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Abstract

This research aims to numerically investigate seam welding in 304 stainless steel pipes. A fully coupled
transient thermo-mechanical simulation technique is employed to replicate welding behavior on a single-pass
cylindrical seam joint with a nominal diameter of 80mm and a thickness of 1.5mm. The Goldak heat source
model is employed to represent the moving welding heat source. The maximum temperature reached 1773K in
the Heat-Affected Zone (HAZ), while away from the HAZ, it is below 350 K. Due to this temperature gradient,
high thermal stresses are generated, and even after cooling, residual stresses of order 177 MPa are observed.
However, the residual stresses are lower than the material's yield stress. The average value of distortion in the
weld seam is 2.1 mm, while the maximum distortion of 2.5 mm occurs at the end.Based on the findings from the
Finite Element (FE) Analysis, decisions can be made regarding changes to the welding method or adjustments to

parameters if deemed necessary.
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I.  Introduction

Seam welding is a critical manufacturing
process due to the involvement of critical weld and
process parameters[1], [2], [3], [4], [5]. This
welding causes localized heating and quick cooling
in thin pipes, which concentrates weld residual
stresses along the weld bead [4], [5].The mechanical
qualities of these joints, such as brittle fracture,
resistance and fatigue performance, might be
negatively impacted by produced residual
stresses[6]This welding method is widely used in
the fabrication of thin-walled pipes for applications
in the food and pharmaceutical industries, power
plants, and the automotive and aerospace
industries[7], [8], [9]. In the above-mentioned
applications, Welding joints are often required to
meet dimensional accuracy, structural integrity,
corrosion resistance, and fatigue life. The Austinic
stainless steel AISI 304 is widely acceptable for
dear excellent corrosion resistance, good formability
and favorable mechanical properties[10], [11], [12].
However, despite these advantages, welding thin-
walled stainless steel pipes presents significant
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challenges due to their high thermal sensitivity and
constrained geometries.

In the pipe industry, thin pipes have a low
thickness-to-diameter ratio; they are therefore very
sensitive to welding due to their low thickness [13],
[14]. The localized transient heat during the seam
weld leads steep temperature gradient, especially in
the welded zone [15]. Hence, non-uniform thermal
expansion and contraction lead to significant
distortion and residual stresses in the final
component. Even a small distortion can render the
component unusable due to misalignment during
assembly, while residual stress can make it prone to
fatigue failure. For these reasons, controlling
distortion and residual stress is paramount in thin
Pipe welding [16], [17]. However, achieving
optimal welding parameters based on experimental
try and error is very costly and time-consuming and
many times it is impractical. Especially when
various welding parameters, machine parameters
and temperature-dependent material properties are
included in the process.

FE-based numerical simulations emerged
as a powerful and reliable tool for predicting the

19 | Page




Ashish Pathak, et. al. International Journal of Engineering Research and Applications

www.ijera.com

ISSN: 2248-9622, Vol. 16, Issue 8, August 2026, pp 19-27

welding-induced thermal and mechanical behaviour
under various machine and material conditions [18].
In waddling simulation, coupled transient thermo-
mechanical analysis has gained attention as it
simultaneously enables the temperature and
structural coupling during the welding process. With
this simulation technique, thermal strain, residual,
and distortion patterns can be evaluated even before
physically welding the components [19]. Unlike the
uncoupled or sequential approach, the fully coupled
thermo-mechanical ~ simulation  captures  the
interaction between thermal and mechanical fields
during the welding process, which is especially
important for thin structures where the mechanical
response is highly sensitive to the thermal loading.

Seam welding presents unique challenges
due to moving heat, cylindrical geometry, and small
wall thicknesses that locally melt and solidify
rapidly [20], [21]. To consider the weld pool effect
during the welding process double-ellipsoidal
Goldak heat-source model is widely acceptable as it
represents realistic weld-pool shapes and heat
distribution [22], [23]. The appropriate Goldak heat
source parameters can be determined using
experiments and an ANN-based prediction[24].
With appropriately calibrated Goldak model
parameters, it is possible to closely replicate
experimental weld-bead geometry and thermal
histories using numerical welding simulations.

The residual stresses generated in seam
welding are primarily due to the non-uniform
thermal cycle experienced by the Weld metal in the
HAZ. During heating, the material undergoes
thermal expansion, but this is constrained by the
surrounding low-temperature material, resulting in
high compressive stresses. Upon cooling,
contraction of the weld material is restrained,
resulting in tensile residual stress in the pipe that
may exceed the material's yield strength. Further, in
thin pipes, these residual stresses are often highly
non-uniform along thickness and circumferential

80 mm

D=

direction so the prediction becomes more
challenging [25], [26].In stainless steels, tensile
residual stresses at the inner surface of pipes are
known to increase susceptibility to stress corrosion
cracking[27], [28]. Therefore, a  detailed
understanding of residual stress distribution induced
by seam welding is critical for ensuring safe and
reliable operation.In addition to residual stresses,
welding-induced distortion is a major concern in the
fabrication of thin-walled pipes[29], [30], [31].

In this research, a fully coupled transient
thermomechanical FE approach is used to
investigate seam welding in thin-walled stainless
steel pipes. The temperature-dependent material
parameters are adopted from Deng et. al[32]The
moving heat sourceis formulated using the Goldak
model, and appropriate boundary conditions are
used to simulate the actual welding process. The
seam welding of a thin-walled pipe with a nominal
diameter of 80 mm and a wall thickness of 1.5 mm
is considered in this study.By coupling thermal and
mechanical responses, the study aims to capture
temperature fields, stress distributions, final residual
stresses, and distortion patterns.In addition, the
study provides detailed numerical insight into the
thermomechanical behaviour of thin pipes during
seam welding.

1. Welding simulation workflow

Inthe welding process, machine parameters
such as voltage, current, and weld speed are
common variables that affect weld joint
strength,distortion and residual stresses. The
machine parameters are obtained from the
literature[33]. The voltage is 12 volts, the current is
85 amps, while the weld speed is 150 mm/min. By
adopting these established process parameters, this
study primarily focused on investigatingresidual
stress, distortion and temperature profile during
welding. The geometry of the pipe for seam welding
is depicted in Figure 1.

Figure 1 The weld pipe geometry
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The overall workflow adopted FE analysis
for seam welding, as illustrated in Figure 2. The
analysis begins with the setup of the FE model for
welding simulation, including the geometric
modelling of the thin-walled pipe. A fine mesh is
generated in the HAZ, while a coarse mesh is used
outside the HAZ to reduce simulation time and
mesh effort. After meshing, a quality check test is
performed to ensure acceptable element quality,
especially in HAZ. If the mesh does not follow the
standard quality criteria, remeshing may be
required.The element size in the weld zone should
be small enough to capture the minimum size; here
thickness is the minimum mesh size criterion. Four
elements along the thickness are considered to
capture the distortion behaviour accurately. The
aspect ratio is below 3 while acceptable up to 5.
Warpage is within 1, while the Jacobian ratio is
close to 0.9.

In the next stage, material properties, loads,
and boundary conditions (BCs) are assigned in the
Simufact welding simulation software.
Temperature-dependent thermal and mechanical
properties are defined as per Table 1. The pipe is
initially fixed at both ends during the welding
process, while during the cooling period, it is kept
free at both ends. Thermal boundary conditions
account for heat losses due to convection and
radiation.Subsequently, the welding heat source and
robot motion are defined. A moving heat-source
model is defined to represent the welding arc, along
the pipe's longitudinal direction. The default
Simufact solver is used to compute the time-
dependent temperature distribution, thermal strains,
and residual stresses throughout the welding and
cooling cycles.

FE Analysis of welding I

No
Meshing/
Remeshing

Export .bdf file

I Material, load and BC's l

i

I Heat source and Robot l

!

I FE Results ]
!

Outcome of study I

Figure 2 welding simulation workflow

2. Coupled thermo-mechanical FE analysis

Welding involves melting metals, then
cooling and solidifying them to create weld beads
that permanently join two parts. In finite element
(FE) analysis, the welding process is treated as a
coupled thermo-mechanical analysis, accounting for
the effects of overall temperature on structural
properties over time. To address this, Simufact
offers a fully coupled transient thermo-mechanical
simulation in which the temperature field is
calculated at each time increment. The thermal
calculation is typically less computationally
demanding and scales well with the number of CPU
cores. Following the thermal step, the mechanical
step is executed to compute thermal strains from the
temperature field and utilize them as mechanical
loads for distortion and stress calculations.
However, the mechanical step is generally more
computationally intensive than the thermal step.
Simufact welding allows defining the level of
decoupling for each load case type (e.g., welding,
cooling, heating), but this can increase
computational expenses (not considered in this
simulation study). Total run time, including welding
and cooling time, to complete the simulation on 16
16-core CPU took almost 19 hours.

a) Moving heat source

The Goldak double-ellipsoid heat-source
welding module is commonly used to replicate
typical arc-welding processes. Introduced by Goldak
et al. in 1984, this model accurately predicts heat
input during welding, utilizing two ellipsoids to
represent the welding arc and molten pool. It
forecasts temperature distribution, phase
transformation, and residual stress. It has been
successfully applied to various welding techniques,
including laser and friction stir welding, and has
been shown to model the moving heat source
accurately, addressing challenges posed by the
complex interaction between the welding flame and
the weld pool. Goldak proposed a three-dimensional
model with a Gaussian distribution of power density
in an ellipsoid welding pool, centred at coordinates
(x0, y0, z0), with semi-axes a, b, and ¢
corresponding to x, y, and z directions, respectively
(seeFigure 3). The total heat input relates to applied
voltage (V), current (I), and welding efficiency (1)

(Eq. 1).
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The meshing of the pipe and its associated
support structures, such as the bed, clamps, and
joints, is performed using HyperMesh software
(Figure 4). A hexahedral mesh is generated for the
entire pipe geometry.A finer exahedral mesh is
generated at HAZ, while a coarser mesh is generated
away from HAZ. The simulation uses first-order
CHEXA elements with thermal degrees of freedom.
Each node of CHEXA elementoffers 3 translation
degrees of freedom and one thermal degree of
freedom. A single element has 24 structural and 8
thermal degrees of freedom, for a total of 32. The
model comprises 33300 elements.

x0, y0, z0

Figure 3 Goldak heat source model

b) Mesh model
Coarse mesh region Fine mesh near \
weld zone
Figure 4 Pipe mesh with mesh transition technique
¢) Material Poisson's ratio, and yield stress are considered
The  temperature-dependent  material variable material properties with respect to

properties are crucial for such a high-temperature temperature. At the same time, thermal properties

simulation event. At higher welding temperatures, like specific heat, conductivity, and thermal
mechanical  properties change  significantly, expansion are also considered temperature-
especially in the heat-affected zone (HAZ), which dependent. Table 1 presents the selected

undergoes a thermal cycle without melting. temperature-dependent material parameters[32].

Mechanical properties such as Young's modulus,

Table 1 Temperature dependent material properties.

Temp. | Density | Specific heat | Conductivity eig;;?izln B:;';eld Sti;]Sesl q 31{1(())1(111111%1’12 Porsastli(())n's
°C) | (kgm®) (J/kg°C) (W/m°C) (x10%°CYy | (MPa) | (MPa) (Gpa) -

0 7900 462 14.6 1.70 265 438.37 198.50 0.294
100 7880 496 15.1 1.74 218 401.96 193 0.295
200 7830 512 16.1 1.80 186 381.5 185 0.301
300 7790 525 17.9 1.86 170 361.25 176 0.310
400 7750 540 18.0 1.91 155 345.94 167 0.318
600 7660 577 20.8 1.96 149 255.71 159 0.326
800 7560 604 23.9 2.02 91 97.41 151 0.333
1200 7370 676 322 2.07 25 28.41 60 0.339
1300 7320 692 33.7 2.11 21 16.23 20.00 0.342
1500 7320 700 120 2.16 10 12.17 10 0.388
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II. Results and Discussion

a) Temperature history

The temperature history during the welding
and cooling stages of a pipe is depicted in Figure 5,
which shows the temperature distribution at eight
distinct time intervals: 5, 30, 60, 90, 120, 121, 150,
and 1920 seconds. The welding process begins at 0
seconds and finishes after 120 seconds, while the
subsequent cooling phase begins immediately after
the welding stage and lasts from 120 seconds to
1800 seconds. The overall welding period is 2
minutes, with a total cooling duration of 30 minutes.
The weld pool temperature exceeds the depicted
peak of 1773K, reaching 5300K. However, this
heightened temperature is localised within a very

Temperature [K]

1773.00
1625.01
1477.03
1329.05
1181.06
1033.07
885.09
73711
589.12
44113
293.15

max: 1773.00
min:  293.15

small zone and for a short duration.In the HAZ, the
temperature reaches equilibrium between flux input
and heat losses, stabilizing at an elevated
temperature of 1773K. Notably, the highest
temperature is localised and transient near the weld
seam, ranging from 1773 to 737K, whereas the
temperature in most of the pipe region remains
below 350K. This temperature disparity induces
significant thermal stress, causing the pipe to bend
like a simply supported beam. The observed
temperature  difference is a primary factor
contributing to the substantial thermal stress
experienced by the pipe during the welding
simulation.

T =15, 30, 60,90, 120, 121, 150, 1920 sec (left to right)

Figure 5 Temperature distribution in the pipe during welding (0-120 sec) and during cooling (120-1920 sec).

b) Stress in the pipe during seam welding
The results reveal that the welding process
induces non-uniform heating along both the
longitudinal and radial directions of the cylinder. As
the welded region cools, differential contraction
occurs, resulting in residual stresses. The
distribution of these residual stresses is illustrated in
theFigure 6, and the values plotted along the weld
seam in Figure 7. During welding, the maximum
stress is generated near clamp locations A and B

Effective stress [Pa]
181.00
162.90
144.80
126.70
108.60
90.50
72.40
54.30
36.20
18.10

iy T=5,30, 60,90, 120, 121, 150, 1920 sec (left to right)

(refer to the Figure 6). However, after welding,stress
is released from both the A and B locations during
cooling. Throughout the entire weld seam, nearly
uniform stress values of approximately 177 MPa are
observed, except at the clamp locations. The
findings demonstrate that the provided welding
inputs result in residual stresses below the yield
stress. Consequently, from a failure perspective
during service, the welded structure can be
considered safe with respect to residual stresses.

Figure 6Stress distribution in the pipe during welding (0-120 sec) and during cooling (120-1920 sec).
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Figure 7 Stress distribution in the pipe at the end of the cooling period, after 1920 sec.

c) Distortion

An optimized combination of welding
parameters has been demonstrated to yield lower
distortion in pipes. The careful selection and
adjustment of welding parameters, such as welding
current, voltage, and travel speed, as suggested
byAshish Pathak et al.[34] have shown that the
distortion after welding falls within an acceptable
range. During welding, the pipe is clamped, and the
maximum distortion occurs near the weld pool.

However, upon releasing the clamps, the distortion
pattern in the pipe changes completely, and the
entire pipe tends to bend like a simply supported
beam. The side of the seam-weldedpipe is distorted
by an average value of 2.1 mm (see Figure 9), while
the opposite side remains almost undistorted (see
Figure 8). On the weld seam side, the maximum
distortion (2.5 mm) occurs at the ends (see points A
and B in Figure 8).

0.50 0.61 0.79 0.76 0.62
045 0.55 0.71 0.68 0.56
0.40 0.49 0.63 0.61 0.50
0.35 043 0.55 0.53 044
0.30 0.37 047 0.46 0.37
0.25 0.31 0.40 0.38 0.31
0.20 0.24 0.32 0.30 0.25
0.15 0.18 0.24 0.23 0.19
0.10 0.12 0.16 0.15 0.12
0.05 0.06 0.08 0.08 0.06
0.00 0.00 0.00 0.00 0.00
max: 0.50 max: 0.61 max: 0.79 max: 0.76 max: 0.62
min: 0.00 min: 0.00 min: 0.00 min: 0.00 min: 0.00

149 2.02

134 1.82

1.19 1.61

1.04 1.41

0.89 121 1.51

0.75 1.01 1.25

0.60 0.81 1.00

045 0.61 0.75

0.30 0.40 0.50

0.15 0.20 0.25

0.00 0.00 0.00
max: 1.49 max: 2.02 max: 2.51
min: 0.00 min: 0.00 min: 0.00

T=5,30, 60,90, 120, 121, 150, 1920 sec (left to right)
Figure 8Distortion in pipe during welding (zero to 120 sec) and in cooling period (120 to 1920 sec).
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Figure 9 Distortion in the pipe at the end of the cooling period, after 1920 sec.

III.  Conclusions
In this study, a fully coupled transient

thermo-mechanical simulation technique was used
to numerically replicate the welding behaviour on a
seam welding with a nominal diameter of 80mm and
a thickness of 1.5mm. The findings reveal that the
residual stresses within and near the weld deposit
are indeed influenced by the chosen welding
sequence. An optimized selection of parameters can
minimize distortion in the final welded part. The
outcomes of the study are as follows —

1.

(1]

(2]

WWWw.ijera.com

The influence of optimized welding
parameters is virtually simulated using
finite element (FE) analysis.

In the HAZ, the highest temperature is
localised and transient near the weld seam,
ranging from 1773 to 737K, while
temperatures away from the HAZ are
below 350K only. Due to this temperature
gradient, high residual stresses are
generated.

In the entire weld seam, nearly uniform
stress values of approximately 177 MPa are
observed after cooling, which are lower
than the yield value of the material.

The average value of distortion in the weld
seam is 2.1 mm, while the maximum
distortion of 2.5 mm occurs at the end.
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