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Grade 91 (G91) steel cladded with nickel alloy C22 presents a promising material solution for the Generation 3
concentrating solar power systems. Failure behavior for weld joints of such bimetallic material is complex and
affected by many factors. Currently, numerical models considering both welding and loading of bimetallic
materials are lacking in the literature. This study introduces an integrated model, encompassing welding, post-
weld heat treatment (PWHT), and tensile testing to investigate the fracture behavior of a welded bimetallic plate
with G91 steel substrate and alloy C22 clad. The welding and PWHT analyses consider incomplete austenite-
martensite transformations and creep, respectively, in the calculation of residual stress and distortion. The
tensile testing analysis assesses the fracture behavior of the weld joint, accounting for the effect of residual stress
and material inhomogeneity. The simulation results of fusion zone shapes, welding-induced distortion, soft re-
gions in heat-affected zone, and local strains during tensile testing are compared to the respective experimental
data. It has been found that PWHT effectively mitigates the residual stress in the weld metal but introduces
tensile stress in the clad and a high stress gradient at the bonding interface. The residual stress after PWHT has an
insignificant effect on the G91/C22 weld failure during tensile testing. Instead, the fracture location is primarily
dictated by the relative strength between the base and weld metals. However, the high stress gradient at the clad-
substrate interface results in a large triaxiality factor, potentially contributing to the debonding in cases of weak
bonding strength.

Austenite-martensite transformation
Residual stress and distortion

1. Introduction properties at high temperatures [4].

The fracture behavior of bimetallic materials is complicated due to

Subcomponents (e.g., pipes) in Generation 3 concentrating solar
power systems (Gen3 CSP) are designed for service in high temperature
and corrosive conditions [1]. Fabricating these subcomponents out of
nickel alloys such as H282 can be very expensive. A cost-effective
alternative is to use bimetallic material comprising a low-cost sub-
strate to provide the required high-temperature strength that is cladded
with a high-cost alloy for corrosion resistance. One such promising
bimetallic material is Grade 91 (G91) steel cladded with nickel alloy C22
(abbreviated as G91/C22). Specifically, G91 steel, commonly designed
as 9Cr-1Mo-V, is widely used for high-temperature service in the fossil
and nuclear power generation industry [2,3]. C22 is a nick-
el-chromium-molybdenum solid solution-strengthened alloy with
excellent corrosion and oxidation resistance as well as good mechanical
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the inhomogeneous microstructures and mechanical properties, partic-
ularly at the bonding interface. The interface tends to be the location of
fracture initiation and may be separated before the final fracture [5,6].
Li et al. [7] studied the fracture behavior of carbon steel plate cladded
with stainless steel (SS) during uniaxial tensile testing. The presence of a
relatively stronger clad introduces a stress discontinuity at the interface,
leading to shear stress accumulation and fracture initiation at the
interface. On the other hand, cracking can also occur on the substrate
surface and propagate to the interface when the clad material is highly
ductile [8,9]. The thickness ratio of the clad material to the substrate,
namely the clad ratio, also influences the fracture behavior by governing
the mechanical properties of the composite material in either linear or
non-linear manners [10].
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Welding and post-weld heat treatment (PWHT) add additional
complexity to the fracture behavior of bimetallic materials. Specifically,
temperature gradients and phase transformations during welding lead to
residual stress, stress concentration and inhomogeneous microstructure
in the weld [11]. PWHT typically alleviates the inhomogeneity in
microstructure and mechanical properties of weld joints [12,13].
However, for bimetallic materials, new residual stress can be introduced
due to the different physical and mechanical properties, such as the
coefficient of thermal expansion (CTE) between the substrate and clad
materials. Such CTE mismatch would cause a tensile residual stress in
the material with a higher CTE, a compressive residual stress in the other
material, and a high stress gradient at the bonding interface [14,15].

It has been found various factors related to the materials [16,17],
processing parameters [18], and welding techniques [19,20] can affect
the fracture location being in the fusion zone (FZ), heat-affected zone
(HAZ) or base metal in a bimetallic material weld. For example, in the
case of bimetallic plates of X65 pipeline steel substrate cladded with
duplex stainless steel (DSS) 2205 without a weld, the fracture strain in
tensile testing has a uniform distribution across the two materials [19].
However, in laser-welded joints of this bimetallic plate, the fracture
strain is initially localized in the FZ of DSS 2205 before propagating
towards the base metal of X65 [19]. In a subsequent study by the same
authors, fracture initiation occurs at the HAZ of the DSS 2205 clad and
progresses towards the base metal of X65 in weldments joined by multi-
pass gas metal arc welding [20]. This difference in fracture location is
rationalized by the distinct microstructures and the associated me-
chanical strengths resulting from laser versus gas metal arc welding
processes. In contrast, the fracture location for weld joints of 10CrNi3-
MoV steel substrate cladded with SS 304 L is observed at the base metal
of the SS clad. It is attributed to the strengthening of FZ and HAZ of the
steel substrate due to the formation of carbides, vanadium-containing
phases, and a high dislocation density [21]. Additionally, fracture lo-
cations in the base metal of the substrate are also reported in the liter-
ature [22,23].

Given the large number of factors that can potentially influence the
fracture behavior of weld joints of bimetallic materials, it is desirable to
develop a numerical model for welding and loading of bimetallic ma-
terials. Such a model is currently lacking in the literature. This study
introduces an integrated model, encompassing welding, PWHT, and
tensile testing, to comprehensively investigate the fracture behavior of
G91/C22 weld joints. Specifically, the welding analysis evaluates re-
sidual stress and distortion in a double-sided multi-pass configuration,
taking into account the incomplete austenite-martensite trans-
formations. Furthermore, the redistribution of residual stress during
PWHT is examined, accounting for creep and thermal strain mismatch
between the substrate and clad materials. The failure behavior of the
G91/C22 weld joints is assessed by the tensile testing analysis, which
incorporates the residual stress and material inhomogeneity from
welding and PWHT.

2. Experimental approaches

As-received G91 plate in a tempered condition with a thickness of 19
mm was first cladded with nickel alloy C22 plate with a thickness of 3
mm by explosive welding. The G91/C22 clad plate of 520 x 300 x 22
mm was used for weld joint fabrication. The weld bead arrangement is
shown in Fig. 1a, where the G91 substrate passes were completed first
followed by the C22 clad passes. Flux-cored arc welding (FCAW) with
E91T1-B9-H4 filler wire was used for the substrate, and pulsed gas metal
arc welding (GMAW) with Oxford Alloy 622 filler wire was used for the
clad. The plate was preheated to 511 K, and the maximum inter-pass
temperature was maintained below 572 K for all weld passes. The
average travel speed was 7.6 mm/s, the welding current ranged between
150 A and 200 A, the wire feeding speed ranged from 110 to 120 mm/s,
the voltage was maintained at 25 V, and the shielding gas was Ar + 25 %
CO;, for the substrate passes. For the clad passes, the average travel
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Fig. 1. (a) G91/C22 weld bead setup, (b) G91/C22 weldment after post-weld
heat treatment, and (c) the setup for room temperature tensile testing with
DIC to measure the strain map. Positions of thermocouples were denoted by red
points, and the tensile test sample extraction is highlighted by blue lines in (b).
Note that the induction coil for high-temperature testing was not used in this
study. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

speed is the same as that for the substrate passes but the welding current
ranged from 130 to 160 A, and the shielding gas was changed to Ar + 25
% He. A multi-step schedule was used for PWHT. Above 700 K (427 °C),
the sample was heated at a maximum rate of 204 K/h to the PWHT
temperature of 1005 K (732 °C). It was soaked at this temperature for 2 h
and then cooled down at a controlled rate of 260 K/h to 700 K. The
heating and cooling rates were uncontrolled below 700 K.

The post-weld heat treated weldment is shown in Fig. 1b, where the
red points (designated as TC1 and TC2) represent the locations of the
thermocouples employed to record the inter-pass temperatures during
welding. The grid on the weldment surface, consisting of 40 mm x 40
mm squares, was used to measure the out-of-the-plane distortion at each
line intersection. Fig. 1b also shows an example of tensile sample
extraction from the weldment where the size and location of the tensile
sample is marked by blue lines. Specifically, tensile specimens had the
following dimensions: 57 mm gauge length, 6 mm thickness, and 21 mm
width which are aligned to the weldment's width, length and thickness
directions, respectively. Room temperature (RT) tensile tests were car-
ried out using a hydraulic MTS Landmark 370.10 universal testing
machine with a quasi-static 10~3/s strain rate. During tensile testing, the
digital image correlation (DIC) method was employed to measure the
strain distribution on the surface containing a weld transverse cross-
section, as shown in Fig. 1c.

Vicker's microhardness map was measured on the weld transverse
cross-section with a vertical spacing (parallel to thickness direction) of
1.15 mm and a horizontal spacing of 0.5 mm, using a 500-g-force load.
Assuming symmetry across the centerline of the weld, the microhard-
ness map was measured only on one half of the weld cross-section.

3. Modeling approaches

Given the complexities of modeling explosive welding process, a
main simplification is that the residual stress and microstructural change
introduced by explosive cladding is not considered. This simplification is
somewhat justified as such residual stress and microstructural change
are very localized to the bonding interface [24]. Deng et al. [25,26]
showed that the residual stress in the weld zone can be accurately
captured even without considering the pre-welding steps such as clad-
ding. Additionally, dilution due to mixing among nickel alloy clad, G91
steel substrate, and the two different filler wires is ignored. The inte-
grated process-performance modeling thus consists of a welding process
model, a PWHT model, and a tensile testing model. A description of
these models and their integration is provided as follows.
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3.1. Welding process model

The process model is based on the widely used sequentially-coupled
thermo-metallurgical-structure analysis approach in the literature.
Specifically, the welding thermal analysis solves the transient heat
conduction equation to determine the temperature field. The calculated
thermal histories are then applied as thermal loads to the welding
metallurgical-structure analysis, which determines the displacement,
strain, and stress fields by solving the static equilibrium equations. The
austenite-martensite transformations are considered by the metallur-
gical analysis, and the resultant fractions of each phase are used to
calculate the yield strength and phase transformation strain (to be dis-
cussed in Section 3.2).

The thermal model is constructed based on the experimental weld
macrograph shown in Fig. 2a, where the fusion lines of the 19 individual
beads are marked by dashed lines. The weld was cut into two halves
along the vertical centerline due to the large size. Fig. 2b shows the
meshed transverse cross-section corresponding to the experimental weld
macrograph. This cross-section was extruded along the weld seam di-
rection (X) to create a 3D mesh, as shown in Fig. 2c. The meshed plate,
260 mm long x 300 mm wide x 22 mm thick, comprised a center region
with fine elements and two outer regions with coarse elements. Specif-
ically, the center region, with a width of 60 mm to encompass the FZs
and the adjacent HAZs, was meshed with elements ranging from 1 to 3
mm in size. The two outer regions were meshed with gradually coars-
ening elements further away from the weld center with sizes ranging
from 3 to 15 mm. A tie constraint was used between the center and the
outer regions to handle the mesh transition at the interfaces. Note that
the model geometry was half of the experimental specimen in the length
direction to further reduce the computational cost. Additionally, a
shorter geometry with a length of 100 mm was also examined. The
comparison between the two reduced-geometry models shows that the
length of the geometry used in the model has an insignificant effect on
the predicted stress and distortion results for the relatively stiff plates
considered in this study.

In the welding thermal analysis, the initial temperature was 511 K,
and a typical Goldak heat flux was employed with parameters calibrated
against the fusion boundaries of individual beads. Coefficients for
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convective heat transfer and radiation to the environment were 20 W/
m?%K and 0.3, respectively [27]. The welding structural analysis
employed a spring-type boundary condition (BC). Specifically, a spring
with a small stiffness of 10 N/mm is attached to each of the eight corners
of the workpiece to constrain displacement freedoms in all three Car-
tesian directions, thereby representing the workpiece loosely set on a
flat worktable without any fixturing.

3.2. Austenite-martensite transformations in Grade 91 steel

The G91 base metal microstructure used in this study was a tempered
martensite. Complex phase transformations take place during welding.
For example, during heating, the tempered martensite can transform
into austenite which in turn can transform into delta ferrite if the local
temperature is sufficiently high. Due to G91's high hardenability,
martensite readily forms from austenite under a typical weld cooling
rate. From a residual stress and distortion perspective, the main phase
transformations of interest are the martensite (tempered or untempered)
transformation to austenite (M-A) during heating, and the reverse
austenite transformation into fresh/untempered martensite (A-M) dur-
ing cooling. This is because these phase transformations induce changes
in both material volume and mechanical properties, e.g., yield strength,
consequently influencing stress and distortion evolution [28,29]. During
multi-pass welding, the martensite formed in a prior pass can be
tempered by heat input from subsequent passes. For example, it has been
shown that Grade 92 steel, a ferritic-martensitic steel in the same family
as Grade 91 steel, can be tempered in the HAZ during gas tungsten arc
welding [30]. Additionally, in the model without considering tempering
during welding, the residual stress can be slightly overpredicted. Note
the martensite in G91 steel has a sluggish tempering kinetics; for
example, soaking for 2 h at 1005 K was used to temper the G91 weld in
this study, which is much longer compared to the welding thermal cycles
[31]. Therefore, the tempering induced during welding is assumed to be
negligible. Hence, the microstructure evolution in G91 weld can be
described as f; + fm + fim = 1, where f, fm, fim, is the volume fraction of
austenite, fresh martensite, and tempered martensite, respectively. The
first two are formed during welding, and the last (fi,) comes from the
base metal.

Mesh size:
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Fig. 2. (a) Weld macrograph on the transverse cross-section, highlighting the fusion lines of individual beads. Welding analysis geometry and mesh (b) on the
transverse cross-section, showing the setup of beads, and (c) in 3D view. The coordinate system was set up in such a way that the X, Y, and Z directions are aligned
with the length, width and thickness direction of the weldment, respectively. (d) Tensile testing analysis geometry and mesh. The geometry corresponds to a section
of the welding analysis geometry, as indicated by red boxes in b and c. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3 shows two typical temperature profiles: one for single-pass and
the other for multi-pass welding scenarios. In this single-pass scenario,
the temperature profile exhibits a single peak above A3, and the tem-
perature decreases below the martensite finish temperature (M) during
cooling. When a G91 steel is subject to this single-pass temperature
profile, the M-A and A-M transformations would proceed to completion
during heating and cooling, respectively. The transformation kinetics
are described by the following equations.

First, the M-A transformation during heating is assumed to be linear
with temperature,

(€Y

where A; = 1093 K and A3 = 1193 K are the austenite transformation
start and finish temperatures for G91 steel, respectively [32]. Second,
the A-M transformation during cooling is governed by Koistinen-
Marburger relationship,

fa=117{1 —exp[ - 0.011(M, — T) ]}, (M; < T < M) @
where T is the temperature, Ms; = 648 K and My = 473 K are the
martensite start and finish temperatures for G91 steel, respectively [32].
While these complete transformations are readily handled, multi-
pass welding causes incomplete transformations when a region does
not heat above Az or cool down below M during a thermal cycle.
Particularly, the likeliness of incomplete A-M transformation is greatly
heightened when the martensite start temperature is relatively low and
the inter-pass temperature is relatively high. For example, the multi-pass
temperature profile in Fig. 3 exhibits three cycles, representing pre-
ceding (n-1), current (n), and subsequent (n + 1) passes. Incomplete M-A
and A-M transformations occur, respectively, at Point P, (the 1st peak
between A; and Ag) and Point Py, (the 2nd valley between Mg and My). In
the literature, discussions on incomplete transformations are relatively
limited, and the method used in this study is described as follows.
First, Point Py, in Fig. 3 experiences an incomplete A-M trans-
formation during cooling of Pass n, resulting in formation of some fresh
martensite. In Pass n + 1, the fresh martensite is retained as the local
peak temperature does not exceed As. The mixture of austenite and
martensite being reheated can result in complex microstructural
changes, such as carbon partitioning (< 10s) from the supersaturated
martensite to the untransformed austenite as reported in the literature
for quenched and partitioned (Q&P) steels [33]. In such cases, the car-
bon enrichment in the untransformed austenite raises its chemical sta-
bility, and the effective Ms-M; temperature range is suppressed. For

— Temperature profile in single-pass welding

=== Temperature profile in multi-pass welding

1500

1000 4

Temperature (K)

500 -

Pass n-1 Pass n Pass n+1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig. 3. Schematic temperature profiles for complete and incomplete trans-
formations in single- and multi-pass welding, respectively.
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simplicity, this study does not consider the complex microstructural
changes. Instead, it assumes that during cooling of Pass n + 1, new
martensite does not start to form when the temperature drops below Mg
due to the presence of martensite in the microstructure. The threshold
temperature for A-M transformation, Tf,’l’, is derived from Eq. (2),

Sin
17 0.011, (M; < T < M)

where fihax is calculated by adding the current fractions of austenite and
martensite, which also represents the maximum amount of martensite
that can be formed at this material point. It is noted that Eq. (3) is also
valid when there is only austenite present prior to cooling (e.g., single-
pass in Fig. 3). In such a case, f,, = 0, and thus Tf,’: = M;.

The modified fraction of martensite formed in the presence of
incomplete A-M transformation can be written by modifying Eq. (2) as,

4

T — M, +1n (1 ®)

fo = frax 0 1.17{1 —exp[ — 0.011(M, — T) ] }, (M; < T < T?)

Second, Point P, in Fig. 3 experiences an incomplete M-A trans-
formation during the heating of Pass n-1. When it is reheated in Pass n,
the onset temperature of M-A transformation is altered in the presence of
residual austenite. Following a similar approach used previously for the
incomplete A-M, the threshold temperature for M-A transformation, T
is derived from Eq. (1),

TR = Ay +fo(As — A1), (A1 < T < Ay) ©)

When the temperature is above T, the amount of austenite formed
in the microstructure is still calculated by Eq. (1).

With the above equations to track the fractions of austenite and
martensite as a function of temperature, the phase transformation
induced volume change strain Aey is further calculated by,

Aey = ViAf; (6)
where Vis the maximum volume change strain, and the subscripti = a or
m represents M-A or A-M transformation, respectively. V, = —2.288 x
1073, and Vi = 3.75 x 1073 [32].

3.3. Post-weld heat treatment model

The PWHT model incorporates creep behavior during the holding
stage and plastic redistribution arising from temperature-dependent
mechanical properties during both the heating and cooling stages.
This approach is justified as the literature studies have shown that creep
deformation during heating and cooling is negligible for G91 steel
[34,35]. In this study, only the steady-state creep deformation is
considered, and it is assumed to obey Norton's law [34],

écr = Ac" 7)
where écg is the creep strain rate, o is the applied stress, and A and n are
temperature-dependent material constants. Yaghi et al. [35] determined
these two constants for G91 steel by stress relaxation tests at 760 °C: A =
1.107%% and n = 10.741 (for stress in MPa). Since the holding temper-
ature applied in this study is close to that used in their study, their
measured values were adopted here. Additionally, due to the lack of
creep data, C22 is assumed to undergo creep as G91 with the same
parameters.

It is noted that tempering of martensite takes place during PWHT of
the G91 weld. The change in mechanical properties of FZ and HAZ due
to tempering (e.g., through carbide precipitation) [36], is not considered
for simplicity. The literature has shown that the predicted residual stress
aligns well with experimental data in the absence of tempering consid-
erations [28,35,37].

Due to the slow heating and cooling rates and relatively thin section
of the welded plate, the entire plate temperature was assumed to follow
that used in PWHT. The PWHT analysis employed the same BC as the
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structural analysis in Section 3.1.

3.4. Material thermomechanical properties

The welding analysis employs a thermo-elasto-plasticity constitutive
relation, and the PWHT analysis employs a thermo-elasto-visco-
plasticity constitutive relation. In the analysis, the total strain incre-
ment is decomposed into increments of thermal, elastic, plastic, and
creep strains (in the case of PWHT). The thermal strain is calculated as
the product of the coefficient of thermal expansion (CTE) and temper-
ature variation, the elastic strain follows Hook's law of linear elasticity,
the plastic strain adheres to the flow rule with a von Mises yielding
function and an isotropic hardening formulation, and the creep strain is
calculated using Eq. (7).

Fig. 4a shows the thermal and mechanical properties of G91 utilized
in welding and PWHT analysis, including thermal conductivity 4, spe-
cific heat Cp, CTE, elastic modulus E, yield strength of base metal ”f/iel d

and weld metal o7;;.

Additional properties used in the analysis but not
shown in the figure include density (pgo; = 7770 kg/m>), fusion latent
heat (Hgo = 2.56 x 10°J /kgeK), solidus temperature (Ts.go; = 1693 K),
and liquidus temperature (Ti.go1 = 1773 K). Part of these properties are

sourced from the work by Kiranmayi [38]. The values of oi’,ie

are adopted from experimental measurements by Deng et al. [28].
Plastic hardening is omitted due to the relatively low strain values
incurred during welding (e.g., < 20 % [39,40]). Due to incomplete M-A
and A-M transformations described in Section 3.2, the yield strength of a
mixture of martensite and austenite phases,

w
q and oy,

Gmlx

il is estimated using,

”;?z(d = fm0%iqg + (1 = fin)Oieta

®

where ot
austenite, respectively. Note that o7, is assumed to be equal to that of

the weld metal, and Oyiela 1S assumed to follow the temperature-

¢ are the yield strength of fresh martensite and

a
q and o3,

dependent yield strength of the base metal qu'ezd (see Fig. 4a).
Fig. 4b-c show the thermal and mechanical properties of C22. Given
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the high work-hardenability of C22, linear hardening as a function of
temperature is considered in both the welding and PWHT analyses.
Supplementary properties not presented in the figure include pcoy =
8690 kg/m>, Hego = 2.56 x 10° J/kgeK, Ts.coz = 1630 K, and Ti.co =
1672 K. All these properties are sourced from the Haynes International
online database [41]. As noted previously, dilution in the substrate and
clad beads is not considered. In other words, beads 1-9 (see Fig. 2a) are
assigned with properties of G91, and beads 10-19 with properties of
C22.

3.5. Tensile testing model

Fig. 2d shows the geometry of tensile testing analysis with di-
mensions of 57 mm long x 6 mm wide x 21 mm thick, which represents
the gauge section of the experimental tensile specimen. This geometry is
extracted from a section of the welding analysis geometry, as indicated
by red boxes in Fig. 2b-c. The initial condition of the tensile sample is
established based on the final state of the welding and PWHT analysis,
utilizing data mapping from the old mesh to the new mesh. This data
mapping is executed through a two-step interpolation technique [42]. In
the first step, the data is acquired at the nodes of the old mesh by
extrapolating from integration points to the nodes of each element.
Subsequently, the integration points of the new mesh are mapped to the
old mesh, and the values at these integration points are obtained by
interpolating from the nodes of the old mesh. As shown in Fig. 2d, a
uniform mesh with a size of 1 mm was employed to ensure accurate data
transfer.

The tensile testing analysis consisted of two steps. Step 1 addressed
the stress unbalance due to the extraction from the weldment. Note that
the mechanical properties used in the tensile testing analysis were
derived from experimental measurements of post-weld heat treated
sample, which had already undergone removal of prior work hardening
effects. Hence, the equivalent plastic strain, which induces work hard-
ening, was removed via “annealing” in this step. Step 2 simulated the
experimental tensile testing by fixing the right face and loading on the
left surface, as shown in Fig. 2d. The left face was coupled to a reference
point using the kinematic coupling constraint, and a displacement in the

1400 A (x107! W/mK) —— E (GPa) (a)
o0 g 777 g (MP2)
- — CTE (x1077/K) —== Oleg (MPa)
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400 4

Material properties of Grade 91
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Material property for Alloy C22
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Fig. 4. Thermophysical and mechanical properties of (a) G91 and (b) C22. (c) Temperature-dependent stress-strain relations of C22.
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loading direction was assigned to the reference point with displacement
freedoms in all other directions fixed. To show the effect of residual
stress, a comparative simulation case was also conducted by omitting
the incorporation of the stress (i.e., without Step 1) while keeping
everything else the same.

The tensile testing analysis employs an elasto-plasticity constitutive
relation. The microstructure of the G91 weld is highly inhomogeneous,
and microstructure-dependent stress-strain curves are thus essential to
accurately simulating the tensile testing. However, due to experimental
limitations, the individual stress-strain curves for different microstruc-
ture regions such as G91 weld metal were not measured. The following
simplifications are used to obtain the necessary mechanical properties.

First, from the tensile test of a cross-weld sample at room tempera-
ture (Fig. 2d), a stress-strain curve was obtained following the procedure
shown in Appendix A. This stress-strain curve was then assigned to the
G91 base metal and HAZ. This simplification is justified as the defor-
mation primarily occurred in the G91 base metal (to be shown later).
Additionally, the measured ultimate tensile stress (UTS) of the cross-
weld sample was 675 MPa (Fig. A.1), which is comparable to the
typical UTS value of 683 MPa for G91 base metal [43].

Second, as to be shown later (Fig. 9¢), the hardness value of the G91
base metal and HAZ was relatively uniform even though there were
several soft spots corresponding to inter-critical HAZ. Specifically, the
soft spots had a hardness of 200 HV and the rest of the HAZ 220 HV.
Given the relatively small difference in hardness, the soft spots were
assumed to have the same stress-strain curve as the base metal and HAZ
determined above.

Third, the G91 weld metal has a much higher hardness than the base
metal (see Fig. 9e to be discussed later). The stress-strain curve for the
G91 weld metal was determined by multiplying the base metal flow
stresses by the hardness ratio, 260 HV for weld metal / 220 HV for base
metal. Additional details can be found in Appendix A.

Lastly, the C22 base metal and weld metal are assumed to follow the
mechanical property at room temperature shown in Fig. 4c.

3.6. Model implementations

The integrated process-performance modeling was executed using
Abaqus [42], a commercial finite element solver. The weld structural
and tensile testing analyses were handled by a STATIC step, while the
PWHT was handled by a VISCO step, which is used to account for time-
dependent creep behavior in a quasi-static analysis [42]. The element
type used in the thermal and mechanical analysis is full-integration brick
element.

For ease of implementation, the volume change strain due to M-A
and A-M transformations is added to the thermal strain in the calcula-
tion. Specifically, two Abaqus user subroutines were used: USDFLD
which tracks the microstructure evolution as a function of temperature,
and UEXPAN which calculates the volumetric strain due to phase
transformations. A verification case for the incomplete transformations
along with the Fortran source codes are provided in Supplemental Sec-
tions 1 and 2, respectively.

The welding thermal and mechanical analyses required 11 h and 36
h, respectively, utilizing a workstation equipped with a 16-core AMD
1950X processor and 32 GB of RAM. The total element count for each
analysis amounted to 93,674. The tensile testing analysis cost 20 min on
the same machine with a total element count of 28,160.

4. Results and discussion
4.1. Temperature and stress fields during welding and PWHT

Fig. 5a shows a representative temperature field during welding; it is
for pass 9, the final substrate pass, at an instance when the welding torch

passes the mid-length plane. Due to the concentrated arc energy input, a
steep temperature gradient is present around the molten pool. Such

210

Journal of Manufacturing Processes 121 (2024) 205-220

300 533

767 1000 1233 1467 1700, .
Temperature,

T(K)

(a)

Substrate G91

Miq. ol

X th
13, Plane,

m Clad C22

(b)

300

Peak temperature (K)

767 1233 1700

(©)

o Experimental A Predicted

Y
3
3

Inter-pass temperature (K)
g
8
.

Substrate

'S
S
3

0 2 4 6 8 10 12

Pass No.

14 16 18 20

Fig. 5. (a) Representative temperature field and molten pool for pass 9 when
the welding torch passes the mid-length plane. Verification for welding thermal
analysis using (b) fusion boundary and (c) inter-pass temperatures of individ-
ual passes.

temperature gradient is a main driving force for the formation of re-
sidual stress and distortion [44]. Fig. 5b shows the peak temperature
distribution on a cross-section for pass 14, with the boundary of the
predicted fusion zone depicted by the liquidus temperature contour (e.
g., T1.c2o for this pass). When compared to the experimentally measured
fusion boundary depicted by dotted lines, a good consistence is
observed. Similarly, the inset image shows a good consistence between
the experimental and predicted fusion boundary for pass 6. Additionally,
Fig. 5¢ shows the predicted inter-pass temperatures are consistent with
the experimental data of individual beads. Such consistence is expected
as the Goldak heat flux parameters were calibrated against the fusion
boundaries in the thermal analysis. Nevertheless, the consistence pro-
vides some basis to support the validity of the calculated temperature
field for stress and distortion analysis.

As an example of stress evolution, Fig. 6a shows the distribution of
transverse stress (oy) at the end of the cooling phase of pass 9. Some
tensile stress forms in the region beneath the cap passes on the substrate
side, as marked by a dashed ellipse. In particular, oy reaches the peak
just beneath the freshly deposited bead of pass 9. Fig. 6b shows the oy
distribution at the end of welding, i.e., after the entire weldment is
cooled down to room temperature. The tensile stress is also observed
beneath the cap passes on the clad side. Additionally, the tensile stress
on the substrate side is significantly increased when compared to that
prior to welding of the clad layer (Fig. 6a).

Fig. 7 compares the stress distribution on the transverse cross-section
in the as-welded versus after PWHT state. Fig. 7a-b show the as-welded
stress in the longitudinal (6x) and transverse (oy) directions, respec-
tively. ox is predominantly tensile in the FZ and HAZ and transitions to
compressive stress in the base metal. In contrast, oy exhibits a tensile-
compressive-tensile pattern along the thickness direction in the FZ,
accompanied by marginal stress in the base metal. Overall, it is
concluded that the high tensile stress is concentrated in the weld metal,
particularly in the cap passes on both sides, whereas stress in the base
metal remains low and compressive.

Fig. 7c-d show ok and oy after PWHT. In the FZ of the substrate, both
ox and oy exhibit notable reductions with peak tensile stress decreased
to only about 100 MPa (yellow contours around the substrate's cap
passes). In the FZ of the clad, both ox and oy also exhibit some reductions
although the peak tensile stress is higher than that in the FZ of the
substrate. Specifically, ox ranges from 150 to 270 MPa (orange and red
contours) and oy ranges from 100 to 200 MPa (yellow and orange
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Fig. 7. As-welded stresses in the (a) X direction and (b) Y direction, stresses after PWHT in the (c) X direction and (d) Y direction, and creep strains after PWHT in the
(e) X direction and (f) Y direction. The transverse cross-section is located at the center of the weld plate along the length direction.

contours). Unlike the FZ, the base metal of the clad experiences an in-
crease in residual stress after PWHT, with high tensile 6x and oy reaching
peak values of about 250 MPa. Furthermore, a high stress gradient is
present at the bonding interface, marked by a transition from high
tensile stress to high compressive stress, particularly in the case of oy.
The elevated tensile stress in the clad and the high stress gradient at
the bonding interface after PWHT are attributed to the mismatch in CTE
between the clad and the substrate. Specifically, the average CTE of the
clad material is 11.6 % larger than that of the substrate within the
temperature range of 300-1005 K (see Fig. 4). The excess thermal
expansion of the clad material is constrained by the substrate during the
heating phase of PWHT, and the resulting compressive plastic strain
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leads to tensile stress in the clad after PWHT [14]. Fig. 7e-f show the
creep strain after PWHT in the longitudinal (CEx) and transverse (CEy)
directions. The patterns of creep strains align with the respective
stresses, which is expected as the magnitude of creep strain is propor-
tional to the magnitude of stress (Eq. (7)).

In summary, PWHT has dual effects on the residual stress in the G91/
C22 weld. On one hand, it mitigates residual stresses in the weld metal
through creep deformation. On the other hand, the mismatch in CTE
between the clad and the substrate induces tensile stress in the clad layer
and a high stress gradient at the bonding interface. Those results are
consistent with observations reported in the literature [14,15,45].

Due to experiment limitations, the residual stress was not measured.
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Instead, the displacement of the plate in the Z direction (Uz) was
experimentally mapped and used to validate the mechanical analysis for
welding and PWHT. Fig. 8a depicts the experimentally measured Uz
when the substrate side is facing upwards. Note that due to limitations in
the measurement apparatus, the middle section (=70 mm < y < 70 mm)
was not measured. Overall, two bending distortion patterns are
observed. Pattern 1 is bending about the Y direction, indicated by the
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o
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increase in magnitude of Uz as one moves along the longitudinal di-
rection from x = 500 to 0 mm. Pattern 2 is bending about the X direction,
indicated by the increase in magnitude of Uz as one moves from the
center towards the outer side along the Y direction. It is noted that
Pattern 2 is commonly observed in butt-welded plates but Pattern 1 is
unexpected. Fig. 8b shows the calculated displacement field in the Z
direction after PWHT, showing the predominant “butterfly”-shaped
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Fig. 8. Validation of welding and PWHT mechanical analyses through distortion assessment. (a) Experimentally measured displacement in the Z direction when the
substrate side is facing upwards. (b) Calculated displacement field in the Z direction after PWHT. (c) Comparison of the Z displacement profiles in the transverse

direction between experimental and calculated results.
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distortion about the X direction. This bending, commonly observed in a
butt weld, is attributed to the unbalanced shrinkage force between the
substrate and the clad [44].

For a more quantitative comparison of the predicted and measured
distortion, the line profile of Uy along the Y (or weld width) direction is
compared as shown in Fig. 8c. For the measured distortion, three loca-
tions near the plate's mid-plane were selected: x = 140, 260, and 380
mm, as shown in Fig. 8a. For the simulation data, only the mid-plane was
selected since the bending distortion is relatively uniform along the X
direction. The extracted data was then used to define a relative Z
displacement, Uzg = Uz — Uzy, where Uzt is the Z displacement at the
midpoint of the top edge, as indicated in Fig. 8a-b. This conversion is
needed partly due to the inconsistent reference for measurement be-
tween experiment and simulation, coupled with the unexpected bending
pattern 1 in the experiment.

As shown in Fig. 8c, the three experimental Uy profiles demonstrate
the two bending patterns. Furthermore, both the experimental (dashed
lines) and calculated (solid blue line) data display bending pattern 2,
although the magnitude of the bending is not accurately calculated. In
summary, the comparison shows bending pattern 2 was predicted by the
model but pattern 1 was not. A possible reason is the experimental error;
for example, Fig. 2a shows there were some misalignments between the
two plates during welding. Lastly, superimposed in Fig. 8c is the as-
welded distortion (solid red line) which is close to the distortion after
PWHT, suggesting that the PWHT has a limited effect on reducing
distortion.

Although the predicted stress and distortion are not fully validated
due to the experimental limitations, the final residual stress distribution,
dominated by PWHT, is deemed sufficient for subsequent tensile
modeling in conjunction with the weld microstructure to be described
next.

4.2. Phase fractions after welding

As noted previously, the microstructure in the G91 substrate weld is
described by austenite, fresh martensite, and tempered martensite with
the following relation f; + fi, + fim = 1. As an example of the predicted
microstructure evolution, Fig. 9a-b show the calculated distribution of
fresh martensite and austenite, respectively, at the end of the cooling
phase of pass 8. Note that the microstructure of base metal comprises
solely tempered martensite, thus exhibiting 0 value on each plot. The
incomplete A-M transformation, exacerbated by a high inter-pass tem-
perature of ~552 K (Fig. 9¢), results in a mixed microstructure of fresh
martensite and remaining austenite. The retained austenite in pass 8 is
eventually transformed into martensite after the weldment is cooled

Fresh martensite fraction
0.6 0.8

0.0 0.2 0.4 1.0 0.0 0.2
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down to room temperature. Consequently, the FZ is completely trans-
formed to fresh martensite in the final state, as shown in Fig. 9d. This
incomplete A-M transformation alters the local volume strain and me-
chanical properties, and the evolution of stress and distortion consid-
ering these effects is already presented in the previous section.

Fig. 9d also shows patches in the HAZ that contain a mixed micro-
structure of tempered and untempered martensite. These patches,
belonging to the inter-critical HAZ, experienced incomplete M-A trans-
formations (see Eq. (1)), thus retaining some of the tempered martensite
from the base metal. The predicted IC-HAZ is predominantly observed at
the waist of the FZ and beneath the cap passes, as marked in Fig. 9d.
These locations experienced multiple thermal cycles in such a way that
the local IC-HAZ was significantly widened. As reported in the literature,
the IC-HAZ exhibits lower hardness than both the base metal and the
fine-grain HAZ after PWHT [46]. In the experimentally measured
hardness map (Fig. 9e), soft spots are observed at locations aligning with
the predicted IC-HAZ patches. Such consistency supports the validity of
the weld thermal analysis and the metallurgical analysis considering
incomplete transformations. It is noted that the IC-HAZ, typically with a
width of 0.2-0.4 mm [47,48], cannot be fully captured by the present
model with a mesh size of 0.5-1.5 mm across the HAZ. Similarly, the
experimental hardness map did not fully capture the IC-HAZ due to the
large indent spacing used (e.g., 0.5 mm along the weld width direction).

4.3. Tensile testing analysis

Fig. 10a-b shows the experimental DIC strain maps during tensile
testing of the cross-weld sample at engineering strain (eyg) levels of
approximately 3 % and 15 %, respectively. In the early stage of loading
(eyg = 3 %), the deformation is primarily distributed in the G91 base
metal (near the weld) and the C22 weld metal as marked in Fig. 10a
(purple-colored contour). Conversely, the G91 weld metal exhibits
negligible deformation. At the point of fracture (eyg = 15 %), a high
deformation zone, is observed in a lower region in the G91 base metal,
highlighting localized necking inclined in the loading direction. The
final fracture occurs along the direction of the localized necking, as
indicated in the bottom-right inset of Fig. 10c. Note that the base metal
further away from the weld does not deform significantly, primarily due
to fixturing.

From the DIC strain map, local Y-strain (ey) histories at three
monitoring points — C0, C1 and C2— were extracted, as shown in
Fig. 10b. Points C1 and C2 were positioned along a vertical line, which
passed through the high deformation zone, with the former placed
approximately at the plate's mid-thickness and the latter in the clad
layer. Point CO was located 5 mm horizontally from C1 towards the G91
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Fig. 9. Calculated distribution of (a) fresh martensite, (b) austenite, and (c) temperature at the end of the cooling phase of pass 8. (d) Calculated distribution of fresh
martensite at the end of welding. (e) Experimentally measured hardness map of weld and adjacent heat-affected zones after PWHT.
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Fig. 10. DIC strain map for RT experimental tensile test at engineering strain levels of approximately (a) 3 % and (b) 15 %, respectively. (c) Load-strain curves
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layer, respectively, along a vertical line through the high deformation zone, while point CO is located 5 mm horizontally from C1 towards the G91 weld metal. (For
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weld metal. In accordance with the experiment, the calculated strain
histories at the same monitoring locations were extracted from the
tensile model (see Fig. 11d), and the reaction force at the reference point
(see Fig. 2d) was also extracted as the calculated load.

Fig. 10c compares the experimental versus calculated load versus
local Y-strain curves (L-ey) for the three monitoring locations. Specif-
ically, all the experimental curves exhibited a rapid linear increase in
load initially that was followed by a gradual rise until the peak load was
reached at a local strain of 5 % to 10 %. Afterward, the necking was able
to reduce the cross-section area to such a sufficient level that the load
needed to further deform the sample started to drop. As the further
deformation was concentrated in the necking region (Fig. 10b), C1,
located near that region, experienced high strain prior to the final fail-
ure. On the other hand, C2 and CO, located away from the necking re-
gion, did not experience much additional deformation, resulting in a
steep drop in load prior to failure, as shown in Fig. 10c.

The deformation behavior of CO and C1, both in G91 with the former
away from the necking region and the latter near it, is well captured by
the tensile model, as shown in Fig. 10c and a zoom-in view in the top-
right inset of Fig. 10c. Some discrepancy is noted; for example, the
model underpredicted the local strain and slightly overpredicted the
load at point C1 towards the late portion of loading when the local strain
was above 30 %. Such deviation is attributed to the final fracture, which

Deformation

Clad

Substrate

is not accounted for in this model. At point C2, the load was over-
predicted when the local strain was above 10 % (e.g., prediction 83 MPa
vs. experimental 74 MPa at a strain of 20 %). This deviation is likely
attributed to inaccuracies in the mechanical properties of C22 as well as
a lack of consideration of the final fracture. Overall, the comparison in
Fig. 10c shows some fair agreements between experimental and calcu-
lated load-strain curves at the three different locations, validating the
tensile testing analysis.

Fig. 11a-d show the calculated distribution of strain in the loading
direction (ey) during the tensile test at four different engineering strain
(eyg) levels of 3 %, 6.8 %, 12 % and 15 %, respectively (see Appendix
Fig. A.1). Specifically, Fig. 11a depicts that at the early stage of loading,
deformation zones are observed on both sides of the weld metal, with
pronounced deformations in the G91 base metal and the C22 weld
metal, and minimal deformations in the G91 weld metal. This predicted
deformation pattern is consistent with the experimental strain map
shown in Fig. 10a. When necking started to take place (Fig. 11b), the
high deformation zone is confined solely to the G91 base metal, whereas
the deformation is relatively uniform in the clad. In the post-necking
stage (Fig. 11c-d), the G91 base metal undergoes additional deforma-
tion, resulting in a high deformation zone inclined to the loading di-
rection. This high deformation zone aligns with the experimentally
observed localized necking in Fig. 10b.
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High deformation
zone

Base
metal

g/ >
9/ Weld \
7 \

(d)

Fig. 11. Predicted distribution of strain in the loading direction at engineering strain levels of (a) 3 %, (b) 6.8 %, (c) 12 %, and (d) 15 %, respectively (see Ap-

pendix Fig. A.1).
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Fig. 12. Calculated distribution of stress in the tensile specimen prior to tensile loading: (a) ox and (b) oy as-mapped from the welding and PWHT analysis. (c)
Redistributed ox and (d) oy after the re-balance step representing mechanical sectioning.
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Fig. 13. Calculated distribution of stress during tensile loading. oy at engineering strain levels of (a) (¢) 3 % and (b) (d) 15 %. (a)(b) correspond to the case
incorporating residual stress from welding and PWHT, while (c) (d) correspond to the case without considering residual stress. Positions such as mc and nc marked in
(a) and (c) were used to extract characteristic stresses with detailed results presented in Appendix B.

Fig. 12 shows the calculated distribution of stress in the tensile
specimen prior to tensile loading. The initial stress distribution in the
specimen was mapped from the welding and PWHT analysis. Fig. 12a-b
show the as-mapped ox and oy, respectively, which closely align with the
respective source results in Fig. 7c-d, respectively. As noted in Section
3.5, the first step of the tensile testing analysis was to re-balance the
stress, representing stress relieving due to mechanical sectioning. The
effect of stress relieving is observed in Fig. 12c-d, where ox and oy
experienced redistribution. Specifically, ox was largely reduced as the
cross-weld sample had a much smaller dimension along the weld length
direction compared to the full geometry. On the other hand, oy exhibited
a moderate reduction of ~50 MPa as the sample maintained a large
fraction of the weld width dimension. Lastly, the strong stress gradient at
the bonding interface, with tensile stress in the clad and compressive
stress in the substate, was also retained.

Fig. 13 shows the calculated distribution of stress during tensile
loading. At the early stage of tensile loading (eyg = 3 %), Fig. 13a shows
that oy in the clad approximately equals the yielding stress of C22,
indicating a small level of plastic hardening. In contrast, the G91 base
metal undergoes a considerable amount of plastic hardening, resulting
in oy significantly surpassing its yield stress of 464 MPa. A reason for the
disparity in the stress between the clad and substrate is provided in the
following. In tensile testing, the clad and the substrate maintain the
same length versus load as the two are bonded together. For the sub-
strate, the G91 weld metal exhibits a higher hardness and thus a higher
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strength than the G91 base metal (Ugiem =464 MPa, and a;geld = 548 MPa
as shown in Appendix Fig. A.1b). Since the two regions are connected “in
series” along the loading direction, the stretched length increase is
largely absorbed by the softer base metal, resulting in a larger plastic
hardening in the G91 base metal. On the other hand, the C22 weld metal
and its base metal have comparable strength. As a result, the C22 weld

2.0 Triaxiality
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t With residual stress
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Fracture location

10 mm

Fig. 14. Stress triaxiality factor at engineering strain levels of (a) (c) 3 % and
(b) (d) 15 %. (a)(b) correspond to the case incorporating residual stress from
welding and PWHT, while (c) (d) correspond to the case without considering
residual stress.
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metal and base metal are stretched more uniformly, and as a result no
extensive plastic hardening occurs in the clad.

As noted earlier, necking reduces the cross-sectional area to carry the
load, exacerbating the increase in the local stress. At the fracture point
(eyg = 15 %), the G91 base metal, accumulating substantial plastic
hardening, exhibits the highest oy, as shown in Fig. 13b. The stress
pattern aligns with the localized necking in Fig. 10b and high defor-
mation zone in Fig. 11d.

As noted in Section 3.5, a comparative tensile testing case was run
where the tensile sample was initially stress-free without any residual
stress from welding and PWHT. Fig. 13c-d show oy at eyg = 3 % and 15
%, respectively for this comparative case. Similar oy patterns are
observed between the two cases, except that the high tensile stress at the
bonding interface was not captured when the residual stress was not
included. This high tensile stress is attributed to the interaction between
the residual stress and the tensile loading stress. As the sample under-
went tensile loading, the initial compressive stress in the substrate
gradually diminished and shifted to tensile stress, while the initial ten-
sile stress in the clad was further compounded with the tensile loading
stress.

To help understand the fracture mode and location, the triaxiality
factor (TF) is computed based on the numerical results. TF is defined as
TF = (61 + 062 + 03) / 6y, Where 61, 65 and 63 are the maximum, inter-
mediate and minimum principal stresses, respectively, and ¢, denotes
the von Mises stress [49]. Fig. 14a-b show the calculated TF at 3 % and
15 % eyg, respectively for the case incorporating the residual stress. At
the early stage of uniaxial tensile loading (eyg = 3 %), TF distribution
exhibits a relatively uniform value of 1.0 except for two locations, i.e.,
bonding interface and sample's left and right end surfaces. The former is
attributed to the high stress gradient at the interface (as detailed in
Appendix B), and the latter attributed to the boundary conditions
applied at the ends. At eyg = 15 %, TF reaches a peak at the location
aligned with the high deformation zone in Fig. 11d and the high stress
zone in Fig. 12f, indicating the fracture initiation in this location.
Moreover, the peak TF value of 1.48 suggests a ductile fracture mode
[50], consistent with the experimental observation.

The results for the comparative case without residual stress are
shown in Fig. 14c-d. Predicted TF values and patterns are again similar
between the two cases, except that the comparative case does not cap-
ture the high TF value at the bonding interface.

The comparison of the two tensile simulation cases, with and without
residual stress from welding and PWHT, indicates that the residual stress
plays an insignificant role in the tension fracture behavior of the weld of
G91/C22 clad pates. This is because the fracture stress in the G91 base
metal is dominated by that from the tensile loading. However, the re-
sidual tensile stress can be compounded with the applied load, resulting
in significant tensile stress and TF at the bonding interface where a high
stress gradient persists. A reason that the interface debonding did not
occur in the present study is likely the high bonding strength of the clad
to the substrate by explosive welding [51,52]. But it indicates that the
residual stress could become a critical factor for cases where the sub-
strate/clad bonding strength is weak.

5. Summary and conclusions

An integrated model, encompassing welding, PWHT and tensile
testing, has been developed to study the fracture behavior of a welded
bimetallic plate with G91 steel substrate and C22 alloy clad loaded in
tension. The simulation results of fusion zone shapes, soft regions in
heat-affected zone, and local strains during tensile testing are consistent
with the respective experimental data. On the other hand, the predicted
distortion does not match that measured experimentally possibly due to
some experimental error. The following conclusions can be drawn.

216

Journal of Manufacturing Processes 121 (2024) 205-220

(1) For the multi-pass weld with relatively high inter-pass tempera-
tures, the incomplete austenite-martensite transformations are
observed. By considering the incomplete transformation kinetics
in the welding model, the IC-HAZ, characterized by a mixed
microstructure of tempered and untempered martensite, is pre-
dicted. This is particularly evident in areas experiencing more
thermal cycles, e.g., locations beneath the cap passes on both
sides of the clad plates. The predicted locations of IC-HAZ
correlate well with the low hardness spots observed experimen-
tally on a weld transverse section.

(2) Welding introduces tensile stress in the weld metal which is most
significant in the vicinity of the cap beads on both the substrate
and clad sides. PWHT effectively mitigates the residual stress in
the weld metal through creep deformation. However, the larger
CTE of the clad material compared to the substrate induces
considerable tensile stress in the clad and a high stress gradient at
the bonding interface.
During tensile testing, the G91 base metal, weaker than the G91
weld metal, experiences higher deformation. In contrast, the
deformation in both the base and weld metals of clad C22 is
relatively uniform due to their comparable strength. As defor-
mation accumulates in the G91 base metal, the stress triaxiality
there also increases, ultimately leading to fracture. Therefore, the
fracture location of the G91/C22 weld is determined by the
relative strength between the base and weld metals, rather than
that between the clad and substrate materials.
For the G91/C22 weld, the residual stress induced by welding and
PWHT has an insignificant effect on the fracture in G91 base
metal. However, the residual tensile stress is compounded with
the tensile loading stress, especially at the bonding interface
where a high stress gradient persists, thereby exacerbating the
tensile stress and triaxiality factor in that region. Hence, for cases
with a weak clad-substrate bonding strength, the residual stress
could be a critical factor in influencing the fracture behavior.

3)

(4
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Appendix A

Cross-weld samples, extracted from the PWHT'ed. G91/C22 weld joint, were subjected to uniaxial tensile testing at room temperature, as depicted
in Fig. 1c. The resulting engineering stress-strain curves for three duplicate samples are presented in Fig. A.1a. The three curves are consistent until the
engineering strain exceeds 6.8 %. The data of Sample 2, locating between those of Samples 1 and 3, is used for the present analysis. The yield strength
is found to be 464 MPa, and the ultimate tensile strength 675 MPa with a corresponding necking strain of 6.8 %.

The engineering stress-strain curve for Sample 2 is converted into the true stress-strain curve shown in Fig. A1b. Note that the post-necking portion
is excluded due to the stress condition deviated from the uniaxial state. Instead, the post-necking behavior is extrapolated from a Hollomon type fitting
to the pre-necking portion, as indicated in the figure.

Given that the deformation predominantly occurs in the G91 base metal, the stress-strain relation of the cross-weld sample is assumed to represent
that of the G91 base metal. The true stress-strain relationship for the G91 base metal (blue) is then adjusted to obtain the true stress-strain relationship
for the G91 weld metal (red). This adjustment is made using a hardness ratio (260 HV / 220 HV) of G91 weld metal over G91 base metal (see Fig. 9¢).
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Fig. A.1. (a) Engineering stress-strain curves for G91/C22 cross-weld samples by uniaxial tensile testing at room temperature. (b) Estimation of the true stress-strain
relationships for G91 base and weld metal. The post-necking behavior is approximated by fitting the pre-necking portion with the Hollomon relation.

Appendix B

To explain the high triaxiality factor at the bonding interface, the characteristic stresses, such as maximum (o1), intermediate (¢3), minimum (o3)
principal stresses, and von Mises stress (oy) were extracted at four monitoring positions for the case with the residual stress from welding and PWHT.
Those four positions are indicated in Fig. 13a and the bottom inset picture of Fig. B.1.

Fig. B.1a shows the stress evolution of an interface element (mc) on the C22 clad side during tensile loading. The initial stress is the residual stress
from welding and PWHT, and thus the stress state is non-uniaxial, resulting in TF = 2.2. As tensile loading advances, the stress state transitions to a
uniaxial tensile state with TF = 1.0. Fig. B.1b-c show the stress evolution at the top and bottom of an interface element on the substrate side,
respectively. Both positions exhibit non-uniaxial stress states initially due to the residual stress, with a significant stress gradient between them.
Specifically, at the top of the element (mst), the stresses (67 = 205 MPa, 65 = 168 MPa, 63 = 6 MPa, and ¢, = 183 MPa) result in TF = 2.1, while at the
bottom of the element (msb), the stresses (61 = 7 MPa, 63 = —159 MPa, 03 = —170 MPa, and 6, = 171 MPa) result in TF = —1.9. During subsequent
loading, the residual stress is compounded with the applied load, resulting in a monotonic increase in 6. However, the non-uniaxial stress state is
maintained for both positions, and consequently TF does not become 1.0. Fig. B.1d shows the stress evolution of an element in the interior of the G91
substrate (msi), exhibiting a similar transition from non-uniaxial to uniaxial tensile state to that in Fig. B.1a as loading progresses. Comparing results
among these monitoring locations indicates the significant role of stress gradient in preventing the stress state from transitioning to a uniaxial tensile
state.
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Fig. B.1. Evolution of maximum, intermediate, minimum principal stresses, von Mises stress and triaxiality factor at four monitoring points, (a) mc, (b) mst, (c) msb,
and (d) msi for the tensile model incorporating residual stress from welding and PWHT. The location of these points is indicated in the bottom inset and Fig. 13a.
Specifically, Point mc is in an interface element on the C22 clad side, Points mst and msb in an interface element on the G91 substrate side, and Point msi in an
interior element of the substrate. Points mst and msb are at the top and bottom of the interface element, respectively, capturing the presence of a significant local

stress gradient.

Correspondingly, Fig. B.2 shows the evolution of 61, 02, 63, 6y, and TF during tensile loading for the case without considering the residual stress
from welding and PWHT. The monitoring positions are placed in the same elements as those in Fig. B.1, with their exact locations indicated in the
bottom-right inset and Fig. 13b. As shown in this figure, the stress state at these positions remains in a uniaxial tensile state throughout the tensile

loading process, resulting in TF = 1.0.
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Fig. B.2. Evolution of maximum, intermediate, minimum principal stresses, von Mises stress and triaxiality factor at three monitoring points, (a) nc, (b) ns, and (c)
nsi for the tensile model without considering residual stress. The location of these points is indicated in the bottom-right inset and Fig. 13b. Specifically, Point nc is in
an interface element on the clad side, Point ns in an interface element on the substrate side, and Point nsi in an interior element of the substrate.
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