. 19. Comparative analysis of von Mises stress distributions along circumferential directions for interfacial cracks.

SA508-52Mb weld interface crack. On either side of the
SA508-52Mb weld, the stress distribution is essentially
symmetric in the continuous transition model. However,
in the sandwich model, the stress on the SAS508 side is
significantly higher than that on the 52Mb side, and the
Mises stress plummets abruptly at the weld seam.
A discontinuity in the calculated stress is also observed at
the 52Mw-316L interface when using the sandwich model,
although its magnitude is relatively smaller.

A comparison of the computational results from the
two models reveals that the Mises stresses at both weld
locations obtained using the continuous transition model
are consistently higher than those predicted by the sand-
wich model, which is consistent with the findings pre-
sented in Figs. 13 and 16. The distribution of Mises
stress on both sides of the crack tip serves as a key
indicator for predicting the direction of SCC propagation.

@ANS

The sandwich model, which simplifies the material proper-
ties by treating different regions as distinct, introduces an
unrealistic discontinuity in the crack-tip stress distribution.
This simplification may adversely affect the accurate pre-
diction of SCC crack growth paths in actual welded joints.

IV.B.2. Effect of Crack Location on the Crack-Tip Plastic
Strain in Stress Corrosion Cracks

To investigate the variations in plastic strain at crack
front regions with different positions, the PEEQ along
observation path 1 was calculated using the continuous
transition model and the sandwich model for two inter-
face cracks and four near-interface cracks in the fusion
line region of SA508-52Mb and 52Mw-316L. The crack
length was uniformly set to 6 mm, with the computational
results illustrated in Fig. 20.
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Fig. 20. The variations in PEEQ along observation path 1 at different crack positions.

Results from both the continuous transition model
and the sandwich model indicate that crack #6 exhibits
the highest PEEQ at the crack tip, while crack #3 shows
the lowest. The PEEQ along the crack front gradually
decreases as the distance from the crack tip increases.
Correspondingly, the difference in PEEQ between the
two models along observation path 1 also narrows with
increasing distance. With the exception of crack #1, the

crack-tip plastic strain computed using the sandwich
model is slightly higher than that obtained with the con-
tinuous transition model for the other five crack locations.
This suggests that, except for cracks located in the HAZ
of the SA508 BM on the pressure vessel side, the sand-
wich model tends to overestimate the magnitude of PEEQ
at the crack tip in the remaining regions of this type of
welded joint.
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The PEEQ along observation paths 2, 3, and 4 for the
interface cracks at the SAS508-52Mb (crack #2) and
52Mw-316L (crack #5) locations, as computed by both
the continuous transition model and the sandwich model,
are extracted and shown in Figs. 21 through 23. The
results indicate that on either side of the SA508-52Mb
weld, the PEEQ on the SA508 side is significantly lower
than that on the 52Mb side. Within the 52Mb region,
a considerable discrepancy in the PEEQ is observed
between the two models, with the sandwich model yield-
ing higher values along all three observation paths. For
the 52Mw-316L weld, the distribution of PEEQ is essen-
tially symmetric according to both models, although the
sandwich model predicts a slightly higher value on the
316L side compared to the continuous transition model.
As the angle between the observation path and the crack
propagation direction increases, the PEEQ values on both
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sides of the weld first increase and then decrease, con-
currently, the discrepancy between the results from the
two models gradually diminishes. Furthermore, as can be
seen from Fig. 21, a “discontinuity” in the PEEQ across
the weld is still present in the results obtained with the
sandwich model along path 2, though its magnitude is
relatively small. Results from Figs. 22 and 23 show that
this “discontinuity” in PEEQ predicted by the sandwich
model is not pronounced along paths 3 and 4.

When analyzing the SCC crack growth behavior
dominated by plastic strain, the use of the sandwich
model to compute the plastic strain near the crack tip of
a fusion line interface crack in a dissimilar metal welded
joint may lead to an overestimation of the plastic strain
magnitude on the 52Mb and 316L sides, which could
affect the accuracy of predicting the interface crack pro-
pagation path in actual welded joints.
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Fig. 21. The PEEQ variations along observation path 2 for different interface cracks.
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Fig. 22. The PEEQ variations along observation path 3 for different interface cracks.
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Fig. 23. The PEEQ variations along observation path 4 for different interface cracks.

V. CONCLUSIONS

Based on a predefined temperature field methodol-
ogy, a continuous transition model was developed to
precisely capture the mechanical properties of
SA508-52M-316L DMWIJs. The computational results
of Mises stress and PEEQ derived from this continuous
model were systematically compared with those obtained
from the conventional sandwich model.

Main conclusions are as follows:

1. The SA508 BM exhibits a bainitic microstruc-
ture, while the 316L SS consists of an austenitic structure.
Both the 52Mb and the 52Mw display a columnar auste-
nitic structure, with grain orientations predominantly par-
allel and perpendicular to the weld direction, respectively.
The presence of an unmixed zone at the 52Mw-316L
interface increases the susceptibility of this region
to SCC.

2. The utilization of a DMWJ model with continu-
ously transition mechanical properties eliminates the
stress and strain discontinuities that arise in traditional
sandwich models due to the direct assignment of material
properties across the fusion line interface, thereby miti-
gating the adverse impact of abrupt material property
changes on the predictive accuracy of crack growth beha-
vior in DMWIs.

3. Under the condition of consistent crack location
and crack length, the Mises stress in the crack-tip region
computed using the continuous transition model is signifi-
cantly higher than that obtained with the sandwich model.
Consequently, when employing the sandwich model to

calculate the crack-tip stress distribution in DMW]s, the
Mises stress at the crack tip may be underestimated.

4. When analyzing the SCC growth of interface
cracks dominated by plastic strain, the use of the sand-
wich model may lead to an overestimation of the PEEQ
in both the 52Mb and the 316L HAZ on the pipe side,
consequently introducing deviations in the prediction of
the interface crack propagation path in DMW/Js.

This study aimed to enhance the comprehension of how
material inhomogeneity influences the crack growth driving
force at the crack tip within DMWIJs. While the analysis
employed stationary crack tips to evaluate variations in the
crack growth driving force during propagation, the current
results do not account for the cumulative effects of plastic
zone development at the crack tip. The application of dynamic
crack propagation methods, such as peridynamics, is antici-
pated to elucidate these aspects more effectively. Subsequent
research will therefore focus on employing these advanced
numerical techniques to address this limitation.

Nomenclature

D = Distance from fusion line
E = Young’s modulus
F.x = Electron backscatter diffraction
h, = Residual depth
n = Strain hardening exponent
q = Angle with the crack propagation direction

R = Distance from the crack tip
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Greek
&, = Equivalent plastic strain
0cq = Mises equivalent stress

o, = Yield stress

Acronyms

BM: Base metal

DMW/s: Dissimilar metal weld joints
EBSD: Electron backscatter diffraction
FB: Fusion boundary

FE: Finite element

FL: Fusion line

HAZ: Heat affected zone

NPPs: Nuclear power plants

PEEQ: Equivalent plastic strain

PWR: Pressurized water reactor

SCC: Stress corrosion cracking
SCCGR: Stress corrosion crack growth rate
SENB: Single-edge notched bend

SS: Stainless steel

WM: Weld metal

XFEM: Extended finite element method
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