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Abstract: Welding deformation occurs due to non-uniform thermal expansion, thermal contraction,
restraint, and phase transformation in a metal by a local welding heat source. This causes problems
such as low buckling strength and the reduced workability of the production process. Correcting
welding deformations in stainless steel using heat—such as by linear heating—causes metal sensitiza-
tion, which should be avoided. Herein, welding deformation was reduced by applying tension stress
instead of correcting the deformation by heating. A deformation-prevention jig was used to reduce
welding deformation during the manufacturing of a cylinder made of STS304 by laser welding. The
tensile stress was induced by pushing the cylinder shell outward using the deformation-prevention
jig. A thermo-elastoplastic analysis was performed to investigate the effects of the magnitude of the
tensile stress on welding deformation. Furthermore, the parametric results—which indicated a reduc-
tion in welding deformation—were verified through experiments. The thermo-elastoplastic analysis
suggested that deformation did not occur when the magnitude of tensile stress was approximately
50% of the yield stress of the base metal. Moreover, the deformation was experimentally reduced
by 11-20% when a tensile stress of 30 MPa was applied to the cylinder, compared with that in the
absence of tensile stress.

Keywords: welding deformation; welding deformation-prevention jig; cylindrical structures; STS304;
laser welding; pre-stress method; thermo-elastoplastic analysis

1. Introduction

Welding deformations are caused by non-uniform thermal expansion and contraction
by local welding heat sources during the manufacturing of welded structures, such as
ships, bridges, and aircraft. These contractions and expansions cause plastic deformation
owing to internal and external restraints, which appear as welding residual stresses and
deformations. Welding deformation is particularly affected by the various shapes of welded
structures, welding sequences, and welding conditions [1,2].

Laser welding, which is used to create complex structures and parts with high pre-
cision, has recently received increasing attention in the field of additive manufacturing.
Ref. [3] printed a Ti-Ni-Ti-like sandwich structure using the direct energy deposition
method. A laser beam was used to melt and fuse layers of Ti and Ni to create a sandwich
structure with unique properties, such as high strength and shape memory. Ref. [4] devel-
oped a model to predict the deformation of a lattice support structure in the laser-powder
bed fusion additive manufacturing process using the eigenstrain method and efficiently
predicted the deformation and residual stress. Ref. [5] investigated the effects of direct
aging and annealing on the microstructure and mechanical properties of Al-Si-10Mg, pro-
duced by selective laser melting. A laser was used to melt and fuse layers of an Al-Si alloy
to create a part with high strength and excellent corrosion resistance. Ref. [6] developed an
anti-deformation model to improve the manufacturing accuracy of built-in channels using
selective laser melting and demonstrated that increased channel length and depth led to
increased deformation and decreased distortion, respectively.
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When the shape of a welded structure is cylindrical (as in this study), and bending
occurs on the appearance of the structure owing to welding deformation [7,8], it causes
aerodynamic resistance as well as affecting other structures in the manufacturing process
because of the mismatch in the welded part. These welding deformations generally oc-
cur in thin structures rather than in thick structures [9]. Therefore, laser welding with
a low heat input is performed in thin-plate structures to minimize welding deforma-
tion. However, welding deformation—depending on the shape and welding position of
the welded structure—cannot be avoided. Various studies have been conducted to pre-
dict or prevent welding deformation by analyzing the generation mechanism of welding
deformation [10,11]. Methods to prevent welding deformation include the inverse defor-
mation method [12], cooling method [13], welding sequence method [14], and pre-stress
method [15,16]. The effects of the anti-deformation methods depend on the shape, thick-
ness, and welding process of the structure. Therefore, these methods should be selected
carefully based on the characteristics of the welded structure.

Ref. [17] used a numerical analysis method to minimize welding deformation during
circumferential welding by splitting the entire weld length and measuring the change in
diameter at three locations in the weld. When the total welding length was further divided,
the diametrical welding deformation decreased. Ref. [15] confirmed sensitization at the
welded part when linear heating was used to correct welding deformation during the
manufacturing of a vacuum container with STS304. Therefore, the tensile method was
analytically investigated to minimize welding deformation instead of correcting this via
linear heating. The transverse shrinkage and angular strain were reduced by 80% when the
tensile stress was approximately 0.05% of the yield stress of the parent metal.

Ref. [18] analyzed welding deformation and identified the causes of its occurrence
to control the deformation during the manufacturing of a cylindrical welded structure
with a diameter of approximately 22 mm, which was used for an offshore plant platform.
The entire welding length in the circumferential direction was divided into small sections,
and thermo-elastoplastic analysis was performed to analyze and control the deformation
behavior. Consequently, the magnitude of deformation was significantly reduced in the
case of back-step welding; however, no significant difference was observed in deformation
reduction by split welding when the total length of the welded part was divided into four
or eight sections. The lowest welding deformation occurred when the total welding length
was divided into four sections and symmetrically welded simultaneously.

Ref. [19] derived a relationship between welding deformation and restraint in fillet
and butt welds. The degree of restraint was determined through experiments and finite-
element analysis. A welding deformation prediction system was developed based on the
deformation sequence of large steel structures. In other studies, the effects of welding
deformation-prevention jigs were investigated for minimizing welding deformation in
construction machinery structures by changing the position and spacing of the constraint
jigs. [20-24] performed finite-element analysis to investigate the effect of clamp removal
time on the welding residual stress and welding deformation during the one-pass butt
welding of an STS304-based structure. The residual stress and angular deformation were
slightly affected by the removal of the clamp immediately after welding was completed.
However, when the clamp was removed once the temperature of the welded part reached
room temperature, the residual stress was opposite to that in the free state and welding
deformation barely occurred.

Studies on planar structures and arc welding processes have been widely reported in
the literature [22,25]; however, studies on preventing deformation during laser welding
of cylindrical structures by thermo-elastoplastic analysis are not available—except for the
one reported by Lee et al., 2020. Furthermore, studies on preventing deformation during
the laser welding of thin cylindrical structures [26] are limited. In addition, the reduction
effect of welding deformation using thermo-elastoplastic analysis was examined through
simulation by Ref. [27]; therefore, experimental investigations on its field applicability
are required.
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Herein, a deformation-prevention jig that pushes the cylindrical shell from the inside
of the cylinder was developed and reductions in welding deformation during the manu-
facturing of a cylindrical structure with STS304 by laser welding was confirmed through
experiments. Furthermore, experiments were conducted with and without pre-stress to
investigate the effects of tensile stress on welding deformation. The results were compared
with the results of a thermo-elastoplastic analysis reported in literature. The results ob-
tained through experimental and thermo-elastoplastic analysis indicated that tensile stress
can be induced in the actual cylinder and welding deformation can be reduced using a
welding deformation-prevention jig.

2. Transient Thermo-Elastoplastic Analysis Using the Pre-Stress Method

A thermo-elastoplastic analysis was conducted using the 1/4 analysis model
(Figure 1a) to reduce deformation occurring at the seam weld of the cylindrical steel
structure [27]. The length and radius (R) of the analysis model were 600 and 570 mm,
respectively. The thicknesses of the skin and back plates were 2.5 and 2 mm, respectively.
The skin and back plates were fastened using fasteners at intervals of 100 mm.
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Figure 1. Analysis model: (a) Shape and dimension of model; (b) mesh shape [27].

To reduce the welding deformation, a forced displacement was applied from the inside
to the outside to expand the cylindrical shell, and tensile stresses of 0, 50, 100, and 140 MPa
were achieved on the skin plate. Figure 1b shows the mesh shape of the weld, which was
used to model the weld in the thermo-elastoplastic analysis.

STS 304 steel was used in the analysis. Laser welding was performed at 2500 W with
a welding speed of 2000 mm/min. The yield strength of the steel was 265 MPa at room
temperature, tensile strength was 650 MPa, elongation was 60%, and the coefficient of linear
expansion was 1.6 x 10~ (1/°C). The temperature-dependent physical and mechanical
properties of STS304 steel are shown in Figure 2 [27].
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Figure 2. Temperature-dependent material properties of STS304: (a) physical properties; (b) mechani-
cal properties.
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To model the welding heat source, the weld flux, weld filler, and weld path options
were selected in the MSC Marc 2017 software [28]. A three-dimensional eight-node full-
integration element model was used. The welding heat source [29] was modeled as a
volumetric heat source (Figure 3) using the heat source Equation (1). Data on the welding
width and depth were selected based on the cross-section of the welded specimen. The
welding line was set with the weld path option, and a welding wire was created when the
welding heat source was moved using the weld filler option.

_ 6V3£Q S Gl Ok
qf(x,y,z,t)—WeXp<_3<a2+b2+C% (1)

6/ 3f, 2 2 — )2

Figure 3. Volumetric weld flux [27].

where

qs : volumetric heat input per unit of the front molten pool
gr : volumetric heat input per unit of the rear molten pool.
Q =nVI: total heat input

a: x direction welding width

b: y direction welding depth

Cy: forward molten pool length in z direction

C;: rear molten pool length in z direction

ff, fr: dimensionless numbers

n: efficiency

V:voltage

I: current
2 2

BT TAR ey ®
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Figure 4 shows the boundary conditions used in the analysis; only the upper and lower

frame sections were constrained under symmetric conditions using the local coordinates,
whereas the skin plate was not constrained [27].

Figure 4. Boundary condition for seam welding [27].
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The deformation that occurred during the seam welding of the cylinder was caused by
welding from the inside of the cylinder. This type of deformation is the sum of the angular
deformation caused by the temperature difference between the surface and the lower
section of the welded part and the longitudinal bending deformation based on the position
of the neutral axis of the member. An inverse deformation or a pre-stress method was used
to effectively prevent such welding deformations. Therefore, the shell was extruded from
the inside to the outside during the thermo-elastoplastic analysis to induce a tensile stress
on the shell. The tensile stress was applied to the shell in the thermo-elastoplastic analysis
to reduce deformation (Figure 5).

Back plate

Pressure plate

(a)

Forced displacement ;

(©)
Figure 5. Modeling of pre-stress method: (a) pressure plate; (b) bolting; (c) forced displacement [27].

Figure 5a demonstrates the skin, back, and pressure plates. Tensile stress was induced
on the skin plate by applying displacement from the inside of the cylinder. The skin plate
has a seam weld, whereas the pressure plate is a rigid element that facilitates a forced
displacement and is in contact with the back plate. As shown in Figure 5b, the skin and
back plates are connected to fasteners (bolts) at intervals of 100 mm in the direction of the
welding line. In the thermo-elastoplastic analysis, the fastener was modeled as attached
using the glue option available in the MSC Marc 2017 software. In addition, a pressure plate
was modeled to impose a forced displacement (Figure 5c). The pressure plate transmits
a forced displacement to the skin plate through contact with the back plate. The forced
displacement is gradually applied before welding and subsequently removed when the
welding is completed, and the welded part reaches room temperature (25 °C).

3. Experimental Work
3.1. Specimen Preparation

Two specimens were manufactured to experimentally investigate the effect of pre-
stressing methods on the reduction of welding deformations. Figure 6 demonstrates the
shape and dimensions of the specimens; the only difference between the two specimens
was the thickness of the skin plate, which was 2.0 and 2.67 mm. The diameter and length
of the specimens were 377 and 240 mm, respectively. One seam weld and three stiffener
welds were used. The frames were installed on both ends of the circularly rolled skin plate.
Moreover, a flat plate stiffener was placed inside the seam and stiffener welds, and the skin
plate and plate stiffener were fastened using three fasteners at 100 mm intervals. Similar to
bead-on-plate welding, a heat source passed through the skin plate in the stiffener welding
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process and was welded to the flat plate stiffener installed inside. The length of each
stiffener weld was 60 mm.

Stiff. welding

/ Frame

Skin plate 2/2.67mm

Frame

Seam welding

Plate Stiffener {§ Fastener(bolt)

Figure 6. Specimen used in experiment and analysis.

Table 1 lists the chemical composition of the STS304 material used in the experiments
and the thermo-elastoplastic analysis. Table 2 lists the laser welding conditions, with
nitrogen as a protective gas at a flow rate of 25 L/min. Figure 7 depicts the laser welding
state. Figure 8 shows a cross-sectional macrograph of stiffener welding joints. Figure 8a
shows a skin thickness of 2.0 mm and a stiffness thickness of 2.0 mm, and Figure 8b shows
a skin thickness of 2.67 mm and a stiffness thickness of 2.0 mm.

Table 1. Chemical composition of STS304.

Chemical . g

o C Si Mn P Ni Cr
Composition
Content (%) 0.08 <1.0 <2.0 <0.045 <0.03 8.0-10.5  18.0-20.0
Table 2. Laser welding condition.
Thickness (mm) :
- - Laser Power (W) Welding S.peed
Skin Stiffener (mm/min)
2.0 - 2000 2000
2.67 - 2500 2000
2.0 2.0 2600 2000
2.67 2.0 2800 2000

Figure 7. Photo of laser welding.
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(a) (b)

Figure 8. Cross-sectional macrograph of stiffener welding joints: (a) skin thickness: 2.0 mm + stiff.
thickness: 2.0 mm; (b) skin thickness: 2.67 mm + stiff. thickness: 2.0 mm.

3.2. Deformation-Prevention Fixture and Welding Deformation Measurement

Figure 9 demonstrates a jig configured to induce tensile stress on the skin plate to
prevent deformation. The jig is a straight structure, and grooves are installed on both ends
to prevent interference with the stiffener on the back side of the welded part. Tensile stress
is applied to the skin plate by rotating the screw installed in the centre of the jig to generate
a forced displacement from the inside of the cylinder to the outside and elongate the jig. In
the structure shown in Figure 9, two jigs are located across each other.

R

40 60
2 Z&m-%"mo 50

@ ] (b)

Figure 9. Picture of jig to give forced displacement: (a) full picture; (b) contact part of the jig.

Figure 10 demonstrates the location for the deformation measurement in the cylinder.
The circumferential length was measured at intervals of 22.5° in a clockwise direction,
using the seam-welded part as a reference point. The longitudinal distances were 20, 70,
120, 170, and 220 mm at five different positions. Figure 11 shows a touch-type deformation
measuring device with a measurement error within 5/1000 mm.



Metals 2023, 13, 798 8of 13

Stlff:weldmig Unit: mm

Fastener  Stiff. W. Seam W.
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Stiff. iwelding

Stiff. ' welding

Figure 10. Positions of welding deformation measurement: (a) circumferential direction; (b) welding

length direction.

Figure 11. Welding-deformation measuring device.

4. Results and Discussion
4.1. Parametric Studies by Varying the Initial Stress

A thermo-elastoplastic analysis was performed to investigate the reduction in welding
deformation as a function of the magnitude of the tensile stress applied on the skin plate. A
forced displacement was imposed to expand the skin plate, and the tensile stress was set to
0, 50, 100, and 140 MPa [27].

Figure 12 demonstrates the temperature distribution in the cylindrical 1/4 model
during welding. The thickness of the skin plate was 2.5 mm, and the laser welding heat was
2500 W. The heat source moved rapidly at the welding speed of 2000 mm/min, resulting in
an increase in temperature around the welded part. The same temperature distribution
was used for all specimens, regardless of the magnitude of the initial stress.
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Figure 12. Welding temperature distribution at 8 s after welding started.
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Figure 13 depicts the welding deformation in the absence of tensile stress. Initially,
when tensile stress was not applied (Figure 13a), the temperature increased owing to the
welding heat source; consequently, the skin plate expanded because of thermal expansion
(Figure 13b). Subsequently, the material bent inside owing to the angular and longitudinal
bending deformations during cooling. In general, angular deformation causes expansion of
both sides around the welded part; however, when both sides are constrained, as in the case
of the structure used in this analysis model, the sides cannot expand. Therefore, angular
deformation occurs in the welded part, which is weak in terms of its rigidity, resulting in
the inward bending of the sides of the material (Figure 13c).
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Figure 13. Welding deformation at tensile stress of 0 MPa: (a) initial conditions; (b) welding;
(c) cooling after welding.

Figure 14 demonstrates welding deformation over time when a tensile stress of 100 MPa
was induced on the skin plate by forced displacement, representing the four tensile stress
analysis conditions (0, 50, 100, and 140 MPa) [27]. Initially, a tensile stress of approximately
100 MPa was induced on the skin plate (Figure 14a), which caused a slight swelling in the



Metals 2023, 13, 798

10 0f 13

skin plate. Subsequently, deformation occurred because of the expansion of the welded
area caused by welding heat (Figure 14b). Figure 14c shows the deformation when the
weld temperature reached room temperature after welding was completed. Figure 14d
demonstrates the concave downward welding deformation in the environment when the
forced displacement was removed once the weld was completely cooled.
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Figure 14. Welding deformation at tensile stress of 100 MPa during: (a) forced displacement;
(b) welding; (c) cooling after welding; (d) when forced displacement is removed [27].

Figure 15 shows the effect of the magnitude of the tensile stress on the final deforma-
tion. The final deformation was observed at the center of the welded part in the y-direction
(radial direction). The deformation decreased linearly with increasing tensile stress. The
final welding deformation barely occurred at 140 MPa, where the initial tensile stress was
approximately 50% of the yield stress.
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Weld deformation in radial direction (mm)
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0 50 100 140
Tensile stress by deformation prevention jig (MPa)

Figure 15. Final deformation of the center of welding line according to tensile stress.

4.2. Application of the Tensile Stress Method to Cylindrical Structures

The thermo-elastoplastic analysis indicated the reduction in welding deformation
when tensile stress was induced on the skin plate. This observation verified the reduction
in welding deformation using the tensile stress method. The thicknesses of the skin plates
were 2 and 2.67 mm. In addition, one seam and three bead-on welded parts were used. The
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thermo-elastoplastic analysis suggested that the welding deformation could be completely
controlled when the tensile stress was approximately 50% of the yield stress. However,
seam welding caused significant deformation when a non-uniform and high tensile stress
was induced by forced displacement during the experimental investigation, indicating that
a high tensile stress cannot be applied. Therefore, a tensile stress of approximately 30 MPa
was applied during the experiments.

Figure 16 demonstrates the effect of the jig on the welding deformation of a cylindrical
structure with a skin plate thickness of 2 mm. The horizontal direction (x-axis) of the
graph represents the angle, which is divided at intervals of 22.5° in the clockwise direction
based on the seam-welded part. The vertical direction (y-axis) corresponds to the welding
deformation. The 0° and 360° angles, shown on the horizontal axes, were seam-welds—
whereas the stiffener and skin plate were bead-on welded at the other three positions (90°,
180°, and 270°). The welding deformation was higher in the bead-on-plate weld than in the
seam weld; this is because the bead weld was formed deep in the thickness direction of the
seam weld and the shrinkage was higher than the angular deformation. In addition, the
positions of z = 20 and 220 mm were in close contact with the frames at both ends of the
cylinder; therefore, welding deformation barely occurred at these positions.

Thickness 2 mm / without JIG Thickness 2 mm / with JIG
——7=20 mm Z=70 mm ——Z=120 mm —*-Z=170 mm ——Z=220 mm —-7=20 mm(JIG) Z=70 mm(JIG) —*-Z=120 mm(JIG)
0.2 +-7=170 mm(JIG)—*-Z=220 mm(JIG)

Deformation (mm)

0 90 180 270 360 0 90 180 270 360
Angle from seam weld center (°) Angle from seam weld center (°)

(@) (b)

Figure 16. Weld deformation in the radial direction according to the circumferential direction at
thickness 2 mm: (a) without jig; (b) with jig.

The deformation pattern in the longitudinal direction of the weld line is shown in
Figure 16a. At 0° on the horizontal axis, a slight difference in deformation can be observed
based on the position (z value); however, a significant difference in the magnitude of
deformation was observed at 90°, 180°, and 270°, based on different positions (z value).
This was attributed to the absence of weld at the center (z = 120 mm; Figure 10); however,
the skin and back plates were welded at z = 70 and 170 mm, respectively. A similar
tendency was observed in all the specimens. When the thickness of the skin plate was
2 mm, welding deformation of up to 0.5 mm occurred inside the cylinder in the absence of
an anti-deformation jig. In contrast, approximately 0.4 mm of deformation occurred when
the anti-deformation jig is used. Thus, welding deformation was reduced by 20% by using
the pre-stress method.

Figure 17 shows the effect of an anti-deformation jig on the welding deformation
when the thickness of the skin plate was 2.67 mm. A maximum of 0.45 mm of welding
deformation was observed in the absence of an anti-deformation jig. In contrast, a welding
deformation of approximately 0.4 mm was observed when an anti-deformation jig was
installed. Thus, the welding deformation was reduced by 11% at a tensile stress of 30 MPa.
In the case of a tensile stress of 30 MPa, the 11% reduction effect in the experiment obtained
a very similar result to the 17% reduction effect in the thermo-elastoplastic analysis—as
shown in Figure 15. Therefore, the experimental studies confirmed that welding deforma-
tion can be reduced by introducing pre-stress using an anti-deformation jig.
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Thickness 2.67 mm / without JIG Thickness 2.67 mm / with JIG

——7=20 mm(JIG) Z=70 mm(JIG) —-7=120 mm(JIG)
+-7Z=170 mm(JIG) —+-Z=220 mm(JIG)

0.2

——7=20 mm Z=70 mm —-Z=120 mm —-Z=170 mm —e-Z=220 mm

0.2

2 =
£ g
5 =
8 g
0.6 0.6
0 90 180 270 360 0 90 180 270 360
Angle from seam weld center (°) Angle from seam weld center (°)
(a) (b)

Figure 17. Weld deformation in the radial direction according to the circumferential direction at
thickness 2.67 mm: (a) without jig; (b) with jig.

5. Conclusions

An anti-deformation device was developed to reduce welding deformation during
the manufacturing of a cylindrical structure made of STS304 by laser welding. The effect
of tensile stress was investigated on the welding deformation. The major conclusions are
as follows:

1.  Seam-welding deformation of the cylinder was caused by angular and longitudinal
deformations. The shape of the deformation was characterized by the downward
bending at the part with a relatively low stiffness.

2. The skin plate was expanded using an anti-deformation jig, and tensile stress was
induced at the welded area to reduce welding deformation. The tensile stress induced
by the anti-deformation jig assisted in increasing the thermal stress caused by the
welding heat, thereby reducing the amount of compression plastic deformation and,
consequently, reducing the welding deformation.

3.  Thermo-elastoplastic analysis confirmed the effects of tensile stress on welding defor-
mation. Welding deformation did not occur when the tensile stress was approximately
50% of the yield stress of the base metal.

4. When a tensile stress of 30 MPa was applied to an actual cylinder, welding deformation
was reduced by 11-20% compared to that without applying tensile stress.
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