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Abstract

Austenitic stainless steel, also known as SUS304, has a wide industrial application. The resultant residual stresses and defor-
mation due to arc welding play a critical role in an in-service SUS04 part failure. Various experimental studies have been
presented to predict residual stresses and part deformation. However, these techniques are expensive and time-consuming
owing to the trial-and-error approach, limiting their application to industrial applications. Based on the emergent need, this
study introduces two simulation models based on analytical and FEM techniques for thermal distribution and residual stress
estimation. The experimentally calibrated models results have been implemented for SUS304 multi-pass arc welding. For
the analytical simulation framework, a thermal model by considering the arc torch energy attenuation has been solved and
provided as an input to the residual stress distribution model solved using Green’s function technique. For FEM, a thermo-
mechanical coupled model has been proposed and solved using the symmetrical technique. A close correlation has been
identified among the analytical, FEM, and experimental techniques. It was found that during the second welding pass, a
significant increase in the peak temperature was observed due to elevated arc-material interaction, leading to an expanded
heat-affected zone and melt pool. Residual stress analysis highlighted the crucial role of thermal gradient and cooling mecha-
nisms in generating stress within the weld region, which is essential for material strength assessment and failure prediction.
This study offers a comprehensive understanding of the thermal and residual stress behaviors in multi-pass arc welding of
SUS304 stainless steel bulk plates and can be applied to arc-based additive manufacturing processes.

Keywords Multi-pass arc welding - Residual stresses - Austenitic stainless steel SUS304 - FEM analysis - Analytical
framework

1 Introduction

Austenitic stainless steel, also known as SUS304, is extensively
utilized to produce nuclear reactors, the medical field, food, and
dyeing equipment [ 1-3]. Its broad use is supported by impres-
sive mechanical qualities and exceptional corrosion resist-
ance [4-6]. These structures invariably necessitate integration
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with other components through welding techniques to enable
multi-functional capabilities [7-9]. However, the welding of
SUS304 brings with it a propensity for post-welding defects
[10-12]. Given the severe influence of these imperfections on
the mechanical characteristics of SUS304 components, the
removal of welding errors is critical to ensure the strength of
the welded components [13, 14]. In terms of cost-effectiveness,
the deployment of welding, particularly for repair, requires the
complete resolution of weld-related defects [15, 16].

The inevitability of residual stresses (RS) along with
the deformation emerges during the welding process due to
localized fast heating and subsequent cooling in the welded
region and its immediate surroundings [17-19]. Notably, the
welded region is usually very small compared to the bulk
plates, imposing more limits on the filler metal within this
welded zone by the adjacent material [20-22]. As a result,
RS after welding cool-down is typically greater compared
to those created at the start of welding. Notably, increased
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tensile stress plays an important role because it can cause
stress corrosion cracking (SCC), a condition that drastically
reduces the lifespan of these structures [23-25]. To reduce
SCC susceptibility, it is critical to analyze the amplitude and
spatial scattering of RS inside welded components caused
by the repair welding procedure [26-28].

Obtaining a thorough image of welding RS distribution
using experimental techniques, however, is a daunting task
characterized by high prices and labor-intensive proce-
dures. Computational techniques based on the finite element
method (FEM), on the other hand, have emerged as powerful
tools for determining the complete scope of residual stress
distribution within welded joints or structures, drawing
considerable attention [29-31]. A FE model was developed
to understand the effect of pre-existing stresses on the RS
distribution during SUS304 welding. It was found that the
initial RSs significantly affected the RSs in the welded pipe
away from the heat-affected zone [32-34]. In another study,
the RSs were measured in plates using a 3D FEM technique,
demonstrating a tri-axial tensile stress structure within the
weld and heat-affected zone. In Refs [35-37], RSs were
investigated after welding, recommending for the design of
repair welds to be as long, narrow, and thin as feasible to
reduce RSs in the welded parts. RSs in the welded parts
control the mechanical properties, including fatigue life [38].

FEM simulations, on the other hand, are known to be com-
putationally intensive and time-consuming for a given process
[39-41]. Recently, various studies have been used to inves-
tigate the FEM technique to simulate the various aspects of
welding processes [42—44]. Kong et al. [45] developed an FE
simulation model to visualize the residual stresses in ortho-
tropic steel deck welding. It was found that the maximum ten-
sile stresses were at the inside and outside weld. In another
study by Singh et al. [46], the effect of interlayer was analyzed
on microstructure and mechanical properties. The results
indicated that the thermal heating and cooling cycles cause a
non-uniform cooling rate, altering grain size. Furthermore, the
grain dimensions decreased by increasing the interlayer time.
Ebrahimi and Hermans [47] proposed a high-fidelity numerical
simulation model to explore the effect of various welding con-
figurations on molten pool dynamics in stainless steel sheets.
The results show that the non-uniform thermal distribution on
the molten surface produces the Marangoni effect, leading to
periodic flow oscillations in the molten pool. Similarly, vari-
ous other studies have also reported the usage of FEM analysis
for the manufacturing processes [47-50]. It has been identi-
fied that the FEM models require extensive computational
resources when scaling up from small to large geometries. One
solution is to apply analytical techniques to solve the phys-
ics involved in the welding process. The analytical techniques
solve mathematical equations directly instead of the meshing
technique used in FEM analysis, providing solutions efficiently
[51-53]. The solutions provided using analytical techniques
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are usually provided in closed-loop form, providing a clear
understanding of the correlation between the defined variables
and system behavior. Besides simulation, various characteriza-
tion techniques have been explored to identify the RSs in the
manufactured parts at the micro-level [54-56].

Recently, arc-based material fusion processes have gained
popularity due to the exploration of wire arc-based additive
manufacturing (AM) processes. Various experimental stud-
ies have been reported in the literature to illustrate the arc-
based fusion process. However, very few simulation studies
have attempted to explore aspects of the arc-based fusion
process. Therefore, efficient simulation models illustrating
the multi-physics and complex arc-material interaction phe-
nomena still require attention from the scientific commu-
nity. To bridge this gap, this study proposes two simulation
models: analytical and FEM. In the analytical simulation
framework, the thermal history has been calculated using the
Goldak heat source and its attenuation due to the simultane-
ous addition of filler material. This thermal history serves
as input to solve the thermal residual stress model using
Green’s function. For FEM, a thermo-mechanical simulation
model has been developed and applied along with the tem-
perature-dependent properties of SUS304. The model has
been resolved using a symmetrical approach. Both models
have been calibrated using experimental analysis to ensure
the trustworthiness of the proposed solution. The proposed
model applies to arc welding and arc-based AM processes.

2 Analytical and FEM modeling

This section discusses the analytical and FEM models. For
analytical simulation, the heat equation has been solved to
estimate thermal distribution for a semi-infinite plate using a
bi-ellipsoidal heat equation considering the arc torch attenu-
ation due to the simultaneous addition of filler material. The
thermal output is used in the thermal residual stress distribu-
tion model solved using Green’s function. For FEM analysis, a
three-dimensional thermo-mechanical model has been solved
utilizing the discretization technique by dividing the continu-
ous domain into smaller elements. FEM involves the iterative
process until the solution converges for the defined problem
along with the boundary and initial conditions. Analytical
solutions are computationally efficient and cost-effective com-
pared to the FEM technique due to the aforementioned reason.

2.1 Analytical model

Figure 1 illustrates the schematic of the arc welding process
where a Goldak heat source is joining two base plates with
the overall dimensions (LB X WB x HB) along with the
addition of a filler material. Such a heating source can be
described as a double-ellipsoidal heating source having the
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front half as a quarter of one ellipsoid while the rear half is
a quarter of a second ellipsoid. Here, LB, WB, and HB are
the length, width, and height of the baseplate, and App Apps
[y and Ay, are the heating source parameters where energy
density is equal to 5% referenced to the ellipsoid center. The
parameters, including a,; ay,, f;,, and h;, can be calculated by
using the experimental fusion zone.

2.1.1 Thermal distribution

For the arc welding process, the heat equation can be
expressed as follows [57]:

0*T 0T 0°T oT
(55 ) +4(55) +(5r) ramrel)
Here, T, 4, q,, p, and C can be designated as thermal dis-
tribution, coefficient of heat transfer, inter-heat formation,
material’s density, and material’s specific heat, respectively.
For a bi-ellipsoidal heat source moving with time from ' =0
to ¢, the mathematical solution in the case of a semi-infinite

plate has been adopted from Ref [58]. After modifications,
it is expressed as follows:
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Here, #, is the total arc effectiveness; U is the arc voltage; /
is the current; p is the material density; C* is the modified heat
capacity calculated using enthalpy of fusion (L;), melting tem-
perature (7)), room temperature (7,), and heat capacity of the
given material (C); and « is the thermal diffusivity of the mate-
rial. The terms A’ and B’ can be calculated as follows [58, 59]:
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A = epexp| — o 7~ >
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Fig. 1 Schematic of a double-
ellipsoid heating source trave-
ling on the joint of two plates
and depositing material

Heat flux along with the
addition of filling material

Here, e, is the percentage coefficient in the front side of
the heating source while e, is the percentage coefficient in
the rear side of the heating source and can be calculated as
follows [58, 59]:

2ay
e = ————, 6
f (ahf +ahb) ©6)
2ay,
e = —————. 7
’ (@ + ap) @
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During arc welding, a significant proportion of the torch
is absorbed by the filler material to change its state from
solid to liquid while the rest of the attenuated energy is trans-
mitted to the base plate. As the electrons from the torch fall
on a base plate surface, a few of them are absorbed by the
plate and generate a melt pool, and the rest of the energy is
reflected by the surface. Hence, #, can be defined as follows:

e =Ny + My (8)

where 7, is the attenuation of the torch energy due to the
simultaneous addition of filler material and #,, is the arc torch
absorption coefficient by the base plate material. Here, #,
varies from material to material. The #, can be calculated
as follows:

Area of the filler material
Area of ellipse

Mr = )]

Considering the filler material/wire profile is circular with
the radius (lff), the area of filler material can be calculated
as follows:

Area of the filler material = zrrfz. (10)

In a double-ellipsoid heating source, the semi-major axis
is different for two ellipsoids and calculated as follows:

T ahff h
> .

Area of front ellipse = < (11)

Area of rear ellipse = <7m;bfh > 12)

The final expression for 7;is estimated as follows:

2
2ry

Tulan + apy) (13)

The presented model utilizes the material-dependent
properties, including heat transfer coefficient, density, spe-
cific heat, enthalpy of fusion of a material, and melting tem-
perature of a particular material. Once the abovementioned
properties are known, the model can be solved for the par-
ticular material. The model can also be tailored for various
scanning patterns and geometries by using vector analysis
and graph theory, respectively.

2.1.2 Thermal residual stresses

The arc torch involves rapid heating along with slow con-
duction, resulting in non-uniform thermal distribution, steep
temperature gradient, and a variation in the material’s ther-
mal expansion coefficient. The aforementioned phenomena
are the major causes of thermal residual stresses during arc
torch-material interaction [60, 61]. During arc-material
interaction, the thermal residual stresses can be calculated
using Green’s function theorem, normalized stresses, and
hydrostatic stresses, if a non-uniform thermal distribution
is known, as follows [61, 62]:

BEM)T(x, z)
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ﬁ(T)E(T)/ / < ’ s or, , , ’ 2722 [ p(s)(s — x)
o, (x,7)=— o x,z)+G”—(x,z) dx'd7 + = — . (16)
< 1-297T) < ox Y oz T ) s ((s—x)2+z2)2
6,,(x.2) = (T)(o,, +0..) — BDED)T(x,2). D s = BDEMT(x,z = 0)' (18)
1-2&T)
Here, g, E, and 0T/0x are the thermal expansion, elas- '
ticity modulus, and thermal gradient, respectively. Further- Green’s function (G, G,,, Gy, G, Gy and G)

more, p(s) is calculated as follows [61]:
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expressions from Ref [61, 62] have been provided in Appen-
dix Al.
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2.2 FEM model

This section discusses the thermal and mechanical models
used in this study.

2.2.1 Thermal model

For the arc welding process, the heat equation as defined
in Eq. 1 still applies. However, for convenience, it has been
rewritten as follows [57]:

0°T 0’T 0°T oT
()~ 4(55) +4(5) wamoc(5) a9

Here, T, 4, q,, p, and C can be designated as thermal dis-
tribution, coefficient of heat transfer, inter-heat formation,
material’s density, and material’s specific heat, respectively.
The double-ellipsoidal moving heat source was applied for
the arc torch. The heat flux density pertaining to the former

and latter sections of this heat source model can be eluci-
dated as follows [57]:

6\/§ef11tUI 2 ¥ 2
(0 .20)=—F———exp |3 = +—=+5 ]|
ﬂ\/;chfhhfh | Chf hh f}1 |
(20)
2 2 2
DX, y,2) = Mexz? —3<x7 + y—2 + Z—2> ,
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Owing to the dynamic thermal interactions prevailing
between the welds and ambient surroundings, the pro-
posed model incorporates two distinctive modes of heat
dissipation: (a) convective heat transfer and (b) radiative
heat emission, explained using Newton’s law of cool-
ing and Stefan-Boltzmann’s law, respectively, as follows
[57]:

q.=—-h(T-T,). (22)
g, =—€.0,(T"=T%. (23)
Here, h_, €, and o are the coefficient of heat transfer, the

> he,
material’s emissivity, and the Stefan-Boltzmann constant.
In the current simulation, the coefficient of heat transfer is
15% 107 W mm~2°C~!, room temperature is set as 20 C,
and thermal emissivity is 0.8.

2.2.2 Mechanical model

For mechanical analysis, an identical FE model as uti-
lized in the thermal analysis has been employed, with
the exception being the variation in element type and

boundary conditions. Subsequently, mechanical analy-
sis has been carried out by harnessing the temperature
histories obtained from the thermal model as the funda-
mental input dataset. During the welding process, it is
essential to recognize that solid-state phase transforma-
tion remains absent in both the base metal and the mate-
rial to be welded. Hence, the total strain rate (¢’,,,,;) can
be divided into three components [63]:

/ ’ / !/
etotal=€e+€p+€th' (24‘)

Here, €', e’p, and ¢’,, are the elastic, plastic, and ther-
mal strains, respectively. To explain further, the elastic
strain is subjected to modeling through the application of
isotropic Hook’s law, where Young’s modulus and Pois-
son’s ratio are both dependent on the prevailing tempera-
ture conditions. Concurrently, the thermal strain is deter-
mined by using the temperature-dependent coefficient of
thermal expansion. To characterize the plastic strain, a
rate-independent plastic model has been engaged, incor-
porating the von Mises yield surface, mechanical prop-
erties responsive to variations in temperature, and linear
kinematic hardening model [64, 65]. The latter, kinematic
hardening, assumes a paramount role due to the inherent
tendency of material points to undergo both loading and
unloading cycles throughout the intricate welding process
[66, 67].

3 Materials and methods

The details of analytical and FEM simulations are provided
below. However, for both types of simulations, a customized
workstation having AMD Rayzen threadripper 3970X, 16
GB GPU, and 256 GB RAM, was used.

3.1 Experimental calibration

To calibrate the developed analytical and FEM simulation
models, the study of Deng and Murakaw [63] was adopted.
The authors carried out the welding of SUS304 bulk sheets.
The welding was carried out using butt-joint gas tungsten
arc (GTA) welding using current=140 A, voltage=9.5'V,
and speed =80 mm/min. The terms #,, e, €, ¢4, Cpps My,
and f, have been calculated using experimental fusion zone
as 0.7, 1.4, 1.6, 0.002 m, 0.006 m, 0.002 m, and 0.002 m
and used for analytical and FEM simulations. The ther-
mocouples were used to measure temperature during the
welding process. In the current study, the single-pass
experimental analysis was used to calibrate the simulation
models initially, and later on, the models were extended to
double-pass.

@ Springer



2368 The International Journal of Advanced Manufacturing Technology (2024) 133:2363-2380

Fig.2 a Analytical simulation

. Jser- . Thermal distribution:
framework and b schematic of User-defined parameters: (a) 5 ko R e i
1. Room temperature Egs. 2-7 to estimate temperature distribution
lates to be welded P I i . »
p 2. Total efficiency using Eq. 13 nput | considering filler material addition
3. Arc current, voltage and velocity
4. Material properties including melting -
temperature, enthalpy of fusion, absorption i
coefficient, melting temperature, heat
capacity, density and thermal diffusivity Residual stresses:
5. Heat source parameters measured Eqs. 14-18 to thermal residual stresses in the
experimentally welded joint
50 mm 12 mm
—
10 mm 10 mm
10.5 mm

Table 1 SUS304 material properties used in analytical simulation
analysis

Item Value Ref.
Melting temperature 1450 °C [68]
Enthalpy of fusion 2601J/g [69]
Heat capacity 502.416 J/kgK [70]
Density 8.06 Mg/m® [71]

3.2 Analytical simulation

For analytical simulations, the framework is presented in
Fig. 2a. The parameters, including room temperature, total
process efficiency, current, voltage, thermo-physical prop-
erties, and heat source experimentally calibrated param-
eters, were provided as input in Egs. 2—7 to estimate the

thermal distribution along with the filler material. The
thermal distribution was used in Eqs. 14—18 to calculate
the thermal residual distribution. For welding purposes,
SUS304 bulk plates were used. The proposed simula-
tion involves joining two plates, each with dimensions
of length =100 mm, width=50 mm, and depth=10 mm,
through the application of a two-passes heat source while
the length of the weld bead =100 mm, width of weld
bead =4 mm, and depth of the weld bead =10 mm. The
geometry dimensions are shown in Fig. 2b. These dimen-
sions are different compared to the dimensions used in
experimental results. The analytical simulation has been
carried out using current=180 A, voltage=9.5 V, and
speed = 80 mm/min. Furthermore, a cooling time of 300 s
was allowed after the welding process.

Table 1 compiles the SUS304 material properties used in
the proposed study.

Fig.3 Schematic of FEM framework
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Table 2 SUS304 material properties used in simulation analysis [72]

Temperature Heat Capacity Conductivity Density Yield stress Thermal Young’s Poisson’s ratio
o) (kg™ 'K~ (Wm™'K™) (kg/m?) (MPa) expansion modulus
(K™ (GPa)

0 460 14 790,000 265 1.70 198 0.294
100 490 15.1 788,000 218 1.74 193 0.295
200 510 16 783,000 186 1.80 185 0.301
300 0.52 17 779,000 170 1.86 176 0.310
400 540 18 775,000 155 1.91 167 0.318
600 571 20 766,000 149 1.96 159 0.326
800 600 23 756,000 91 2.02 151 0.333
1200 670 32 737,000 25 2.07 60 0.339
1300 690 33 732,000 21 2.11 20 0.342
1500 700 120 732,000 10 2.10 10 0.338

3.3 FEM simulation

In this section, a sophisticated FEM-based computational
approach has been developed and applied using ABAQUS
2020 software to simulate the intricate thermal and mechani-
cal phenomena in SUS304 bulk plates when subjected to arc
welding. The simulation captures the temperature fields and
resultant thermal residual stresses evolved during the weld-
ing process. The FEM framework is shown in Fig. 3, and
geometrical dimensions have been elaborated above.

The analysis was divided into two distinct steps. Initially,
the heat conduction problem was solved independently,

(2)

Heat losses

(c)

deriving the temporal and spatial distribution of tempera-
tures. Subsequently, in the second step, the obtained temper-
ature history at each node served as the thermal load for the
ensuing mechanical analysis, enabling the determination of
stress distribution within the weld and bulk plates. To accu-
rately represent the thermal properties of the SUS304, tem-
perature-dependent material properties have been adopted,
as summarized in Table 2.

Moreover, the properties of the base plate and material to
be welded are identical. The thermal analysis was conducted
utilizing the 8-node 3D thermal element DC3D8 with a sin-
gle degree of freedom, for both base and bead materials. For

(b)

Arc movement

Bulk plate

Heat losses

Fig.4 Arc welding model in ABAQUS software a bulk plate, b weld bead, and ¢ complete model for analysis
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Experiment (Deng and Murakawa, 2006)
1000 + — — Current FEM simulation
— - Current analytical simulation

800
o

o 600
S
©

8 400
1S
(0]
|_

200

04

0 100 200 300 400
Time, (s)

Fig.5 Comparison of thermal distribution among proposed analyti-
cal, FEM simulation, and experiment [63]

the mechanical analysis, the solid element type C3D8R, an
8-node bi-quadratic stress/displacement quadrilateral with
reduced integration was utilized. To optimize computational
efficiency, the model was solved using the “symmetrical”
technique. Furthermore, the DLFUX sub-routine was writ-
ten and applied to run the heat source over the plates to be
welded. The filler material was added using the element
“birth and death” technique. Figure 4a—c show the bulk plate,
weld bead, and final model used for analysis in the ABAQUS
software. The FEM simulation has been carried out using
current=180 A, voltage=9.5V, and speed =80 mm/min. A
cooling time of 300 s was allowed after the welding process.

Detailed insights for the computational model are pro-
vided in Appendix A2.

4 Results and discussions

This section discusses the analytical and FEM model
results and their validation with experiments.

4.1 Analytical and FEM simulation model
calibration with experimental analysis

For a single pass, a calibration was carried out for the
thermal results obtained using the current analytical and
FEM simulations with those provided in Ref [63] and are
provided in Fig. 5. For analytical and FEM simulations,
current= 140 A, voltage =9.5 V, and speed = 80 mm/min
were utilized. In the case of FEM simulation, the results
show that both the peak temperature and the cooling rate
at the respective location correlate very well with the
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Fig.6 Comparison of thermal residual stresses among proposed ana-
lytical, FEM simulation, and experiment [63]

experimental analyses. However, the peak temperature
for analytical simulation presented a noticeable difference
concerning the experimental and FEM analyses. It can be
explained by the fact that the analytical simulation does
not include temperature-dependent material properties
that can affect the precision of thermal history.

The calibration results for thermal residual stresses
generated using analytical and FEM simulation models
as well as experimental analysis [63] are presented in
Fig. 6. It can be analyzed that the residual stresses pre-
dicted by the FEM as well as analytical models are close
to the experimental analysis after calibration. However,
it is important to mention here that the FEM simulation
took up to = 3.5 h to complete single-track simulation
only while the analytical simulation was carried out in
~ 72 s, saving computational resources and time at the
verge of solution precision.

Following the thermal and residual stress distribution
models’ calibration, the models were extended from a sin-
gle pass to a double pass. The results are explained below.

4.2 Analytical simulation results

Figure 7a, d show the thermal distribution and melt pool
dimensions during the first and second passes at the begin-
ning and end of the arc welding process. The melt pool due
to arc-material interaction illustrates that the dimensions are
ellipsoid in shape due to the utilization of a Goldak heat
source. The provided legends are only applicable to the end
of the scan. Furthermore, the solidified, mushy, and liqui-
fied zones can be observed within the generated melt pool.
In welding, the heat-affected zone (HAZ) and mushy zone
are commonly available. HAZ is described as a region in the
baseplate surrounded by a weld that experiences the change
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Fig.7 Thermal distribution at the beginning and end of plates during arc welding: a, b first pass and ¢, d second pass; the legend bars show the

temperature when the plates have been cooled down

Fig.8 Thermal distribution
across the plates during arc
welding: a first pass and b sec-
ond pass
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in the microstructure due to the heat generated during the
welding process while the mushy zone, also designated as
the fusion zone or weld bead, is explained by the regime
where the baseplate and filler materials have been melted
and mixed. After cooling down, the temperature observed
during the first pass is around 780 ‘C while it reaches up to
1450 °C during the second pass of the arc welding process
due to rapid heating and slow conduction involved in the arc
welding process.

The melt pool dimensions across the weld plates during
the first and second passes of the arc welding process are
presented in Fig. 8a, b, respectively, showing the solidified,

Temperature (°C)

Temperature (°C)
1440 £ 10 1552
2 8
1080 % 1164
= 6
S
720 5 4 776
2
360 =2 2 388
= 0
i

0 25 50 75 100
Total length of plates (mm)

mushy, and liquified zones. These results are presented when
the torch is at the beginning of the plate. It can be identi-
fied that the melt pool dimensions during the second pass
increased in dimensions due to elevated arc-material inter-
action time.

In the case of the first and second arc welding processes,
the temperature history from the thermal model was uti-
lized as an input to the thermal residual stress distribution
model, and results are presented in Fig. 9a, b, respectively.
The results have been presented at the top of the deposi-
tion along the arc movement direction. During the first
pass, it can be analyzed that the thermal distribution was
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Fig.9 Thermal residual stresses at the top of the weld bead during arc welding: a first pass and b second pass
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Fig. 10 Thermal distribution during the first pass of welding: a beginning, b middle, and ¢ end of the scan after cooling; the legend bars show

the temperature when the plates have been cooled down

calculated within the 2.00x 108-3.60 x 10® Pa. The last and
highest magnitudes were identified at the beginning and
end of the plate, respectively. However, during the second
weld pass, the thermal residual stresses increased from
2.00x 10%-3.80x 10® to 2.20 x 105-3.80x 10* Pa due to
enhanced arc-material interaction time, resulting in more
heat deposition into the material causing non-uniform ther-
mal gradient. It, in return, increases the thermal residual
stresses inside the plates.

4.3 FEM simulation results
Figure 10a—c shows the temperature distribution in the

weld as well as the bulk plate during the first pass of
the welding process captured using the FEM simulation

@ Springer

framework. The utilized parameter resulted in 820 °C tem-
perature during the first pass of arc-material interaction
after cooling. The provided legend bar applies when the
torch is at the end of the scan. To visualize the thermal dis-
tribution within the melt pool, a sophisticated multi-color
coding scheme has been employed. The melted region
has been shown using gray and red color codes, providing
valuable insight into the melt pool dimensions as well as
the fusion zone.

The simulation results for the second weld pass are shown
in Fig. 11a—c. The results show that the peak temperature
distribution increased from 820 to 1420 °C while moving
from the first to second pass of arc welding after cooling.
The provided legend bar applies when the torch is at the
end of the scan. In arc welding, this enhancement can be
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Temperature

(oC) (a)

Fig. 11 Thermal distribution during the second pass of welding: a beginning, b middle, and ¢ end of scan after cooling; the legend bars show the

temperature when the plates have been cooled down
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Fig. 12 Residual stress distribution during the first welding pass: a beginning, b middle, and ¢ end of scan after cooling

explained by the rapid heating predominates over slow con-
duction, resulting in considerable heat entrapment within the
weld as well as the base plate. As a result, this phenomenon
results in increased heat distribution and melt pool dimen-
sions compared to the first weld pass.

Figure 12a—c depicts the comprehensive thermal
residual stress distribution in both the bulk plate and
weld bead during the first weld pass. These results are
visualized using color-contour representations, offering
insights into the stress state of materials subjected to
complex loading conditions. Upon analysis, it is evi-
dent that within the weld region, thermal residual stress

stresses range from 2.05 x 108 to 3.58 x 108 Pa during the
initial weld pass. The provided legend bar applies when
the torch is at the end of the scan. During arc-material
interaction, residual stresses are generated due to thermal
gradient (TG) and cooling (CL) mechanisms [51]. The
first mechanism, referred to as TG, is attributed to the
temperature differential between the heating zone and
the adjacent material. The process involves rapid heating
with limited heat conduction, leading to the creation of
a steep temperature gradient. Consequently, the mate-
rial’s strength experiences an immediate reduction as the
temperature rises. The layer beneath the heating zone
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Fig. 13 Residual stress distribu-
tion during the second welding
pass: a beginning, b middle, and
¢ end of scan after cooling
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Fig. 14 Deformation during the
first welding pass: a beginning,
b middle, and ¢ end of scan
after cooling
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effectively governs the extent of expansion in the heated
layer, leading to a compressive stress-strain relationship.
In the second mechanism, known as CL, as the weld-
ing arc moves away from the previously heated area, the
once heated material begins to cool down, resulting in a
contraction or shrinkage effect. In response, the underly-
ing material layer opposes these effects, resulting in the
development of a tensile stress distribution within the
structure.

While moving from the first to the second weld pass,
the thermal residual stresses are presented in Fig. 13a,
b. The provided legend bar applies when the torch is at
the end of the scan. During the second pass, the thermal
residual stresses increased from 2.05x 108-3.58 x 108 to
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2.20x 108-3.86x 108 Pa. It is due to the elevated arc-mate-
rial interaction time resulting in enhanced heating and slow
conduction.

Figure 14a—c shows the deformation in the bulk plate as
well as the weld bead during the first pass, captured using a
finite element simulation model. This deformation has been
generated due to the induced thermal stresses during arc-weld-
ing interaction. A color coding has been applied to identify
the resultant deformation arising from the welded regime and
distribution in the plates. It can be observed that the maxi-
mum deformation during the first pass is equivalent to the
+4.83% 107! m. The legend bar is only applicable when the
torch has arrived at the end of the plate. As mentioned above,
the TG and CL mechanisms are responsible for the residual
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Fig. 15 Deformation during the
second welding pass: a begin-
ning, b middle, and ¢ end of
scan after cooling
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stress induction, leading to the deformation during the first
weld pass.

Deformation is presented in Fig. 15a, b while moving from
the first to the second pass, monitored using finite element
analysis. The provided legend bar applies when the torch is at
the end of the scan. During the second pass, the deformation
is increased from +4.83x 107! to +5.63x 107! m. It is due
to the elevated residual stress induction during arc-material
interaction.

5 Conclusions and future outlook
5.1 Conclusions

In this study, a comprehensive analysis has been conducted
for the thermal and mechanical aspects of the multi-pass
arc welding process using analytical and FEM simulations.
The developed models were calibrated with experimental
data. The investigation was focused on understanding the
behavior of the weld bead and surrounding material dur-
ing both the first and second welding passes. Through the
examination of thermal distribution and residual stress,
valuable insight has been provided into the complex
dynamics of arc-material interaction. For single-layer
simulation, the FEM simulation used up to = 3.5 h com-
pared to the analytical model using~ 72 s.

One of the key findings of the current study is the sig-
nificant increinase peak temperature during the second
welding pass, which can be attributed to elevated arc-
material interaction and the dominance of rapid heating
over slow conduction. This phenomenon results in a con-
siderable expansion of the heat-affected zone and melt pool
dimensions.

Residual stress analysis revealed the critical role of ther-
mal gradient and cooling mechanisms in generating stress

distributions within the weld region. Understanding these
stress states is crucial for assessing material strength and
predicting componfailuent re.

This research provides a comprehensive understand-
ing of the thermal and mechanical behaviors in arc weld-
ing processes. The insights gained from this study can be
instrumental in optimizing welding parameters, improv-
ing weld quality, and minimizing structural failures in
welded components. As welding technology is the ances-
tor to various additive manufacturing (AM) processes, the
proposed simulation can easily be applied to wire arc-
based AM (WAAM) processes. The developed simulation
steps, conditions, and models apply to WAAM processes.

5.2 Future work

The proposed simulation models offer various benefits
for material science, manufacturing, and welding com-
munities, including process parameters before perform-
ing the actual experiments. This approach not only saves
the experimental resources but also simplifies the process
development process. These models can be applied to
various metallic materials allowing using their unique
thermophysical characteristics. However, these models
can be applied to the welding process along a straight
line, exhibiting an extent of further improvement. The
developed models consider the boundary conditions,
including the fixation of plates on all sides (Appendix
A2). These models can be further tailored to account
for various geometries as well as the boundary condi-
tions such as the weldments mechanically restrained by
bolts, pins, or other components within a larger struc-
tural framework. This adaptive ability not only highlights
the strength of the simulation approach but also permits
the exploration of tailored models for specific problem
statements.
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Appendix A
A1. Analytical model: Green’s function solution

The solutions are given below [61, 62].
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Here, x' and 7' are the coordinates along the x- and
z-directions at which point the heat source acts on the body.

A2. FEM model

The double-pass weld problem has been resolved using the
“Symmetrical” technique via ABAUQS 2020 software.

Figure 16 explains the steps carried out to develop the FEM
model for double-pass arc welding.

Part development

Define material
properties

Assembly > Define steps

Submit job

Create mesh

Define
interaction

Define load and
boundary conditions

Fig. 16 Schematic to run a simulation analysis in ABAQUS software

A.2.1. Part development
This step involves the generation of bulk plates to be

welded as well as welded beads. For this purpose, “3D” and
“deformable” options were selected under “modeling space”
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and “type,” respectively, in ABAQUS software. The dimen-
sions of the bulk plate are length = 100 mm, width = 5 mm,
and depth = 10 mm, as well as the length of the weld bead
= 100 mm, width of weld bead = 4 mm, and depth of the
weld bead = 10 mm.
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A.2.2. Define material properties

In this step, the properties defined in Table 2 were applied
on bulk plates as well as the weld beads. It is important to
mention here that the temperature-dependent properties were
used here.

A.2.3. Assembly

Here, the bulk plate and weld beads were fused using the
“create instance command” while the “instance type” was
selected as “dependent (mesh on part).” After creating
an assembly, it was divided into two halves, along with
the y-axis, to satisfy the double-pass weld problem. Fol-
lowing on, a “datum coordinate system” was defined at
the beginning as well as at the top of the first pass. This
datum coordinate system will serve as a basis to run the
heat source (torch) on the material to be welded. After
this, a total of nine equally spaced “datum planes” were
defined to create partition cells. These partition cells
will be used to implement “element birth and death”
techniques.

A.2.4. Define steps

In this step, the analysis type was defined. The current
simulation model utilizes a coupled thermo-mechanical
model to analyze temperature distribution as well as
residual stresses and displacement. For this purpose,
“coupled temp-displacement (transient)” was selected and
applied during the material removal and addition. In the
beginning, all the weld beads were deactivated using the
“element death” technique. For 1st weld pass, a chunk of
material was added using the “element birth” technique.
All the elements were generated gradually with respect
to time. At the end of the first welding, the cooling step
was implied.

A.2.5. Define interaction

Here, the material sections created in A.2.4. were used to
apply elements birth and death technique, implemented
using “model change” under “interaction manager.” Ini-
tially, the whole weld bead was deactivated (element
death). Following on, the section of the material was
activated (element birth) when the strain was applied to
the elements. For cooling, “surface film condition” was
applied on the bulk plate. Furthermore, to include radia-
tion during the irradiation process, the “surface radiation”
was selected and emissivity was defined in the model.
Here, “film coefficient, sink temperature, and emissivity”
are provided by the user.

A.2.6. Define load and boundary conditions

In this step, the boundary conditions were applied. For
boundary condition 1, the initial step was selected with
the “mechanical” category with “symmetry/antisymme-
try/encastre.” The side face of weld beads was chosen, and
“XCYMM (U1=UR1=UR3=0)" was used, restricting move-
ment along the x-axis and rotation along the y- and z-axes.
Furthermore, the side of the bulk plate having no weld bead
was chosen and fixed using “ENCASTRE (Ul = U2 = U3
= UR1 = UR2 = UR3 = 0) boundary condition 2. Follow-
ing on, “Pre-defined field” was applied on the initial step
by selecting “Temperature” under “other” category. Here,
the magnitude will be provided as an input to the model.
This step provides the starting or room temperature for the
developed model. To incorporate the user-defined DFLUX
sub-routine, the thermal load was defined under user-
defined “Body heat flux.” The body heat flux was deacti-
vated at the cooling stage.

A.2.7. Create mesh

In this step, the model was meshed using an approximate
global size equivalent to 0.001 m. During analysis, the “cou-
pled temperature-displacement” family type was applied.

A.2.8. Submit the job

Before submitting the job, the model attributes were defined,
including absolute zero temperature and Stefan-Boltzmann
constant equal to — 237.15 °C and 5.669 x 1078 W/m?K*.
After completing the pre-processing, the model was submit-
ted, and the DFLUX sub-routine was submitted for user-
defined body heat flux.
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