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Abstract

Marine thin plates are susceptible to welding deformation owing to their low structural stiffness. Therefore, the efficient and accurate prediction
of welding deformation is essential for improving welding quality. The traditional thermal elastic-plastic finite element method (TEP-FEM) can
accurately predict welding deformation. However, its efficiency is low because of the complex nonlinear transient computation, making it
difficult to meet the needs of rapid engineering evaluation. To address this challenge, this study proposes an efficient prediction method for
welding deformation in marine thin plate butt welds. This method is based on the coupled temperature gradient-thermal strain method (TG-TSM)
that integrates inherent strain theory with a shell element finite element model. The proposed method first extracts the distribution pattern and
characteristic value of welding-induced inherent strain through TEP-FEM analysis. This strain is then converted into the equivalent thermal load
applied to the shell element model for rapid computation. The proposed method—particularly, the gradual temperature gradient-thermal strain
method (GTG-TSM)—achieved improved computational efficiency and consistent precision. Furthermore, the proposed method required much
less computation time than the traditional TEP-FEM. Thus, this study lays the foundation for future prediction of welding deformation in more
complex marine thin plates.
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1 Introduction

With the growing focus on environmental protection,
ship development is increasingly emphasizing lightweight
and green technologies. Thin plates, valued for their light-
ness and formability, are being used more extensively in
shipbuilding. Welding is the primary method for joining
thin plate structures when assembling a ship (Mancini et al.,
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2021; Doan and Zden, 2021). However, these plates have
low stiffness, making them susceptible to welding-induced
deformation, which can alter the shape and dimensions of
the welded components (Qiu et al., 2023). Excessive defor-
mation can compromise structural accuracy and safety in
shipbuilding, resulting in higher costs and longer manufac-
turing times because of the need for manual corrections.
Therefore, accurately predicting welding deformation in
marine thin plates is essential for enhancing shipbuilding
quality and reducing construction time (Azad et al., 2020;
Woo and Kitamura, 2022).

With the continuous advancement of computer hardware
and finite element software, numerical simulation technol-
ogy has become an increasingly vital tool in analyzing weld-
ing deformation. This technology is now indispensable for
investigating structural deformations during welding. The
two primary numerical methods for simulating welding
deformation are the thermal elastic-plastic finite element
method (TEP-FEM) and the inherent strain method (ISM)
(Battista et al., 2024; Shoor et al., 2024; Hashemzadeh et al.,
2022). The TEP-FEM, pioneered by Professor Ueda at
Osaka University, Japan, was developed to address the
practical challenges associated with welding deformation
(Ueda and Yamakawa, 1971). This method can track tem-
perature variations and the stress-strain state of the weld
by incrementally computing the residual stress and defor-
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mation. That is, it can simulate the stress-strain condition
at any moment in welding. By using a specified time step,
this method calculates the welding temperature field at
each moment, and it computes the stress and strain incre-
ments induced by temperature changes over time, ultimately
resulting in accumulated residual stress and deformation
(Hashemzadeh et al., 2022; Ueda and Yamakawa, 1971).
Many studies have successfully explored similar welding
problems using TEP-FEM. For example, Gannon et al.
(2016) and Farajkhah et al. (2017) combined the TEP-FEM
with a 3D solid finite element model to analyze the defor-
mations generated when welding stiffened plates with steel
plates. They evaluated the behavior of 14 stiffened plates
under axial compressive loads with welding-induced resid-
ual stresses. Additionally, the method was applied to ana-
lyze the welding processes of 6061-T6 Al alloy plates to
thoroughly compare the thermal and mechanical results of
the two welding techniques. Nishimura et al. (2021) uti-
lized the TEP-FEM to numerically simulate the welding
deformation in the lap joints of alloy steel. They verified
that the numerical model, which accounts for thermal soft-
ening behavior, provides more accurate analysis results.
Su et al. (2023) used TEP-FEM to analyze the welding
deformations of Invar steel cross joints under different weld-
ing sequence schemes and determined the optimal weld-
ing-deformation control scheme. Although TEP-FEM can
theoretically analyze welding stress and deformation in any
complex structures, it has considerable drawbacks, such as
substantial computational demands and prolonged calcula-
tion times. The high computational costs and lengthy pro-
cessing duration of the method limit its application to the
deformation calculation of complex welded plates (Honar-
yar et al., 2020; Wang et al., 2020)

To address the computational inefficiency of the TEP-
FEM in this field, Murakawa et al. (2009) and Ueda et al.
(1993) proposed the inherent strain method (ISM) that
eliminates the inefficiency of the traditional thermal elas-
tic-plastic analyses. The ISM focuses on analyzing the weld
strain after welding, rather than tracking the entire welding
process. The crux of this method lies in investigating the
relationship between inherent strain and factors such as
welding parameters and weldment dimensions. These inher-
ent strains are used as the initial strain values and loaded
onto the corresponding areas; then, the residual stresses
and deformations of the entire weldment are analyzed via
a one-time elastic finite element calculation. This method
significantly reduces computational complexity and time
consumption, thereby enhancing the analysis efficiency
(Honaryar et al., 2020; Ueda et al., 1993; Ueda and Yuan,
1992; Liang et al., 2024). Currently, the ISM is widely
used to predict welding deformations in complex struc-
tures. For instance, Lu et al. (2019) numerically simulated
the deformation of a single-sided welded T-joint by using
ISM and TEP-FEM and compared the results of the two

methods. They validated that the ISM results agreed with
the TEP-FEM results. Subsequently, ISM was applied to
simulate the welding deformation of a bogie frame, dem-
onstrating the ability of ISM to predict welding deforma-
tions of such structures. Wang et al. (2020) applied ISM to
predict plane welding deformations in torsion box struc-
tures, the two key structures of a 2000TEU ultralarge con-
tainer ship. The simulation results were in close agreement
with the measured results. Honaryar et al. (2020) simu-
lated the welding deformation in an aluminum catamaran
using ISM and validated the results.

Although ISM has been successfully used to predict
plate structure deformation, this study found that the clas-
sic ISM has certain limitations in analyzing the deforma-
tion of thin plate structures during welding (Liang et al.,
2024; Wu and Kim, 2020). For instance, it does not account
for the welding direction in such structures, and it over-
looks the fact that in a real deformation process, the mol-
ten weld pool will gradually solidify and shrink due to the
thermal radiation during welding, causing welding defor-
mation. This results in discrepancies between the ISM-pre-
dicted and actual welding deformation in thin plate welds.
In this regard, the shell element finite element model has
the advantages that it requires fewer elements and facili-
tates easier model establishment than the solid finite ele-
ment model when describing the same structure. There-
fore, combining the ISM with the shell element model to
efficiently and precisely predict the thin plate deformation
is an important research topic.

This study investigates the butt welding of AH36 marine
thin plates by using the commercial finite element soft-
ware SYSWELD as the computational platform. First, a
nonlinear transient analysis of AH36 marine thin plate butt
welding deformation was conducted using TEP-FEM in
combination with a 3D solid finite element model. The
results were validated against experimental data to extract
the inherent strain. Subsequently, two temperature gradi-
ent-thermal strain methods based on inherent strain theory
were proposed and applied along with a shell element
finite element model to linearly compute the welding defor-
mation in the same structure. The results show that the pro-
posed gradual temperature gradient-thermal strain method
(GTG-TSM) provides deformation predictions consistent
with the experimental and TEP-FEM results while signifi-
cantly reducing the computation time. Thus, the proposed
approach is an effective solution for efficiently and accu-
rately predicting welding deformation in complex thin-
walled structures.

2 Experimental material and method
2.1 Experimental material and welding process

This study utilized AH36 marine thin steel plates, which
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exhibit good weldability, high strength, and excellent cor-
rosion resistance. Tables 1 and 2 summarize its composition
and performance information. During the experiment, butt
welding of AH36 marine thin steel plates was performed
by the flux-cored wire CO, gas shielded welding (abbrevi-
ation: FCAW) process. The welding wire used had a diam-
eter of 1.2 mm (designation: Supecored 71). The welding
process parameters are summarized in Table 3. The dimen-
sions of the experimental plates are shown in Figure 1, with
individual plate dimensions of 300 mm x 100 mm x 3 mm.
Here L, represents longitudinal path and T,, T, and T, rep-
resent transverse paths. Prior to full welding, tack weld-
ing was applied to fix the plates, and no external con-
straints were applied during full welding.

Table 1 Composition of AH36 marine thin steel plate (Wt%)
Element  Percentage by mass | Element Percentage by mass
C 0.1600 Nb 0.0180
Si 0.2200 \% 0.0010
Mn 1.1600 Ti 0.0160
P 0.0140 Ni 0.0200
S 0.0052 Cu 0.0400
Als 0.0300 Ceg 0.3700
Cr 0.0400

Table2 Mechanical performances of the AH36 marine thin steel plate

Yield Tensile Elongation Hardness  Impact
strength (MPa) strength (MPa) (%) (HV)  energy (J)
=355 522 415 182 157

Table 3 Welding experiment parameters

Welding  Welding Welding Welding Welding wire
method  current (A) voltage (V) speed (mm/s) diameter (mm)
FCAW 140 22 2 1.2

Figure 1 Structure and dimensions of the marine thin plate butt
weld (unit: mm)
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2.2 Temperature field monitoring during welding
and postwelding deformation measurement

A K-type thermocouple multi-channel temperature
recorder (Figure 2) was used to record the thermal data and
to prove the accuracy of the model and simulated tempera-
ture field. Two channels captured thermal cycle data at the
detection points shown in Figure 3. Points K, and K, were
located on one side of the plate in the mid-cross-section,
positioned 10 and 20 mm from the weld groove, respec-
tively. The temperature recorder logged data every 0.5 s.
In addition, the deformation of the test plate was measured
using a lever-percentage meter with a measurement accu-
racy of 0.02 mm, as shown in Figure 4.

Figure 4 Experimental result and measurement

3 Numerical simulation methods
3.1 TEP-FEM

High-temperature fusion welding is a complex, multi-
field, coupled, nonlinear process. Its complexity manifests
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in various aspects: the heat source is locally applied rela-
tive to the overall component and is mostly mobile; the
temperature field undergoes drastic changes. Further, the
material properties, among others, vary significantly at dif-
ferent temperatures. Presently, the most commonly used
method in this field is the nonlinear TEP-FEM. This
approach can simulate the whole welding process, provid-
ing the temperature and stress-strain fields at every time
point. From this perspective, the thermal elastic-plastic the-
ory of welding includes both the temperature field theory
and the stress-strain field theory (Chiocca et al., 2021; Gha-
fouri et al., 2022).

3.1.1 Thermal analysis

The sample is heated to a high temperature; the duration
of high-temperature exposure is brief, and the cooling rate
is rapid. Additionally, the temperature field undergoes rapid
changes because the heat source moves. Hence, the tem-
perature field falls into the category of transient heat con-
duction problems. The governing equation is as follows
(Chiocca et al., 2021; Ghafouri et al., 2022):

o _ o T\, 9 aT
ot ax(k(T)ax)+ ay(k(T)ay)+

k)0

p(T)c,(T)
o))

where p(T), ¢,(T), and k(T ) represent the thermal-physi-
cal parameters, namely temperature-dependent density, spe-
cific heat capacity, and thermal conductivity, respectively.
Q denotes the volume heat flux density (W/mm?) from the
internal heat source. The thermal-physical properties of
the AH36 material related to temperature are illustrated in
Figure 5 (Zhou et al., 2022; Gao, 2020). In the numerical
simulation process, the base and filler materials were
assumed to be the same material type.

The accuracy of the simulated temperature field depends
greatly on the appropriate selection of a heat source model.
For flux-cored arc welding (FCAW), the double ellipsoidal
heat source model proposed by Goldak et al. (1984) (as
shown in Figure 6) provides a more accurate representa-
tion of the actual weld pool morphology. This model
employs two semiellipsoidal bodies of different dimen-
sions at the leading and trailing sections to represent the
heat input. The ensuing heat flux distribution is described
by the following expression (Hashemzadeh et al., 2021;
Hashemzadeh et al., 2022):

The heat flux condition within the first half of the ellip-
soid (y > 0) is represented as follows:

Qxy.zt)=
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Here, #, the heat source efficiency, was set as 0.8; U
stands for the welding voltage (V); | represents the weld-
ing current (A); a is half of the ellipsoid width; and c rep-
resents the depth of the ellipsoid; v denotes the welding
speed (mm/s).

Meanwhile, the heat flux condition within the second half
of the ellipsoid ( y < 0) can be expressed as follows:

QAxyzt)=
6/3(fnU1) [ 3¢ 3(y+w) 32| ©®
ab.cny/n a b? ¢’

Here, f, and f, represent the heat distribution functions,
where f; + f, = 2; b, and b, are the lengths of the front and
rear half-ellipsoids, respectively.

In the TEP-FEM numerical simulation, the applied ther-
mal boundary conditions encompass both heat convection
and heat radiation. The heat loss due to convection is gov-
erned by Newton’s law of cooling (Hashemzadeh et al.
2022; Banik et al., 2021; Taraphdar et al., 2021):

_hc(Ts - TO) (4)

where h(=2.5x 10°W - mm2- K™) represents the heat
transfer coefficient; T, refers to the model surface tempera-
ture; and T,(= 20 °C) is the environmental temperature.

The radiative heat transfer is governed by the Stefan-
Boltzmann law (Hashemzadeh et al. 2022; Banik et al.,
2021; Taraphdar et al., 2021):

Qc =

.= -oz| (T, +273.15)" - (T, + 273.15)' | (5)

where ¢(=5,67 x 108 W - m2- K™*) refers to the Stefan—
Boltzmann constant; ¢ ( = 0.8) is the emissivity factor.

3.1.2 Mechanical analysis

In this investigation, the welding process was simulated
via the TEP-FEM approach within a coupled thermal-met-
allurgical-mechanical multiphysics framework. The ther-
mal analysis results were sequentially applied as initial
mechanical loads within the same finite element model to
compute the strain, displacement, and stress fields through-
out the welding cycle (Hashemzadeh et al. 2022; Ghafouri
et al., 2022). The temperature-dependent mechanical prop-
erties, as shown in Figure 7, were required to perform the
mechanical calculations (Zhou et al., 2022; Gao, 2020). The
impact of phase transformation on plasticity was considered
in the mechanical calculations. Further, the elastic stress-
strain association of the material was assumed to conform
to Hooke’s law, and the plastic feature to the Von Mises
criterion. Accordingly, the stress-strain relationship can be
described as follows (Ghafouri et al., 2022; Li et al., 2021):

[d.]=[D*][d.]-[c"]aT (6)
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[o*]=[D]-[D] (7)

Here, d,, d., and dT denote the stress increment, strain
increment, and temperature increment, respectively, and
[De] [DP], and [C™] are the elastic stiffness matrix, plas-
tic stiffness matrix, and thermal stiffness matrix, respec-
tively. Owing to the transient thermal exposure at each
nodal point during welding, the total strain increment in the
mechanical model can be decomposed into the following
four components (Ghafouri et al., 2022; Li et al., 2021):

A = Ag® + AeP + AgT + Ag" (8)

where Ae®, Ae®, AeP, Ae" and Ae" denote the total, elastic,
plastic, thermal, and phase-transformation strain increments,
respectively.

3.1.3 TEP-FEM finite element model creation and
constraints

During the welding process, weld seam filling can be
achieved using the quiet element method. This method
requires a predefined weld seam mesh and treats the filled
weld as a continuum. In numerical simulation, the quiet
element does not affect the analysis results when in an
inactive state. The element will be converted into an active
element and participate in the computation only once its
temperature exceeds the melting temperature (Jia et al.,
2024). Considering the plate thickness and joint configura-
tion used in the experiment, a 3D solid finite element model
was established for numerical simulation. This model is
shown in Figure 8, with the red arrow indicating the weld-
ing direction. Given that welding constitutes a nonuniform
heating process, significant temperature gradients exist
within the weld and its heat-affected zone. To ensure the
accuracy of the analysis results while improving compu-
tational efficiency, a nonuniform transition mesh was
employed to reduce the computational burden without
compromising precision. In the finite element simulation
model, a refined mesh was applied in the heat-affected
zone (HAZ) to enhance computational accuracy, while a
relatively coarser mesh was utilized in regions farther
from the weld. To ensure the inclusion of multiple elements
within a complete heat source model to meet precision
requirements, the mesh size in the weld region was set to
3 mm in length and 1 mm in both height and width. The
meshed finite element model consisted entirely of 8-node
hexahedral elements of type 3008, with a total of 19200 3D
elements and 23 331 nodes. During the actual welding pro-
cess, the workpiece lacked external clamping. In mechani-
cal calculations, predefined displacements at model nodes
were set to zero (i.e., rigid constraints) to impede specific
degrees of freedom, thereby preventing rigid translation
and rotation of the finite element model.

.

Figure 8 Thermal elastic-plastic finite element method (TEP-
FEM) finite element model and constraints

3.2ISM

For the ISM, it is not necessary to track the welding pro-
cess at each moment. It focuses solely on the postweld
deformation results. If the inherent strain magnitude and
eccentricity of the weld seam are known and their relation-
ship with welding parameters and plate dimensions is estab-
lished, the inherent strain is applied as the initial strain to
the corresponding regions of the weld seam and its heat-
impacted region. Then, an elastic computation is performed
to determine the welding deformation with the desired
accuracy (Honaryar et al., 2020; Ueda et al., 1993; Ueda
and Yuan, 1992; Liang et al., 2024). The principle of ISM
for calculating welding deformation is depicted in Figure 9.
In Figure 9, F, and F, represent the equivalent transverse
shrinkage force and longitudinal shrinkage force caused
by transverse and longitudinal weld contractions, respec-
tively. M, and M, represent the equivalent transverse bend-
ing moment and longitudinal bending moment caused by
transverse and longitudinal bending of the weld, respec-
tively (Woo and Kitamura, 2022; Urbanski and Taczata,
2022). Following the principle of ISM for calculating weld-
ing deformation, this method requires significantly less time
to predict welding deformation compared to the nonlinear
computation process of TEP-FEM.

Figure 9 Schematic diagram of the principle for calculating welding
deformation by the inherent strain method (ISM)
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3.2.1 Inherent strain theory

Inherent strain represents the strain that remains in a
structure after the weldment has been cycled through the
heat of the weld. It is the source of internal stresses, which
characterizes the strain produced when the material is in a
free state after being dissected from the stress-containing
state relative to the reference state. The total strain ¢ in
the welding process is decomposed into the elastic &°, plas-
tic &, thermal &', creep &%, and transformation &" strains, as
shown below (Liang et al., 2024; Wu and Kim, 2020):

gtotal - ge + gp + gT + gc + gtr (9)

When the weld is cooled to room temperature, the elas-
tic strain is recovered, and the remaining inelastic strain is
referred to as the inherent strain. Given that the transfor-
mation strain and creep strain have negligible effects on
the final welding deformation, they can be disregarded.
Furthermore, after a complete thermal cycle, the thermal
strain also reduces to zero. Consequently, the final inher-
ent strain is effectively equivalent to the residual plastic
strain (Liang et al., 2024; Wu and Kim, 2020):

g = el — gt =P (10)

Then, the four main deformations of the welded mem-
ber—transverse shrinkage ¢;, longitudinal shrinkage 5;,
transverse bending 6,, and longitudinal bending 6,—can
be defined by the following equations (Liang et al., 2024;
Urbanski and Taczata, 2022):

5= ¢ [ (1)
0y = ¢ [ (12)
0; = % (z - %)e:dxdz (13)
0; = % (z - %)e;dxdz (14)

where ¢, and ¢, denote the inherent strains in the trans-
verse (perpendicular to the weld) and longitudinal (along
the weld) directions, respectively; X, y, and z represent the
directions perpendicular to welding, parallel to welding,
and along the plate thickness, respectively; and h is the
plate thickness.

3.2.2 Inherent strain acquisition and loading method
Currently, inherent strains are commonly obtained
through experimental measurements, utilizing the existing
inherent strain databases, and by employing TEP-FEM
analysis to calculate inherent strains in typical welded
joints (Wang et al., 2020; Ma et al., 2017). The results
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obtained in this study were compared with the TEP-FEM
analysis results. Furthermore, TEP-FEM analysis is conve-
nient for quantitatively analyzing the relationship between
the distribution and magnitude of inherent strains and weld-
ing conditions. Hence, the TEP-FEM analysis was per-
formed to obtain the magnitude and distribution of resid-
ual plastic strains—that is, inherent strain values.

During the numerical simulation, the inherent strain can-
not be directly applied as an initial load to the weld and its
adjacent region within the SYSWELD finite element soft-
ware. Hence, an alternative approach is adopted whereby
the inherent strain is indirectly introduced via a tempera-
ture-loading method by adjusting the thermal expansion
coefficient of the material. This adjustment enables the
simulation of specific welding-induced deformations. The
modified thermal expansion coefficient can be determined
using the following equation (Liang et al., 2024; Wu and
Kim, 2020):

a- AT (15)

where ¢” is the inherent strain, defined as equivalent to the
residual plastic strain; o denotes the thermal expansion
coefficient of the material; and AT represents the tempera-
ture difference between the melting point of the material
and the room temperature (AT was set to 1430 °C in this
study). Note that the default material database in SYS-
WELD does not support directionally dependent coeffi-
cients of thermal expansion. Therefore, the average resid-
ual plastic strain was utilized in this study.

3.2.3 Shell element finite element model creation and
constraints

A shell element finite element model was established, as
shown in Figure 10. To ensure accuracy and reliability, the
same meshing scheme as that in the 3D solid finite ele-
ment model was applied. Finer meshes were used in and
around the weld seam, while coarser meshes were applied
in regions farther from the weld seam. The shell element
simulation model consists of 3200 2D elements and 3 333
nodes. Compared to the 3D solid model in Figure 8, the
shell element model has significantly fewer elements and
nodes. Similarly, the boundary conditions of the shell ele-
ment finite element model were consistent with those of the
3D solid model, ensuring that the plates could freely shrink
in all directions without rotation. The shell element model
and its boundary conditions are exhibited in Figure 10.

3.2.4 Principle of the temperature gradient-thermal strain
method

In actual thin plate butt welding, which is depicted in
Figure 11, there exists an eccentricity “e” between the
bending neutral surface of the weldment (black line) and
the center of the equivalent shrinkage force caused by the
weldment (red dot). This eccentricity leads to the phenom-
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Figure 10  Shell element finite element model: model generation and
constraints

.

Schematic of the weld shrinkage force

Figure 11

ena of longitudinal bending deformation and transverse
angular deformation after thin plate butt welding. The shell
element finite element model, by default, lacks eccentric-
ity. The welding deformation calculated directly using the
inherent strain method results in in-plane longitudinal and
transverse shrinkage, without any longitudinal bending
deformation and transverse angular deformation. Out-of-
plane longitudinal bending and angular deformation only
occur when the bending neutral surface and the equivalent
center of the longitudinal shrinkage force F, and transverse
shrinkage force F, caused by the weld are not on the same
plane. To ensure the efficient and accurate simulation of
the actual welding deformation during butt welding using
the shell element finite element model, this study proposes
a method based on the temperature gradient principle,
wherein different temperatures are applied in the thickness
direction of the shell element. This principle is depicted in
Figure 12. According to Equation (15), by applying a tem-
perature difference AT across the thickness of the shell ele-
ment, different inherent strains are generated in various
thickness regions. This ensures that the neutral surface is
not in the same plane as the equivalent center of the longi-
tudinal and transverse shrinkage forces, and longitudinal
bending deformation and transverse angular deformation
are obtained. This method is referred to as the temperature
gradient-thermal strain method (TG-TSM) in this study,
where AT is given as follows:

'
i Thickness in shell
Upper surface i Ty
i
Normal i / Neutral phase
I
I
: -
Lower surface * Fhw Imposed temperature

Figure 12 Temperature gradient principle based on shell element
finite element modeling

AT = Tupper - Tlower (16)

where T, and T, are the temperatures of the upper and
lower surfaces of the shell element model, respectively.

In TG-TSM, the plastic strain is obtained as a product
of a constant thermal expansion coefficient & and a nonuni-
form temperature field in the shell element finite element
model. This strain is the driving force for shrinkage defor-
mation during the cooling phase of welding. Figure 13
illustrates the mechanism of inputting equivalent thermal
strain in the shell element finite element model using the
TG-TSM. The assumed thermal expansion coefficient o is
equivalent to the inherent strain ¢* in the weld region. The
resulting equivalent shrinkage force F* and equivalent bend-
ing moment M " are given as follows (Wang et al., 2021):

F,=E- |e -b(z)dz a7)
F,=E- |e - b(z)dz (18)
M =E- [e -b(z)-zdz (19)
M =E- |e - b(z)-zdz (20)

N

N
N
A
Nt
RN

RN
Rk

'\\\\\\\\\\\\\\\\i\\ SR
Al

(a=¢")

Figure 13  Schematic of the principle for calculating welding
deformation by temperature gradient-thermal strain method (TG-
TSM)

where F, and Fy* are the equivalent transverse and longitu-
dinal shrinkage forces, respectively; M, and My* are the
equivalent transverse and longitudinal bending moments,
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respectively; ¢, and g; are the transverse and longitudinal
inherent strains, respectively; E is the elastic modulus at
room temperature; and b(z) is the inherent strain width at
the corresponding position.

4 Results and discussion
4.1 TEP-FEM simulation results

4.1.1 Welding temperature field simulation results

Using TEP-FEM along with a 3D solid finite element
model, heat source calibration was performed based on the
actual weld pool morphology and the measured thermal
cycle curves at points K; and K,. The numerically simulated
temperature field obtained after multiple iterations and revi-
sions of the heat source model is shown in Figure 14. The
figure shows the temperature field distributions at 90 and
180 s, as well as a comparison between the simulated weld
pool morphology and the actual weld pool morphology,
demonstrating that the simulated weld pool shape is in
good agreement with the actual one. Thermal cycle curves
at positions K, and K, were simultaneously extracted and
compared with the experimentally measured ones, as shown
in Figure 15. The findings are as follows: First, the trends
in the thermal cycle curves at both positions are consis-
tent; as the heat source approaches K, and K,, the tempera-
ture rises rapidly, and the temperature gradient in front of
the heat source is greater than that behind it. Since K, is
located further from the weld, its peak temperature is lower
than that of K,. Second, there are some temperature differ-
ences between the numerically simulated and experimen-
tally obtained thermal cycle curves; however, these discrep-
ancies mainly occur during the cooling process from 100 °C
to room temperature and hence have minimal impact on
subsequent mechanical calculations. Therefore, it can be
concluded that the heat source model parameters selected
in this study are reasonable and accurately reflect the
actual shape of the heat source. The calibrated heat source
model parameters are listed in Table 4.

4.1.2 Welding deformation and residual plastic strain
distribution

The welding deformation calculated by the thermal-
mechanical coupling method based on the temperature field
obtained from the aforementioned computation is shown
in Figure 16. Because of the action of compressive stresses
in the plate on both sides caused by the peak longitudinal
tensile stresses in the weld, the plate experiences buckling
instability when the value of the compressive stresses is
higher than the critical instability stress of the plate. In the
longitudinal direction, the radius of curvature experiences
bending deformation, and deflection exists. In the cross-
section, the center of the weld is lower than the edge of the
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(a) At90 s

(b) At 180 s
Figure 14 Welding temperature field at different moments
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Figure 15 Comparison of simulation and experimental results for
the welding temperature thermal cycle curves

Table 4 Double ellipsoidal heat source model parameters (mm)
Eh a, b c f; f,
8.33 16.67 6 3 1.1 0.9

plate because the residual stress field has a minimum poten-
tial energy in the steady state. The plate is destabilized by
the residual compressive stress, which makes the point of
action of the contraction force eccentric and produces the
bending moment required for longitudinal bending, thereby
intensifying the longitudinal deflection of the plate, finally
producing saddle-shaped deformation. The deformation
trend agrees with the experimental results of this study (as
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shown in Figure 4) and the known theoretical characteris-
tics of thin-plate butt welding distortion. Additionally, the
residual plastic strain obtained by TEP-FEM is shown in
Figure 17. Analysis indicates that residual plastic strain
exists in the weld and HAZ, where the average value is
computed to be 0.043.

End of weld

Figure 16 Welding deformation cloud obtained by TEP-FEM
calculation (deformation scale: 2)
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Figure 17 Residual plastic strain distribution obtained by TEP-
FEM calculation (deformation scale: 2)

In this study, the temperature field calculated by the
TEP-FEM was used to define the temperature difference
AT. As shown in Figure 17, the residual plastic strain is
mainly located in the weld and its HAZ. Therefore, the
variation curves of the node-averaged temperature with
time for the weld and its HAZ in the upper and lower parts
of the neutral phase of the plate were calculated separately,
as shown in Figure 18. As observed from this figure, the
average temperature of the nodes in the upper part of the
neutral phase during the welding process is approximately
250 °C higher than that of the nodes in the lower part. Con-
sidering the effect of weld reinforcement, the temperature
difference AT was assumed to be 500 °C in this study.

4.2 TG-TSM simulation results

The average residual plastic strain in the weld and its
surrounding areas, as calculated by TEP-FEM, was con-
verted to the coefficient of thermal expansion using Equa-
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Figure 18 \Variation curves of the node-averaged temperature with

time

tion (15). This coefficient was then applied to the corre-
sponding region in the shell element finite element model,
as shown in Figure 10. The TG-TSM method was then used
for the calculation. The calculated welding deformation is
shown in Figure 19, revealing a saddle-shaped deforma-
tion trend. Compared to the deformation contour obtained
from TEP-FEM in Figure 16, both computational methods
exhibit a saddle-shaped deformation. However, there are
discrepancies between the two methods in terms of the weld-
ing deformation trends at the start and end of welding.
Moreover, the welding deformation calculated by TG-TSM
is significantly smaller than the TEP-FEM and experimen-
tal results.

:?_'(]4 Start of weld

:Igg 5 il End of weld

—2_(]0‘)\

X

Figure 19  Welding deformation cloud obtained by TG-TSM
calculation (deformation scale: 2)

4.3 Gradual temperature gradient-thermal strain
method

The differences in the welding deformation calculated
using TG-TSM (Figures 9 and 13) arise from the fact that
this method applies the inherent strain to the correspond-
ing weld region of the finite element model all at once. The
welding deformation is then obtained through a single elas-
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tic calculation. In fact, as shown in Figures 14 and 15, the
heat source moves forward constantly during the welding
process, and the tail of the heat source is rapidly cooled by
thermal convection and thermal radiation, leading to the
gradual solidification of the weld and thus a gradual
shrinkage effect. To elaborate, the curve of plastic strain
versus time at two selected points A and B (as shown in
Figure 17; the red arrow indicates the welding direction)
on the weld seam is shown in Figure 20. Time points P,
and P, correspond to the moments when the weld at posi-
tions A and B, respectively, reaches stable plastic strain, also
known as residual plastic strain. First, the onset of plastic
strain occurs at different times for the welds at A and B
during the welding process. Second, there exists a time dif-
ference between P,, when the weld at A reaches its final
residual plastic strain, and P, when the weld at B reaches
its final residual plastic strain. This time difference arises
because the weld at A occurs earlier, resulting in the for-
matting of the residual plastic strain earlier at A than at B.

0.025
o

0.020 | ettt

=

£ 0015 P,

2 °

20010+ P,

a
0.005

0 50 100 150 200 250 300 350 400 450 500
Time (s)

Figure 20 Plastic strain versus time curve for the weld at different

positions

Consequently, the residual plastic strain within the weld
and its HAZ develops progressively in the welding direc-
tion rather than simultaneously. However, the TG-TSM
method does not account for the gradual accumulation of
residual plastic strain that occurs during welding deforma-
tion simulation. This strain accumulation is the major source
of discrepancy between the predictions and the results
obtained from both experimental measurements and TEP-
FEM simulations. To overcome this shortcoming of TG-
TSM, this study proposes an improved approach involving
the gradual application of residual plastic strain in the
welding direction. This method, referred to as the GTG-
TSM, simulates the time-dependent evolution of residual
plastic strain during welding. The computational principle
of GTG-TSM is shown in Figure 21.

The welding deformation results obtained by the GTG-
TSM method, in conjunction with the parameters adopted
for TG-TSM as described earlier, are shown in Figure 22.
A comparison of Figure 22 with Figures 16 and 19 indi-
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Figure 21 Schematic of the principle for calculating welding
deformation by GTG-TSM

cates that the deformation trend predicted by GTG-TSM
agrees more closely (than TG-TSM) with that predicted by
TEP-FEM. To further evaluate the discrepancies in the
results of the three numerical methods in comparison with
experimental measurements, longitudinal bending defor-
mation and transverse angular deformation were extracted
along longitudinal path L, and transverse paths T,, T,, and
T,, as defined in Figure 1. The comparison results are
shown in Figure 23.

‘nd of weld

Figure 22 Welding deformation cloud obtained by the GTG-TSM
calculation (deformation scale: 2)

The comparison of the transverse angular deformation
at the three positions shown in Figure 23(a)—(c) reveals
that the angular deformation calculated by TEP-FEM
closely matches the experimental results, with a small error.
In contrast, the angular deformation calculated by TG-TSM
shows significant discrepancies at all three locations com-
pared to both TEP-FEM and the experimental result, par-
ticularly in generating nearly identical angular deforma-
tions at the start and end of the weld. However, both the
TEP-FEM and experimental results indicate that the angu-
lar deformation at the start of the weld is smaller than at
the end. Furthermore, the angular deformation calculated
by TG-TSM at the middle location differs significantly
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Figure 23 Comparison of the welding deformation result simulated by different numerical simulation methods with experimental results

from the experimental and TEP-FEM results. In compari-
son, the angular deformations at the three locations calcu-
lated using the GTG-TSM method proposed in this study
are in good agreement with both the TEP-FEM and experi-
mental results, with small errors in angular deformation at
all positions compared to the experimental results.

In addition, as shown in Figure 23(d), a comparison of
the longitudinal bending deformation caused by longitudi-
nal shrinkage force indicates that the trend of the longitudi-
nal bending deformation calculated by TEP-FEM is consis-
tent with the experimental results, with a very small error.
Although the longitudinal bending deformation calculated
using TG-TSM is similar to the experimental and TEP-
FEM results, both showing arching longitudinal bending
deformation, the TG-TSM result exhibits a symmetric dis-
tribution of bending deformation centered around the mid-
cross-section. In contrast, the experimental result and TEP-
FEM calculation result show asymmetric bending defor-
mation trends on either side of the mid-cross-section. Fur-
thermore, the longitudinal bending deformation calculated
using TG-TSM shows a large error and is significantly
smaller than that of the experimental result. In contrast,
the longitudinal bending deformation trend calculated by
GTG-TSM is in good agreement with the TEP-FEM and
experimental results, and the error is controlled within 10%
compared with the experimental result.

4.4 Discussion

The primary cause for the significant discrepancy in the
prediction results of the TG-TSM method compared to
those of TEP-FEM and GTG-TSM lies in the fact that TG-
TSM adopts a one-step loading approach. In this approach,
the residual plastic strain is applied simultaneously to the
entire weld and its surrounding area. Subsequently, a sin-
gle elastic computation is performed to predict the weld-
ing deformation. In reality, however, the welding process
involves a moving heat source that advances at a certain
speed. The molten pool behind the heat source solidifies
and contracts under the influence of thermal convection
and radiation. Critically, the structural deformation induced
by the solidification and contraction of the weld at an ear-
lier stage affects the deformation caused by subsequent
weld contraction. Consequently, the final welding defor-
mation originates from the interaction and accumulation of
residual plastic strains generated at different times. The
TG-TSM method overlooks this gradual, time-dependent
development of residual plastic strain during computation,
resulting in considerable errors in its predictions compared
to the TEP-FEM and GTG-TSM methods. In contrast, the
GTG-TSM method gradually applies the residual plastic
strain in the welding direction in the simulation. This incre-
mental application more accurately mimics the actual gen-
eration process of residual plastic strain and accounts for
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the influence of prior structural deformations on those
occurring at later stages.

Thus, the GTG-TSM not only achieves a predictive
accuracy comparable to that of TEP-FEM but also signifi-
cantly reduces the computational time owing to its linear
computational process, in contrast to the nonlinear nature
of TEP-FEM. In this study, all three numerical simulation
methods were executed on a quad-core processor, with the
corresponding computation times shown in Figure 24.
Although GTG-TSM requires more time than TG-TSM, it
achieves a prediction accuracy similar to TEP-FEM with
only 6% of the computation time. Furthermore, the shell-
element-based finite element model simplifies model con-
struction and markedly reduces the number of elements
and nodes compared to a 3D solid-element model, leading
to additional computational savings. Therefore, in terms of
both accuracy and efficiency, GTG-TSM combined with a
shell-element model is better suited for predicting the
welding deformation in large-scale, complex, thin-walled
structures.
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Figure 24 Comparison of the calculation times of the three methods

5 Conclusions

This study aimed to address the problem of efficient and
accurate numerical simulation of butt welding deformation
in marine thin plates. Toward this end, TG-TSM based on
the inherent strain theory was proposed. This method does
not consider the welding residual stress. The TEP-FEM,
combined with a 3D solid finite element model, and TG-
TSM of two computational forms, combined with a shell
element finite element model, were used to numerically
simulate the deformation of AH36 marine thin plate butt
welding. By comparing and analyzing the model results
with the experimental measurements, the following conclu-
sions were drawn:

1) Although the TEP-FEM can accurately simulate the
welding deformation of AH36 marine thin plate butt joints,
its complex computational process results in long calcula-
tion times. Hence, this method cannot meet the practical

@ Springer

production demands for efficient and accurate prediction
of welding deformation in large and complex thin-plate
structures.

2) The proposed TG-TSM, combined with a shell ele-
ment finite element model, can numerically simulate the
saddle-shaped deformation trend resulting from the butt
welding of marine thin plates.

3) The GTG-TSM conforms to the formation law of
residual plastic strain in the actual welding process. There-
fore, the deformation result of the AH36 marine thin plate
butt welding calculated by this method has a small error
compared with the experimental result.

4) The accuracy of the GTG-TSM in predicting welding
deformation is comparable to that of the TEP-FEM, with
significantly lower computation time. Thus, the GTG-TSM
is an effective tool for efficiently and accurately predicting
welding deformation of large and complex thin-walled
structures.
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