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Abstract: In this study, we propose a method for predicting welding deformation caused by multi-
pass welding using the thermal elastic–plastic finite element method (TEP-FEM) by considering
the interpass temperature. This method increases the interpass temperature, which has not been
considered in the existing TEP-FEM, from 200 ◦C to 1000 ◦C, and simultaneously performs thermal
and mechanical analyses. In addition, this method can also evaluate temperature history and the
time it takes to weld. By predicting the welding deformation using this method, angular distortion
prediction was reduced from 16.75 mm to 10.9 mm compared to the case where the interpass
temperature was cooled to room temperature. Additionally, the deformation error was significantly
reduced from 6.14% to 2.92% compared to that of the strain as directed boundary method used in a
previous study. Additionally, our research demonstrated that interpass temperatures above 800 ◦C
can result in increased deformation errors. In conclusion, it is essential to select an appropriate
temperature to minimize deformation error.

Keywords: finite element method; multi-pass welding; SUS304; thermal elastic–plastic finite element
method; welding deformation

1. Introduction

Welding is widely used in the mechanical industry. It is especially important in areas
such as the ship-building industry and marine plant businesses because large structures are
manufactured by welding of small structures. Welding is considered the most economical
method for joining parts in terms of material utilization and manufacturing costs [1].
However, welding generates heat and stress, which can lead to unpreventable deformations,
such as longitudinal shrinkage and angular distortion in structures. These deformations
persist even after welding and cause errors in the structural assembly process [2]. Therefore,
predicting welding deformation is very important for producing large structures. The
most effective approach for predicting welding deformations is to gather information by
conducting multiple welding operations. However, this approach is not economically viable
for large structures. Thus, by using the finite element method (FEM), welding deformation
can be predicted in advance without welding, regardless of the size of the structure.

This FEM simulation can be largely divided into thermal elastic–plastic FEM (TEP-
FEM) and the simplified analysis method based on the inherent strain theory. In 1971, Ueda
and Yamakawa [3] conducted welding analyses using TEP-FEM. This study was the first to
utilize TEP-FEM and consider the temperature-dependent properties of a metal, including
its elastic modulus, yield stress, and thermal expansion coefficient. Moreover, the authors
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evaluated the thermal history during welding and analyzed the transient thermal stresses.
Since then, TEP-FEA has been studied and applied to various welding processes such as
arc welding, laser welding, and electron beam welding. Ueda and Yuan [4] presented a
method for predicting the intrinsic strain distribution and residual stress that occur during
butt welding. Xia et al. [5] investigated the effects of the initial gap on the inherent strain
and welding deformation in laser arc welding using FEM. Abbasi et al. [6] examined the
temperature distribution during friction stir welding and assessed its influence on strain
and heat generation. Hwang et al. [7] predicted the residual stress distribution of an 80mm
thick plate joint during the EGW process. Wu and Kim [8] simulated the welding process
of a thin plate and computed the inherent strain using TEP-FEM. They conducted an
experiment to verify the accuracy of the proposed numerical model. Tian and Luo [9]
quantitatively investigated the effects of process parameters (including welding current,
voltage, and speed) and plate thickness on the in-plane inherent deformations in typical
fillet welded joints.

Simplified analysis methods include equivalent load, equivalent strain, and strain
as directed boundary (SDB) methods. Murakawa et al. [10] examined the deformations
that occurred during welding by applying the equivalent load method. The authors also
proposed the use of a gap element to improve the accuracy of the results. Kim et al. [11]
used the equivalent strain method to facilitate the rapid and precise prediction of weld
deformation by considering the residual stress of a curved double-bottom block, which is
commonly used in shipbuilding. Lee and Chung [12] developed a modified equivalent
load method by improving the existing method, which could not accurately estimate
longitudinal bending. Additionally, the shell element-based elastic finite element (FE)
approach was investigated, and the analysis of welding deformation was improved. Ha [13]
described the SDB method, which expresses the internal shrinkage in welding areas as
an arbitrary thermal expansion coefficient and temperature boundary condition. Ha [14]
suggested a technique for determining the temperature boundary conditions for each type
of welding joint and employed the SDB method to forecast the weld deformation of the
unit specimen and block model.

However, as the size of welded structures has increased, welding and analysis sim-
ulations are no longer performed in a single pass. Consequently, numerous studies have
been conducted to analyze the properties and performance of multi-pass welding. These
studies focused on a wide range of factors, including weld quality, weld strength, welding
speed, and welding efficiency. Ha et al. [15,16] conducted follow-up SDB studies to propose
a method for determining the temperature boundary conditions for multi-pass welding.
Vemanaboina et al. [17] performed simulations on the multi-pass gas tungsten arc welding
of SS316L and studied its effects on heat and residual stress. Wu et al. [18] conducted
a study predicting reserved clearance occurring in multi-pass double-sided arc welding.
They also used the dynamic heat distribution model and TEP-FEM to calculate welding
deformation and reduce errors in the experimental results.

However, most multi-pass welding studies have not considered the interpass temper-
ature. The term “interpass temperature” refers to the temperature of the prior bead when
welding is completed, and another bead is added to the top. The interpass temperature had
a negative impact on the weld heat-affected zone (HAZ) and hydrogen cracking. When the
interpass temperature increases and the size of the HAZ increases, the formation of marten-
site increases in the weld zone, reducing toughness and ductility. Therefore, in previous
studies, the principle was to cool the welded part to room temperature during welding to
maximize hydrogen release, prevent cracking of residual hydrogen, and minimize the size
of the HAZ. However, as the interpass temperature increases, there are also advantages,
such as reduced welding deformation and faster working time. In fact, at the sites where
welding was performed, welding was conducted without allowing the weld zone to cool
to room temperature to minimize the overall duration of the welding process, according
to the instructions of a skilled welder. Recently, Han [19] predicted multi-pass welding
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deformation using the SDB method considering the interpass temperature, and reduced
the maximum error from 56.2% to 6.14%.

The SDB method can only confirm the final deformation results and thermal load and
cannot confirm the temperature history that appears during welding. Therefore, in this
study, we investigated the effect of the interpass temperature on HAZ by verifying the
entire temperature history using TEP-FEM. Additionally, we predicted the deformation
of multi-pass welds and confirmed the interpass temperature with the lowest welding
deformation error.

2. Formulation of TEP-FEM

TEP-FEM was used to simulate the transient behavior of weld deformation and stress
under time-based temperature loading. The fundamental principle of FEM is to view
a structure as a collection of structural components that are interconnected at a limited
number of nodal points where the equilibrium and compatibility criteria are fulfilled.

2.1. Basic Equations for Analysis of TEP-FEM

During the entire welding process, where fusion and solidification occur, the initial
strain is a function of temperature, i.e., the thermal strain, and the increase in the stress of
the element can be expressed as Equation (1).

d σ = Ddε − C dT (1)

where dσ represents the stress increment, D is the stiffness matrix, dε is the strain increment,
C is the temperature matrix, and dT represents the temperature increment. The relation-
ship between the increments in the nodal forces (dF) and nodal displacements (du) was
established by applying the principle of virtual displacement, as shown in Equation (2).

dF =
∫

BTD dε dΩ −
∫

BTC dT dΩ (2)

To attain the equilibrium state of the entire structure, the equilibrium Equation (2) was
assembled as shown in Equation (3).

∑ dF = ∑ K du − ∑ dL (3)

where
K =

∫
BTDB dΩ (4)

dL =
∫

BTC dT dΩ (5)

In the welding process, no external force acts at the nodes; thus, the increment in the
nodal force (dF) is zero, and Equation (3) has a simple form, as shown in Equation (6).

∑ dL = ∑ K du (6)

To effectively simulate the equations mentioned above, it is crucial to determine the
values of K and dL by considering the effect of temperature on the material properties
using the relevant mechanical theory. In this study, TEP-FEM was executed using com-
mercial code (ABAQUS 2019) that was self-programmed. Because of its highly nonlinear
characteristics, TEP-FEA is typically performed using a sequential coupling method to
guarantee convergence.

2.2. Numerical Analysis Framework

A numerical computational framework was used to efficiently analyze the welding
deformation, as shown in Figure 1. Welding deformation and residual stress were analyzed
using TEP-FEM. First, to validate the accuracy of the TEP-FEM analysis, it was compared
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with the SDB method, which does not consider the convection and radiation conditions or
the temperature history of each bead. Subsequently, considering the interpass temperature,
TEP-FEM was performed by increasing the temperature by 100 ◦C from 200 ◦C to 1000 ◦C.
Finally, compared with the experiment, the interpass temperature with the lowest welding
deformation error was verified.
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2.3. Structural Parameters of the Welding Plate and Heat Source Model

As shown in Figure 2, a V-groove multi-pass welding plate consisting of four bead
layers was fabricated. The base metal was simplified to SUS304 austenitic stainless steel
with a thickness of 10 mm. The dimensions of the joints were 300 mm × 300 mm.
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The temperature load used in the thermal analysis was distributed differently de-
pending on the heat source model, and was calculated using the Fourier heat conduction
equation. These heat source models include the Gaussian (Figure 3) and double ellipsoidal
models (Figure 4) [20]. A 3D Gaussian heat source model is typically utilized to simulate
electron beams or laser welding, whereas the Goldak heat source model, characterized
by its double ellipsoidal shape, is commonly employed for arc welding. In the latter case,
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the front and rear ellipsoids can be separately calibrated and fitted to the welding process,
thereby enabling the heat source to simulate low-penetration welding. The power density
distributions in the front and rear quadrants of Goldak’s double ellipsoidal heat source
model used in this study are described using Equations (7) and (8), respectively.

q f (x, y, z) =
6
√

3 f f η Q
a f b c π

√
π

exp (−3x2

a2
f
− 3y2

b2 − 3z2

c2 ) (7)

qr(x, y, z) =
6
√

3 fr η Q
arb c π

√
π

exp (−3x2

a2
r
− 3y2

b2 − 3z2

c2 ) (8)

where a f , ar, b, and c are the four variables that define the semi-axes for the ellipsoid of
the heat source; a f is the front quadrant, ar is the rear quadrant, b is the half width, and
c is the depth. Q is the arc heat input (Q = η IV), where η is the arc efficiency. V and
I are the voltage and current of the arc, respectively. The fractions of deposited heat, f f
and fr, represent the heat apportionments of the heat flux in the front and rear quadrants,
respectively, where f f + fr = 2. The coordinate system for the heat source is defined in
Figure 4, where the X-axis is in the direction of the welding motion, Z-axis is in the depth
direction, and Y-axis is in the width direction. Other parameters, such as welding speed,
welding voltage, and current, are listed in Table 1. The moving heat source was modeled
using a user subroutine in ABAQUS.
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Table 1. Welding parameters used in multi-pass welding.

Parameter Value

Fractions of front heat ( f f ) 1.4
Fractions of front rear ( fr) 0.6

Welding voltage (V) 21
Welding current (I) 205
Arc efficiency (η) 0.7

Welding speed (mm/min) 180
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3. TEP-FEM

Unlike the simplified method, TEP-FEM accumulates interpass temperatures dur-
ing the welding simulation. It also considers convection and radiation, which are not
considered in the SDB method, making it difficult to match simulation and experimental
results. Therefore, before using TEP-FEM considering the interpass temperature to predict
weld deformation, the reliability of TEP-FEM was first validated by comparing the weld
deformation with the SDB method when cooled to room temperature.

3.1. Thermal Analysis

Thermal analysis was conducted using the finite element (FE) model shown in Figure 5,
which was designed to match the experimental model in every aspect. The model com-
prised 24,000 elements and 27,775 nodes. Although the groove shape was simplified to
achieve symmetry around the central axis, the overall FE model design was maintained. For
the element types, DC3D8 in ABAQUS was used for thermal analysis. During the thermal
analysis, the governing equation for the transient heat transfer is shown in Equation (9).
The nonlinear isotropic Fourier heat-flux constitutive equations are given in Equation (10).

ρc
∂T
∂t

(x, y, z, t) = −∇q(x, y, z, t) + Q(x, y, z, t) (9)

q = −k∇T (10)

where ρ is the density, c is specific heat capacity, T is the current temperature, Q is the
internal heat generation rate, and k is the thermal conductivity. Thermal properties, such
as specific heat and thermal conductivity, change depending on the material used. The
thermal properties of SUS304 austenitic stainless steel used in this study are shown in
Figure 6 [21].

To account for heat losses, thermal radiation and heat transfer on the weld surface
were considered. At higher temperatures close to and within the weld zone, radiation
losses were more significant, whereas convection losses became more prominent at lower
temperatures further away from the weld zone. A user subroutine was created to simulate
the combined thermal boundary conditions. The heat transfer coefficient, which depends
on temperature, is given by Equation (11) [21].

h =

{
= 0.68T × 10−8 (W/mm2) 0 < T < 500 ◦C
= (0.231T − 82.1) × 10−6 (W/mm2) T > 500 ◦C

}
(11)
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Thermal analysis of the FE model, which consists of four bead layers, does not weld
all beads at once but is conducted sequentially using the “Model Change” function in
ABAQUS. When the initial bead was welded using Model Change, every component from
the first pass was integrated into the FE model, whereas the other passes were left out as
shown in Figure 7.
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After the first pass, the elements involved in the second weld pass were added to
the groove, and the second pass was performed using a moving heat source as shown in
Figure 8. The remaining weld passes were completed, and the grooves were fully filled
with the weld material. After the welding was completed, the temperature history of the
base material was recorded, as shown in Figure 9. This temperature history can be applied
to the same FE model for mechanical analysis.
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3.2. Mechanical Analysis

The same mesh used in the thermal analysis was used for the mechanical analysis,
except for the element type (C3D8I in ABAQUS) and boundary conditions. In actual
welding, there are no boundary conditions. However, in the mechanical analysis, boundary
conditions are provided, as shown in Figure 10, to prevent rigid-body modules.
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A mechanical analysis was conducted using the temperature history computed by
the thermal analysis as the thermal load. In this study, we did not consider the solid-state
phase transformation of the weld base material and molten metal. Additionally, because
the creep strain is negligible, the total strain of the element can be calculated as the sum of
the three strains, as expressed in Equation (12).

{dε} = {dεe} + {dεp} +
{

dεth
}

(12)

where the elastic strain is represented by dεe, plastic strain by dεp, and thermal strain by
dεth. During the mechanical analysis, isotropic Hooke’s law was utilized to model the
elastic strain, with Young’s modulus and Poisson’s ratio being temperature-dependent, as
shown in Figure 11 [21].
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To represent the plastic strain that changes with temperature, the Von Mises yield,
temperature-dependent mechanical properties, and isotropic strain-hardening models were
used. As welding progressed, the weld plate deformed into a V-shape. However, in multi-
pass welding, this deformation accumulates; therefore, the more welding beads pile up, the
greater the amount of deformation, as shown in Figure 12.
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Therefore, the total amount of angular distortion that occurred in the z-direction was
equal to the sum of the amount of deformation that occurred in each pass, as shown in
Equation (13).

dztotal = dz1st + dz2nd + dz3rd + dz4th (13)

However, as the welding is assumed to cool to room temperature in TEP-FEM, such
as SDB, it derives values that differ from the actual welding deformation [22], as shown in
Figure 13. However, the error was very small compared with the SDB result [19].
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4. TEP-FEM Considering Interpass Temperature

The same method and mesh were used as previously described for the TEP-FEM; how-
ever, in this section, weld deformation is analyzed considering the interpass temperature.
In this case, as mentioned in Section 3, solid-state phase transformation was not considered;
however, an alternative to phase transformation can be provided by considering the shrink-
age by volume of the weld zone according to the interpass temperature. Figure 14 shows
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the internal shrinkage in the heated area of a multi-pass weld. A weld cooled to room
temperature may generate internal shrinkage in the heated area, as shown in Figure 14a. In
addition, each bead shrank without reducing the overall bending moment. For this reason,
more welding deformation may occur if the interpass temperature is not considered. How-
ever, as shown in Figure 14b, a weld that is not cooled to room temperature will merge with
other beads without completing internal shrinkage. Therefore, the heated area where the
internal shrinkage occurred became thicker, and the overall bending moment decreased.
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Figure 14. Internal shrinkage in multi-pass welding: (a) when an interpass welded area is cooled to
room temperature; (b) when an interpass welded area is not cooled to room temperature.

4.1. Thermal Analysis

Thermal analysis considering the interpass temperature was performed in 100 ◦C
increments from 200 ◦C to 1000 ◦C. An interpass temperature of 100 ◦C was excluded
because there was no notable difference compared to the interpass room temperature
(20 ◦C). Welding was performed continuously at a specific temperature without completely
cooling the beads to room temperature. The fourth bead welding step, which was the final
step of this model, was completed, and the entire bead was cooled to room temperature.
The higher the interpass temperature, the more heat is accumulated during multi-pass
welding, thereby increasing the time required to reach the target temperature, as shown in
Figure 15.
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Additionally, as the number of passes increased, the time gradually increased. How-
ever, even when this time was increased, the overall welding process time was ultimately
shorter in all cases than when the interpass temperature was not considered.

As the interpass temperature increased, the maximum temperature observed in the
temperature history also increased, as shown in Figure 16. When welding was performed
while cooling to room temperature, the maximum temperature was 1725 ◦C. However,
at an interpass temperature of 1000 ◦C, the maximum temperature increased to 2215 ◦C.
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Additionally, the increased maximum temperature directly affected the HAZ. Figure 17
shows the temperature history during multi-pass welding when the temperature was the
highest. As indicated in the legend, 750 ◦C is the temperature at which martensite, having
a negative effect on mechanical properties, mainly occurs.
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Figure 17. The temperature history during multi-pass welding.

Comparing the interpass temperatures of 20 ◦C and 200 ◦C, the areas exceeding 750 ◦C
appear similar. However, at 200 ◦C, the temperature increased slightly in the area around
the HAZ. Comparing the internal temperatures of 200 ◦C and 800 ◦C, we can see that the
HAZ clearly expanded at 800 ◦C. As the HAZ changes rapidly depending on the interpass
temperature, the TEP-FEM proposed in this study should be used instead of the previously
used SDB study. However, although an increase in the HAZ reduces welding deformation,
it may also have a negative effect on mechanical properties later, so the pass temperature
must be appropriately controlled.

4.2. Mechanical Analysis

Similar to the previous analysis, a mechanical analysis considering the interpass tem-
perature was performed using the same mesh, and the total amount of angular distortion
was calculated using Equation (13). As the interpass temperature increased from 200 ◦C to
1000 ◦C, the angular distortion decreased inversely. However, if the interpass temperature
exceeded 800 ◦C, the angular distortion value decreased further than the experimental
value [22] and the error increased. Therefore, the temperature that best predicts welding de-
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formation must be appropriately controlled. Figure 18 shows the total welding deformation
using TEP-FEM according to the interpass temperature.
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Figure 18. Angular distortion by interpass temperature.

When the interpass temperature was 800 ◦C, the angular distortion was 10.9 mm.
The deformation error was 2.62% compared to the actual welding angular distortion [22].
However, when the interpass temperature was 1000 ◦C, the angular distortion was the
lowest at 9.4 mm, but the error increased by 11.23%. In other words, as the interpass tem-
perature increases, decreasing the angular distortion implies that the total strain expressed
in Equation (13) decreases. Figure 19 shows the various strains depending on the interpass
temperature. Among the total strains, the thermal, plastic, and elastic strains accounted for
the largest proportion, in that order. The thermal strain was more than twice as large as the
plastic strain, as shown in Figure 19a.
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However, the elastic strain was relatively small compared to the thermal and plastic
strains, as shown in Figure 19b. Additionally, the elastic strain was almost unaffected by the
interpass temperature, and its value also remained constant. As a result, because the total
strain was obtained by adding all the thermal, plastic, and elastic strains, it was confirmed
that the total strain decreased as the interpass temperature increased. Additionally, when
comparing the total strain and angular distortion together, it was confirmed that the trends
were consistent, as shown in Figure 20.
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deformation prediction error was the lowest when the interpass temperature was 800 °C. 
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mation prediction is complex, and many factors other than the interpass temperature af-
fect welding deformation. Therefore, to improve the rationality of welding deformation 
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Finally, the angular distortion of the TEP-FEM and the SDB used in previous stud-
ies [19] was compared to verify the accuracy of the TEP-FEM in predicting welding defor-
mation. When the interpass temperature was 700 ◦C, the angular distortion of SDB was
11.24 mm. However, the angular distortion of TEP-FEM was 10.9mm. Furthermore, the
deformation prediction error of TEP-FEM was 3.62% lower than that of SDB, as shown in
Figure 21.
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5. Effect of Welding Parameters on TEP-FEM

Through the above welding deformation analysis using TEP-FEM, we confirmed that
as the interpass temperature increased, the angular distortion decreased. Additionally,
the deformation prediction error was the lowest when the interpass temperature was
800 ◦C. However, the optimal interpass temperature for all welds is not 800 ◦C. Welding
deformation prediction is complex, and many factors other than the interpass temperature
affect welding deformation. Therefore, to improve the rationality of welding deformation
prediction considering the interpass temperature, another welding deformation analysis
was performed in which the interpass temperature (800 ◦C) was the same, but the welding
parameters, such as the welding speed and welding current, were changed.

5.1. Welding Speed

Welding speed is one of the important parameters in performing welding. Before the
development of robotic welding, the welding speed could only be controlled by the welder,
and inconsistent welding speed had a negative impact on welding quality. Additionally,
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even if the same heat source is used, slowing down the welding speed results in greater
thermal distortion because the heat source remains in the weld structure longer. Therefore,
in this section, we analyze the effect of changing the welding speed on angular distortion
by using the same heat source and interpass temperature. The detailed welding parameters
are specified in Table 2.

Table 2. Welding parameters configured at different welding speeds.

Parameter Analysis Case 1 Case 2 Case 3 Case 4

Fractions of front heat ( f f ) 1.4 1.4 1.4 1.4 1.4
Fractions of front rear ( fr) 0.6 0.6 0.6 0.6 0.6

Welding voltage (V) 21 21 21 21 21
Welding current (I) 205 205 205 205 205
Arc efficiency (η) 0.7 0.7 0.7 0.7 0.7

Welding speed (mm/min) 180 120 150 210 240
Interpass temperature (◦C) 800 800 800 800 800

The thermal and mechanical analyses performed in this section also used the same FE
model (Figures 5 and 10) and TEP-FEM considering the interpass temperature.

Even though the same heat source and interpass temperature were used, the angular
distortion that changed rapidly depending on the welding speed can be confirmed, as
shown in Figure 22. In addition, the range of variation in the angular distortion based on
the welding speed was wider than that based on the interpass temperature. Therefore,
considering these results, it becomes easier to predict welding deformation if the welder
first determines the welding speed rather than the interpass temperature.
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5.2. Welding Current

The welding current is not a parameter that the welder modifies as much as the
welding speed, but it still has a significant impact on weld deformation. Additionally, the
welding current has a direct impact on heat source modeling, determining whether the
net heat input increases or decreases. If the welding current is too low, the arc becomes
unstable, and the penetration depth decreases owing to a decrease in the net heat input.
This can cause defects, such as slag in the weld, or reduce productivity. Conversely, if the
welding current is too high, defects such as undercuts occur in the weld area. Additionally,
if the heat penetration depth becomes too large owing to an increase in the net heat input,
unexpected excessive deformation occurs. Owing to these various defects, the welding
current is preselected within an appropriate range before operation.
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Angular distortion analysis due to changes in welding current was confirmed using
the same heat source and interpass temperature as the analysis of changing the welding
speed. The detailed welding parameters are specified in Table 3.

Table 3. Welding parameters configured at different welding currents.

Parameter Analysis Case 5 Case 6 Case 7 Case 8

Fractions of front heat ( f f ) 1.4 1.4 1.4 1.4 1.4
Fractions of front rear ( fr) 0.6 0.6 0.6 0.6 0.6

Welding voltage (V) 21 21 21 21 21
Welding current (I) 205 175 185 195 215
Arc efficiency (η) 0.7 0.7 0.7 0.7 0.7

Welding speed (mm/min) 180 180 180 180 180
Interpass temperature (◦C) 800 800 800 800 800

Figure 23 shows the angular distortion caused by the welding current. Compared
to the welding speed, the fluctuation range of the angular distortion owing to changes
in the welding current is small. Therefore, if we determine the welding speed before the
welding current, it may be easier to determine the interpass temperature at which the error
in the predicted deformation is minimal. However, the welding speed and current cannot
be modified midway during the welding. Conversely, the interpass temperature can be
modified at any time depending on the work environment because it takes sufficient time
through convection and radiation to reach the target interpass temperature. Addition-
ally, the interpass temperature setting is more flexible than the other parameters because
different temperatures can be specified for each bead when performing multi-pass welding.
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6. Conclusions

In this study, we proposed a TEP-FEM that considers the interpass temperature to
predict deformation in multi-pass welding. This method is based on the principle that the
interpass temperature is not cooled to room temperature during welding to ensure the
overall process efficiency. Therefore, in this study, the interpass temperature was increased
from 200 ◦C to 1000 ◦C, and thermal and mechanical analyses were performed. Conse-
quently, the error caused by the assumption that the beads cooled to room temperature
was substantially minimized. Additionally, the temperature that most accurately predicted
the actual welding deformation (10.59 mm) was 800 ◦C, with a predicted deformation of
10.9 mm. Additionally, this method yields more beneficial results than the SDB approach
employed in previous studies [19]. The results are summarized as follows:
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(1) The SDB method is a simple analysis method that can only check the deformation
results, whereas TEP-FEM can simultaneously check the deformation results, accumu-
lated temperature history, and total time to weld.

(2) TEP-FEM confirms that the overall process time decreases as the interpass
temperature changes.

(3) The deformation error of TEP-FEM was 2.4%, which is markedly lower than the 6.14%
error reported in a previous study (SDB 700 ◦C).

(4) It was confirmed that the thermal strain and plastic strain decreased in the same way
as the angular distortion when the interpass temperature increased.

(5) The elastic strain was not affected by the interpass temperature, unlike the thermal
and plastic strains.

However, TEP-FEM considering the interpass temperature also has disadvantages.
If the interpass temperature is excessively raised to reduce welding deformation, the
deformation prediction error may increase. Additionally, as the interpass temperature
increases, the maximum temperature also increases, which can change the size of the
heat-affected zone that is critical to welding. Finally, in this study, another analysis was
performed by changing various welding parameters to increase the rationality of the
welding deformation prediction considering the interpass temperature. As a result, it was
confirmed that to minimize the error in the predicted deformation by changing the interpass
temperature, the welding parameters (welding speed first, welding current second) must
first be determined rather than the interpass temperature.

Author Contributions: Conceptualization, Y.-H.H. and H.-I.Y.; methodology, Y.-H.H.; software, Y.-H.H.
and H.-B.L. and T.-S.S.; validation, H.-B.L. and Y.-H.H.; formal analysis, T.-S.S.; writing—review and
editing, Y.-H.H. and H.-I.Y.; visualization, H.-B.L. and Y.-H.H.; All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mehta, K.P. Sustainability in welding and processing. In Innovations in Manufacturing for Sustainability; Springer: Cham,

Switzerland, 2019; pp. 125–145.
2. Rong, Y.; Xu, J.; Huang, Y.; Zhang, G. Review on finite element analysis of welding deformation and residual stress. Sci. Technol.

Weld. Join. 2018, 23, 198–208. [CrossRef]
3. Ueda, Y.; Yamakawa, T. Analysis of thermal elastic-plastic stress and strain during welding by finite element method. Jpn. Weld.

Soc. Trans. 1971, 2, 90–100.
4. Ueda, Y.; Yuan, M.G. Prediction of residual stresses in butt welded plates using inherent strains. J. Eng. Mater. Technol. 1993, 115,

417–423. [CrossRef]
5. Xia, H.; Li, L.; Ma, N.; Huang, H. Analysis of influence of initial gap of laser-arc hybrid butt welds on inherent strain and welding

deformation of a pipe structure. J. Laser Appl. 2016, 28, 22009. [CrossRef]
6. Abbasi, M.; Bagheri, B.; Keivani, R. Thermal analysis of friction stir welding process and investigation into affective parameters

using simulation. J. Mech. Sci. Technol. 2015, 29, 861–866. [CrossRef]
7. Hwang, S.Y.; Kim, Y.; Lee, J.H. Finite element analysis of residual stress distribution in a thick plate joined using two-pole tandem

electro-gas welding. J. Mater. Process. Technol. 2016, 229, 349–360. [CrossRef]
8. Wu, C.; Kim, J.W. Numerical prediction of deformation in thin-plate welded joints using equivalent thermal strain method.

Thin-Walled Struct. 2020, 157, 107033. [CrossRef]
9. Tian, L.; Luo, Y. The effect of process parameters and plate thickness on in-plane inherent deformations in T-joint fillet weld. Eng.

Comput. 2021, 38, 2078–2104. [CrossRef]
10. Murakawa, H.; Deng, D.; Rashed, S.; Sato, S. Prediction of distortion produced on welded structures during assembly using

inherent deformation and interface element. Trans. JWRI 2009, 38, 63–69.

https://doi.org/10.1080/13621718.2017.1361673
https://doi.org/10.1115/1.2904240
https://doi.org/10.2351/1.4942876
https://doi.org/10.1007/s12206-015-0149-3
https://doi.org/10.1016/j.jmatprotec.2015.09.037
https://doi.org/10.1016/j.tws.2020.107033
https://doi.org/10.1108/EC-08-2019-0354


Materials 2024, 17, 3656 18 of 18

11. Kim, Y.; Kim, J.; Kang, S. A study on welding deformation prediction for ship blocks using the equivalent strain method based on
inherent strain. Appl. Sci. 2019, 9, 4906. [CrossRef]

12. Lee, J.; Chung, H. Modified equivalent load method for welding distortion analysis. J. Mar. Sci. Eng. 2020, 8, 794. [CrossRef]
13. Ha, Y.S. Development of thermal distortion analysis method on large shell structure using inherent strain as boundary condition.

J. Soc. Nav. Archit. Korea 2008, 45, 93–100. [CrossRef]
14. Ha, Y.S. A study on weldment boundary condition for elasto-plastic thermal distortion analysis of large welded structures. J.

KWJS 2011, 29, 48–53.
15. Ha, Y.S.; Yang, J.H. Development of distortion analysis method for multi-pass butt-welding based on shell element. J. KWJS 2010,

28, 54–59.
16. Ha, Y.S.; Choi, J.W. A Study on the Thermal Distortion Analysis of Welded Structures having K/X Groove using shell elements. J.

KWJS 2012, 30, 120–125.
17. Vemanaboina, H.; Akella, S.; Uma Maheshwer Rao, A.C.; Gundabattini, E.; Buddu, R.K. Analysis of thermal stresses and its effect

in the multipass welding process of SS316L. Proc. Inst. Mech. Eng. Part E J. Process Mech. Eng. 2021, 235, 384–391. [CrossRef]
18. Wu, H.; Guo, Y.; Wang, H.; Yuan, F.; Dong, H.; Ke, Y. Prediction of double-sided arc welding deformation based on dynamic heat

distribution model and TEP-FE approach. Int. J. Adv. Manuf. Technol. 2022, 121, 6361–6374. [CrossRef]
19. Han, Y.H.; Noh, H.J.; Yoon, H.C.; Lim, H.B.; Yang, H.I. Predicting multi-pass welding distortion using the strain as directed

boundary method considering interpass. J. Mech. Sci. Technol. 2023, 37, 4039–4045. [CrossRef]
20. Goldak, J.; Chakravarti, A.; Bibby, M. A new finite element model for welding heat sources. Metall. Trans. B 1984, 15, 299–305.

[CrossRef]
21. Deng, D.; Murakawa, H. Numerical simulation of temperature field and residual stress in multi-pass welds in stainless steel pipe

and comparison with experimental measurements. Comput. Mater. Sci. 2006, 37, 269–277. [CrossRef]
22. Ye, Y.; Cai, J.; Jiang, X.; Dai, D.; Deng, D. Influence of groove type on welding-induced residual stress, deformation and width of

sensitization region in a SUS304 steel butt welded joint. Adv. Eng. Softw. 2015, 86, 39–48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app9224906
https://doi.org/10.3390/jmse8100794
https://doi.org/10.3744/SNAK.2008.45.1.93
https://doi.org/10.1177/0954408920965062
https://doi.org/10.1007/s00170-022-09735-7
https://doi.org/10.1007/s12206-023-0719-8
https://doi.org/10.1007/BF02667333
https://doi.org/10.1016/j.commatsci.2005.07.007
https://doi.org/10.1016/j.advengsoft.2015.04.001

	Introduction 
	Formulation of TEP-FEM 
	Basic Equations for Analysis of TEP-FEM 
	Numerical Analysis Framework 
	Structural Parameters of the Welding Plate and Heat Source Model 

	TEP-FEM 
	Thermal Analysis 
	Mechanical Analysis 

	TEP-FEM Considering Interpass Temperature 
	Thermal Analysis 
	Mechanical Analysis 

	Effect of Welding Parameters on TEP-FEM 
	Welding Speed 
	Welding Current 

	Conclusions 
	References

