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Abstract: In this study, an effective numerical model was developed for the calculation of the
deformation of laser-welded 3 mm 304L stainless steel plates with different gaps (0.2 mm, 0.5 mm,
and 1.0 mm). The welding deformation would become larger when the welding gaps increased, and
the largest deformation values along the Z direction, of 4 mm, were produced when the gap value
was 1.0 mm. A larger plastic strain region was generated in the location near the weld seam, since
higher plastic deformation had occurred. In addition, the tensile stress model was also applied at the
plastic strain zone and demonstrated that a larger welding gap led to a wider residual stress area.
Based on the above results, inherent deformations for butt and corner joints were calculated according
to inherent strain theory, and the welding formation for the complex structure was calculated with
different gaps. The numerical results demonstrated that a larger deformation was also produced with
a larger welding gap and that it could reach the highest value of 10.1 mm. This proves that a smaller
welding gap should be adopted during the laser welding of complex structures to avoid excessive
welding deformation.

Keywords: laser welding 304L stainless steel; FEM simulation; welding deformation; inherent strain;
complex structure

1. Introduction

304L stainless steel has always been excellent when utilized in the fabrication of large
components in the fields of petrochemicals, machine tools, nuclear, medical applications,
and power industries, due to its excellent resistance to corrosion, good formability, and
stable mechanical properties under high temperature [1–7]. During the fabrication of large
structural components, many different structures with various shapes should be connected,
and the employment of welding technology becomes necessary.

At present, different welding technologies are adopted in various circumstances. For
instance, Yan et al. obtained arc-welded 304 stainless steel joints from TIG technology [8].
Arc welding has a large heating area and proved to be able to weld samples with large
gaps. A laser-arc hybrid could also be adopted for the welding of 304L stainless steel. This
welding technology demonstrated good penetration and a higher welding speed than that
of single-arc technology [9,10]. Nevertheless, the assembling process of that experimental
system was relatively complex, and many further trial experiments should be conducted
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to obtain the optimized couplings [11]. Compared to this welding technology, single-
laser welding technology has become more and more popular in the welding of thin 304L
stainless steel since it has the advantages of higher welding speed, an accurate heating area,
and smaller welding deformation [12–15]. For instance, Abdul et al. successfully joined
304L stainless steel with laser technology, employing a welding speed of 1.5 m/min [16].
They found that the heating effect zone was only 1.15 mm.

During laser welding, gaps are produced in the butt joint due to assembling errors and
irregular edges. The presence of the gap will eventually affect the weld formation [17,18].
For instance, Webster discovered that different welding gaps produce different melting
volumes at the bottom of the weld seam, because more molten materials filled up that
section and, finally, led to a different welding deformation during laser-arc hybrid weld-
ing [19]. Xia et al. discovered that a welding seam with different melting widths between
the middle and top regions was obtained with different gaps during the laser-arc hybrid
welding of Q235 steel [20]. This phenomenon produces various deformation behaviors in
joints. Therefore, it is necessary to know the welding formation and deformation values for
the laser welding of 304L stainless steel joints with different gaps.

To avoid repeated experiments and to reduce costs, the finite element method (FEM)
can be adopted [21], and many researchers have made investigations into the numerical
simulation of laser welding deformation. Belhadj et al. developed a numerical model
for the fusion zone of laser welded magnesium alloys [22]. Belitzki et al. developed a
numerical model to predict the welding deformation of laser-welded joints [23]. They also
combined numerical simulation with artificial intelligence to obtain an optimized welding
sequence, which proved to be beneficial to the reduction of welding deformations. For the
prediction of large structures, the thermal-plastic-elastic method is hard to carry out due to
extensive meshing and a long calculation duration; therefore, the inherent strain method
is an effective alternative. Li et al. predicted the deformation of arc-welded ship block
subassemblies with dimensions of 1810 mm, 1070 mm, and 500 mm [24]. They compared
the calculated duration between inherent strain and the FEM model. The calculated
durations for FEM and the inherent strain method were 20 h and 3 min, respectively. The
calculated results, according to the inherent strain method, demonstrated a maximum
relative deviation of 9.9% compared with experimental values. Murakawa et al. calculated
the deformation of arc-welded thin plate structures with dimensions of 4000 m, 2000 m, and
300 mm, using the inherent strain method [25]. They also optimized the welding sequence
to obtain a smaller welding deformation.

The aim of this research was to investigate the welding formations of laser-welded
304L stainless steel with different gaps (0.2 mm, 0.5 mm, and 1.0 mm). Then, the FEM
model was developed to calculate the welding deformation, plastic strain, and residual
stress of these three joints. This research hopes to give guidance regarding parameter
optimizations in the practical laser welding of 304L stainless steel.

2. Experimental and Numerical Procedures
2.1. Selected Materials and Experimental Equipment

In this research, the IPG YLR-10000 fiber laser (Oxford, MA, USA) and KUKA robot
(Augsburg, Germany) were assembled into a laser welding system. 304L stainless steel
was selected as the base material. Chemical compositions are presented in Table 1. The
dimensions for the base material were 400 mmL × 300 mmW × 3.0 mmT. During laser
welding, 308L stainless steel filler with a diameter of 1.0 mm was adopted as the filling
material. The 308L filler recorded a tensile strength of 614 MPa and an elongation of
38%.The laser welding process was presented in Figure 1a.

The laser was focused on the base metals and vertically irradiated on the workpiece.
Before the welding process, the base metals were cleaned by a chemical agent and polished
to remove surficial oxidation, in order to obtain a satisfactory welding formation [26]. To
protect the oxidation of the weld seam, Argon protective gas was flowed behind the molten
pool to obtain a satisfactory welding formation. The welding process is listed in Table 2.
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Table 1. Chemical compositions and tensile strengths of base metals.

Mn Si S C P Cr Ni Zn Cu Fe σ (UTS, MPa)

304L 1.50 0.60 0.015 0.030 0.020 19.0 9.0 0.05 0.05 Bal. 590
308L Filler 1.80 0.60 0.008 0.028 0.015 20.0 10.0 0.03 – Bal. 614

Materials 2024, 17, x FOR PEER REVIEW 3 of 13 
 

 

Table 1. Chemical compositions and tensile strengths of base metals. 

 Mn Si S C P Cr Ni Zn Cu Fe σ (UTS, MPa) 
304L 1.50 0.60 0.015 0.030 0.020 19.0 9.0 0.05 0.05 Bal. 590 

308L Filler  1.80 0.60 0.008 0.028 0.015 20.0 10.0 0.03 – Bal. 614 

The laser was focused on the base metals and vertically irradiated on the workpiece. 
Before the welding process, the base metals were cleaned by a chemical agent and pol-
ished to remove surficial oxidation, in order to obtain a satisfactory welding formation 
[26]. To protect the oxidation of the weld seam, Argon protective gas was flowed behind 
the molten pool to obtain a satisfactory welding formation. The welding process is listed 
in Table 2. 

When the welding experiment was complete, the samples were prepared for optical 
micrograph (OM, OLMPUSeDSX510, Olympus, Tokyo, Japan) observation. The prepared 
sample was 15 mm long and 5 mm wide, with a thickness of 3 mm. The preparation pro-
cesses for samples for OM observation were as follows: samples were ground using #50 
(ANSI standard), #100, #200, #400, #800, #1200, and #1200 sandpaper, in sequential order. 
Then, these ground samples were further refined and polished with diamond paste with 
a diameter of 0.5 µm and 0.25 µm. Then, the ground samples were flushed in sequential 
order by water and acetone and, finally, were dried. After the above polishing process, a 
sample with a mirror-like surface was obtained for further observation. OM was adopted 
to observe the morphology of the weld profile (containing fusion zone and base material). 

The welding deformations of these samples, obtained with different gaps, were meas-
ured by three-coordinate measurement, which was performed on the Hexagon Micro Plus 
10.12.08 (Aarau, Switzerland). According to the above method, welding profile and defor-
mation could be obtained, and these results were utilized to verify the numerical model. 
The measuring process was presented as seen in Figure 1b,c. 

 
Figure 1. Laser welding of 304L stainless steel and measurement of deformation: (a) Laser welding 
system, (b,c) Measurement of welding deformation by three-coordinate measurement. 

Table 2. Laser welding parameters for 304L stainless steel. 

Parameters Values 
Laser power (kW) 2.00 

Welding speed (m/min) 1.2 
Filler feeding speed (m/min) 2.0 m 

Oscillated frequency (Hz) 50 
Oscillated path Linear 

Oscillated amplitude (mm) 3 
Gas flow rate (L/min) 15 

Figure 1. Laser welding of 304L stainless steel and measurement of deformation: (a) Laser welding
system, (b,c) Measurement of welding deformation by three-coordinate measurement.

Table 2. Laser welding parameters for 304L stainless steel.

Parameters Values

Laser power (kW) 2.00

Welding speed (m/min) 1.2

Filler feeding speed (m/min) 2.0 m

Oscillated frequency (Hz) 50

Oscillated path Linear

Oscillated amplitude (mm) 3

Gas flow rate (L/min) 15

When the welding experiment was complete, the samples were prepared for optical
micrograph (OM, OLMPUSeDSX510, Olympus, Tokyo, Japan) observation. The prepared
sample was 15 mm long and 5 mm wide, with a thickness of 3 mm. The preparation
processes for samples for OM observation were as follows: samples were ground using #50
(ANSI standard), #100, #200, #400, #800, #1200, and #1200 sandpaper, in sequential order.
Then, these ground samples were further refined and polished with diamond paste with
a diameter of 0.5 µm and 0.25 µm. Then, the ground samples were flushed in sequential
order by water and acetone and, finally, were dried. After the above polishing process, a
sample with a mirror-like surface was obtained for further observation. OM was adopted
to observe the morphology of the weld profile (containing fusion zone and base material).

The welding deformations of these samples, obtained with different gaps, were mea-
sured by three-coordinate measurement, which was performed on the Hexagon Micro
Plus 10.12.08 (Aarau, Switzerland). According to the above method, welding profile and
deformation could be obtained, and these results were utilized to verify the numerical
model. The measuring process was presented as seen in Figure 1b,c.

2.2. Numerical Simulation

To calculate the deformation of the welded samples, a numerical model with dimen-
sions of 300 mmL × 150 mmW × 4.0 mmT was developed, as seen in Figure 2. To ensure
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accuracy and to shorten the calculation duration of the simulation, coarse and fine meshes
were divided between the interior (coarse) and outer region (fine) of the weld seam [27], as
seen in Figure 3. In this research, traditional six-node constraints were adopted, as seen
in Figure 3. The thermo-mechanical properties of 304L stainless steel are listed in Table 3.
The welding deformation was calculated by the FEM software, JWRIAN (V103), which was
developed by Osaka University.
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In this research, the laser absorption coefficient was set as 0.8. The heat source for the
laser energy is described by Gaussian equations [28,29]:

qlaser(x, y, z) = 6
√

3
ηlaserPlaser

π
√

πr3
laser

exp

(
−3[(x − xlaser)

2 + (y − ylaser)
2 + (z − zlaser)

2]

r2
laser

)
(1)

In Equation (1), Plaser represents laser power; ηlaser, laser energy absorption efficiency,
rlaser, the radius of laser spot; and xlaser, ylaser and zlaser represent the center coordinates of
the laser heating source along the x, y, and z directions, respectively. In this research, the
absorption coefficient ηlaser was set as 0.85, and the laser spot diameter was 0.6 mm. The
movement of the heating source was controlled by a subroutine programmed in Fortran.
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Table 3. Laser welding parameters for 304L stainless steel [30].

Temperature
(◦C)

Density
(kg/m3)

Specific Heat
(J/kg/◦C)

Conductivity
(J/mm/◦C)

Yield Strength
(MPa)

Thermal Expansion
Coefficient

(/◦C)

Young’s Modulus
(GPa)

20 7884 459 0.014 264 1.69 × 10−5 197

100 7884 492 0.014 217 1.73 × 10−5 192

200 7802 510 0.015 186 1.80 × 10−5 184

300 7802 523 0.017 170 1.86 × 10−5 175

400 7781 539 0.018 155 1.91 × 10−5 166

600 7648 576 0.020 148 1.96 × 10−5 159

800 7525 603 0.023 91 2.02 × 10−5 151

1000 7402 639 0.027 58 2.05 × 10−5 105

1300 7269 690 0.033 20 2.11 × 10−5 20

1500 7249 699 0.120 9 2.16 × 10−5 9

3. Results and Discussion
3.1. Verification of Developed Models

To illustrate the accuracy of the developed models, Figure 4 compares the numerical
and experimental fusion lines to present the corresponding results. As seen in Figure 4, a
strong correlation in the numerical and experimental results was found, which indicated
that the developed model in this research was effective. In Figure 4, the different colors in
the model represent different zone temperatures.
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3.2. Welding Deformations

During laser welding, deflection along the Z direction (Displacement Z) was the
most important deformation parameter, and its value had great influence on final joint
strength [31]; therefore, Displacement Z was calculated, and the corresponding results
are presented in Figure 5. As seen in Figure 5a, it was found that Displacement Z along
the transverse direction would become smaller with each reduction in gap distance. The
highest value for Displacement Z, of 4.0 mm, was produced at the center of joints with a
1.0 mm gap, and the lowest value, of 2.2 mm, was recorded for joints with a 0.2 mm gap.
As reported in a previous publication [20], a larger melting zone induces larger welding
deformations. According to the fusion zone, as presented in Figure 3, the largest melting
zone was produced when a 1.0 mm gap was adopted, which finally resulted in the largest
Displacement Z.
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From the above observed and analyzed results, it was found that gap distance had a
great effect on the final welding deformation. When gap distances were 0.2 and 0.5 mm,
the deformation values were similar; however, the values expanded quickly when the gap
distance was 1.0 mm. Therefore, it can be concluded that a lower gap distance should be
adopted during the laser welding of 304L stainless steel, and the gap distance should be
less than 0.5 mm. It should be noted that deformation was different on the two sides of the
sample; this was caused by the constraint difference, as seen in Figure 3.

The shrinkage deformation for three joints is presented in Figure 6, which illustrates
the finding that the shrinkage deformation produced in the joint with a 1.0 mm gap was
much larger than in the other two joints. In line with previous reporting [32], shrinkage de-
formation during laser welding was caused by the volume of liquid metal. A lager volume
of liquid metal led to larger shrinkage. This result could also be proved by metallography,
as seen in Figure 3. It was immediately apparent that the volume of liquid metal was
greater for the joint produced with a 1.0 mm gap.
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3.3. Plastic Strain

To provide a clearer observation of the impact of welding gaps on plastic strain,
longitudinal and transverse plastic strains (εp

x and εp
y) along the surfaces of models were

extracted, as illustrated in Figure 7a,b. At the same time, the values of εp
x and εp

y, along
the bottom surface of the model, were also extracted and are illustrated in Figure 7c,d.
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As seen in Figure 7, it was found that larger plastic strain values were present in the
fusion zone and heat-affected zone, exhibiting a similar variation tendency to shrinkage.
Little difference was recorded in the transverse plastic strain along the top surface, as seen
in Figure 7a. For the transverse plastic strain εp

y along the bottom surface, the largest
values were produced when the gap distance was 1.0 mm. Plastic strain εp

x was caused
by the fusion liquid metal. According to Figure 4, the widest fusion line at the bottom
surface was generated when the gap distance was 1.0 mm, which induced the largest plastic
strain. Comparing values for εp

x and εp
y, an interesting phenomenon was discovered: εp

y

was larger than that of εp
x. This confirms results published by Ma et al. [33], who have

proposed that this phenomenon is caused by weaker constraints during the laser welding
process, as seen in Figure 3.

3.4. Residual Stress

The residual stress for three joints was also calculated, and the corresponding results
are presented in Figure 8. Figure 8 illustrates that the largest Von Mises stress value level and
the widest plastic strain area were both produced at the joint with a 1.0 mm gap distance.
This finding aligns with previous reporting [34].
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When molten pool was cooled, a material property difference was produced between
the fusion zone and basic metals, which induced the generation of residual stress. At
this point, differences in the material properties of the fusion zone and base metals were
produced. As seen in Figure 5, the joint produced with a 1.0 mm gap demonstrated the
largest fusion width in both top and bottom regions. When the welding process was
finished, a larger material property difference was produced. During the cooling process,
partial elastic strain was recovered, leaving only plastic strain behind. Then, the largest Von
Mises stress value level and the widest plastic strain area were both able to be generated, as
seen in Figure 8a,b. Under this condition, a larger welding deformation was also produced,
as seen in Figure 5. An interesting phenomenon was found when observing the values of
SX: SX peak values exceeded the yield strength of 304L stainless steel, and this was caused
by the strain hardening.

3.5. Inherent Deformation

To calculate the final deformation of the structure, the inherent strain method was
adopted. Compared to the thermal-plastic-elastic method, the inherent strain method can
predict welding deformation in a far shorter duration with acceptable accuracy. In this
method, four basic parameters are calculated, as presented in Equations (2)–(5): longitudi-
nal inherent shrinkage δ∗x , transverse inherent shrinkage δ∗y , longitudinal inherent bending
R∗

x, and transverse inherent bending R∗
y [35]. The calculated results are presented in Table 4.

When these four inherent deformation parameters were obtained, the welding deforma-
tions for the complex box structure with multiple welding lines, as seen in Figure 9, were
predicted. Additionally, inherent deformations for corner joints were also calculated, since
the fabrication of large complex box structure contains corner joints, and the corresponding
results are listed in Table 5. The dimensions of the complex box structure were 4060 mm
(length) × 2497 mm (width) × 1875 mm (height), as seen in Figure 9d.

Table 4. Inherent deformation of hybrid welded flat butt joints.

Initial Gaps Longitudinal Inherent
Shrinkage (mm)

Transverse Inherent
Shrinkage (mm)

Longitudinal Inherent
Bending (rad.)

Transverse Inherent
Bending (rad.)

0.2 mm 0.00268 0.020246 −0.0006 0.033987

0.5 mm 0.00403 0.017627 −0.0007 0.031678

1.0 mm 0.01406 0.04980 −0.0009 0.053149
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Table 5. Inherent deformation of hybrid welded corner joints.

Initial Gaps Longitudinal Inherent
Shrinkage (mm)

Transverse Inherent
Shrinkage (mm)

Longitudinal Inherent
Bending (rad.)

Transverse Inherent
Bending (rad.)

0.2 mm 0.00476 0.1395 0 0.0082

0.5 mm 0.00556 0.1707 0 0.0073

1.0 mm 0.00686 0.2516 0 0.0054

As demonstrated in the inherent deformation values, it was found that the trans-
verse deformation was an order of magnitude higher than the longitude deformations.
This has proved that the welding deformation was mainly determined by the transverse
deformation.

δ∗x =
1
h

x
ε

p
xdydz (2)

δ∗y =
1
h

x
ε

p
ydydz (3)

R∗
x =

1
I

∫
ε

p
x(z −

h
2
)dydz (4)

R∗
y =

1
I

∫
ε

p
y(z −

h
2
)dydz (5)

Before the final calculation, some simplifications were implemented: (1) the generated
meshes for the model were shells, comprising 75,732 nodes and 782,999 elements. The
dimension for the meshes were 35 mm × 35 mm, as seen in Figure 9c. (2) The restrained
conditions are shown in Figure 10a. A traditional six-node constraint was adopted. (3) Var-
ious structures with little difference in thickness were treated as the same. Under these
amplifications, the calculated duration could be shortened and accuracy maintained. For
this structure, a total of 24 weld seams were present, which included 10 butt weld seams
and 14 corner weld seams.
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The calculated results are shown in Figure 10. A similar deformation tendency was
discovered, as seen in Figure 10a–c. A larger red area is produced with larger welding gaps,
which indicates a larger welding deformation. For the deformation distribution, smaller
values were produced at the side structures, while larger values were produced at the cover
plates, as seen in Figure 10a–c. It was found that the maximum deformation was generated
at the upper cover plate. The maximum deformation for each of the three structures was
6.2 mm, 7.4 mm, and 10.1 mm, when the welding gaps were 0.2 mm, 0.5 mm, and 1.0 mm,
respectively. This proved that a larger welding gap was disadvantageous for the control of
the final welding deformations.

4. Conclusions

In this research, a satisfactory numerical model was developed to predict the welding
deformation of a laser-welded 304L stainless steel butt joint (with welding gaps of 0.2 mm,
0.5 mm, and 1.0 mm). Based on the calculated results, the deformation tendency of a
complex structure was calculated according to the inherent strain method. The conclusions
are as follows:

1. Larger deformation values were produced with larger welding gaps (as expected),
and the highest value for a welding deformation along the Z direction, of 4.0 mm, was
generated with welding gaps of 1.0 mm, which was proportional with the volume
of liquid metals. Welding deformation along the Z direction reduced approximately
45%, to 2.2 mm, when the welding gap was 0.2 mm.
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2. A wider plastic strain region and larger welding residual stress value was recorded
with larger gaps, since a larger fusion zone and greater deformation were produced.
The highest tensile stress around the weld seam was larger than the yield strength of
the base metal, since a strain-hardening phenomenon had occurred.

3. Inherent strain theory was adopted to calculate the deformation inherent to different
gaps, and larger inherent deformations were produced with laser welding gaps.
From the calculated results of the inherent deformation, it was found that transverse
deformation was much greater than longitude deformation. This indicated that
transverse deformation was the main deformation mechanism.

4. Welding deformations for complex box structures were calculated based on the calcu-
lated inherent deformations in different gaps. The highest deformations, of 10.1 mm,
7.4 mm, and 6.2 mm, were produced at the upper cover plate with a welding gap of
1.0 mm, 0.5 mm, and 0.2 mm, respectively. A maximum 30% displacement reduction
occurred when a 0.2 mm gap was adopted, compared to a 1.0 mm gap. These find-
ings suggest that a smaller welding gap should be adopted when welding complex
structures in order to reduce welding deformation.

Author Contributions: Conceptualization, L.Z. (Liping Zhang) and L.Z. (Lijie Zhang); Methodology,
L.Z. (Liping Zhang) and G.P.; Software, G.P., X.Y., Y.F. and W.L.; Validation, F.Y. and Z.M.; Formal
analysis, Y.F. and W.L.; Investigation, F.Y.; Resources, F.Y., Z.M., X.Y., Y.F. and W.L.; Data curation,
Z.M.; Writing—original draft, L.Z. (Liping Zhang); Writing—review & editing, G.P. and L.Z. (Lijie
Zhang); Visualization, X.Y.; Funding acquisition, G.P. and L.Z. (Lijie Zhang). All authors have read
and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of Jiangsu Province
(No. BK20220231) and the Xuzhou Provincial Guidance Program (No. KC22341).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Authors Liping Zhang, Genchen Peng, Fan Yang, Zhengyu Meng and Wen Li
were employed by the company Jiangsu XCMG Construction Machinery Research Institution Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Rai, R.; Palmer, T.A.; Elmer, J.W.; Debroy, T. Heat transfer and fluid flow during electron beam welding of 304L stainless steel

alloy. Weld. J. 2009, 88, 54–61.
2. Wang, Z.; Palmer, T.A.; Beese, A.M. Effect of processing parameters on microstructure and tensile properties of austenitic stainless

steel 304L made by directed energy deposition additive manufacturing. Acta Mater. 2016, 110, 226–235. [CrossRef]
3. Xu, J.; Chen, J.; Duan, Y.; Yu, C.; Lu, H. Comparison of residual stress induced by TIG and LBW in girth weld of AISI 304 stainless

steel pipes. J. Mater. Process. Technol. 2017, 248, 178–184. [CrossRef]
4. Jiang, W.; Zhu, K.; Li, J.; Qin, W.; Zhou, J.; Li, Z.; Gui, K.; Zhao, Y.; Mao, Q.; Wang, B. Extraordinary strength and ductility of

cold-rolled 304L stainless steel at cryogenic temperature. J. Mater. Res. Technol. 2023, 26, 2001–2008. [CrossRef]
5. Li, J.; Cheng, W.; Qin, W.; Chen, M.; Zhao, Y.; Li, Y.; Sun, Y.; Mao, Q. Cryogenic impact property of a high-strength-ductility 304L

stainless steel with heterogeneous lamella structure. J. Mater. Res. Technol. 2023, 24, 1401–1409. [CrossRef]
6. Park, H.; Yoo, H.; Park, C. Wear and corrosion behaviors of high-power laser surface-cleaned 304L stainless steel. Opt. Laser

Technol. 2024, 168, 109640. [CrossRef]
7. Kim, J.; Jin, H.; Kwon, J.; Kang, S.; Lee, B. Effects of cellular segregation for high strength and ductility of additively manufactured

304L stainless steel. Mater. Charact. 2022, 194, 112364. [CrossRef]
8. Yan, J.; Gao, M.; Zeng, X. Study on microstructure and mechanical properties of 304 stainless steel joints by TIG, laser and

laser-TIG hybrid welding. Opt. Laser Eng. 2010, 48, 512–517. [CrossRef]
9. Turichin, G.; Kuznetsov, M.; Sokolov, M.; Salminen, A. Hybrid Laser Arc Welding of X80 Steel: Influence of Welding Speed and

Preheating on the Microstructure and Mechanical Properties. Phys. Procedia 2015, 78, 35–44. [CrossRef]

https://doi.org/10.1016/j.actamat.2016.03.019
https://doi.org/10.1016/j.jmatprotec.2017.05.014
https://doi.org/10.1016/j.jmrt.2023.08.049
https://doi.org/10.1016/j.jmrt.2023.03.081
https://doi.org/10.1016/j.optlastec.2023.109640
https://doi.org/10.1016/j.matchar.2022.112364
https://doi.org/10.1016/j.optlaseng.2009.08.009
https://doi.org/10.1016/j.phpro.2015.11.015


Materials 2024, 17, 1934 12 of 12

10. Cai, Y.; Li, C.; Chen, H.; Xiong, J. Monitoring of distance between laser beam and arc in laser-arc hybrid welding based on deep
learning. Opt. Laser Technol. 2024, 174, 110562. [CrossRef]

11. Yazdian, N.; Mohammadpour, M.; Kong, F.; Kovacevic, R. Hybrid laser/arc girth welding of 304L stainless steel tubes, part
1—Pore mitigation, thermal analysis and mechanical properties. Int. J. Press. Vessel. Pip. 2018, 163, 75–93. [CrossRef]

12. Kumar, K.S. Numerical modeling and simulation of a butt joint welding of AISI 316L stainless steels using a pulsed laser beam,
4th international conference on materials processing and characterization. Mater. Today Proc. 2015, 2, 2256–2266. [CrossRef]

13. Um, J.; Stroud, I.A. Total Energy Estimation Model for Remote Laser Welding Process. Procedia CIRP 2013, 7, 658–663. [CrossRef]
14. Xia, H.; Yang, B.; Su, J.; Liu, Y.; Su, X.; Wang, C.; Qiang, X.; Wu, T.; Tan, C. Improvement of laser welded TC4/CFRTP joint

strength by combination of surface modification of MAO and laser texturing. Thin-Walled Struct. 2024, 196, 111409. [CrossRef]
15. Huang, J.; Hao, K.; Xu, L.; Han, Y.; Zhao, L.; Ren, W. Grain refinement of laser-arc hybrid welded 2219 aluminum alloy by

introducing TiB2 particles employing laser pre-cladding. J. Mater. Res. Technol. 2023, 27, 194–199. [CrossRef]
16. Rehman, A.; Lathka, G.S.; Zubairuddin, M. Finite element analysis of laser welding of 304L butt joint. Mater. Today Proc. 2023.

[CrossRef]
17. Mi, Y.; Guglielmi, P.; Nilsen, M.; Sikström, F.; Palumbo, G.; Ancona, A. Beam shaping with a deformable mirror for gap bridging

in autogenous laser butt welding. Opt. Lasers Eng. 2023, 169, 107724. [CrossRef]
18. Tian, C.; Ren, H.; Shen, H. The connection of glass and metal with a large gap by combining laser soldering and ultrafast laser

welding. J. Manuf. Process. 2023, 102, 528–534. [CrossRef]
19. Webster, S.; Kristensen, J.K.; Petring, D. Joining of thick section steels using hybrid laser welding. Iron Steel 2008, 35, 496–504.

[CrossRef]
20. 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, 022009. [CrossRef]
21. Su, Y.; Yang, X.; Wu, D.; Meng, T.; Li, W.; Feng, W.; Vairis, A. Optimizing welding sequence of TIG cross-joint of Invar steel using

residual stresses and deformations. J. Manuf. Process. 2023, 105, 232–245. [CrossRef]
22. Belhadj, A.; Bessrour, J.; Masse, J.; Bouhafs, M.; Barrallier, L. Finite element simulation of magnesium alloys laser beam welding. J.

Mater. Process. Technol. 2010, 210, 1131–1137. [CrossRef]
23. Belitzki, A.; Stadter, C.; Zaeh, M. Distortion minimization of laser beam welded components by the use of finite element simulation

and Artificial Intelligence. CIRP J. Manuf. Sci. Technol. 2019, 27, 11–20. [CrossRef]
24. Li, L.; Luo, C.; Shen, J.; Zhang, Y. Numerical prediction of welding deformation in ship block subassemblies via the inhomogeneous

inherent strain method. J. Manuf. Process. 2022, 80, 860–873. [CrossRef]
25. Murakawa, H.; Deng, D.; Ma, N.; Wang, J. Applications of inherent strain and interface element to simulation of welding

deformation in thin plate structures. Comput. Mater. Sci. 2012, 51, 43–52. [CrossRef]
26. Chen, Z.; Cai, C.; Yu, J.; Huang, J.; Chen, H.; Li, L. Microstructure evolution and fracture behavior of laser welded-brazed

titanium/aluminum joints with various gap sizes. J. Mater. Res. Technol. 2024, 29, 714–727. [CrossRef]
27. Aberbache, H.; Mathieu, A.; Bolot, R.; Corolleur, L.B.A.; Laurent, F. Experimental analysis and numerical simulation of Laser

welding of thin austenitic stainless-steel sheets using two models: Bilinear isotropic strain hardening model and Johnson–Cook
model. J. Adv. Join. Process. 2024, 9, 100198. [CrossRef]

28. Xia, H.; Yang, B.; Han, Y.; Xu, L.; Tan, C.; Li, L.; Li, H.; Zhao, X.; Zhang, K.; Su, X.; et al. Toward understanding the fractured
mechanism in laser welded–brazed Al/steel interface by in–situ SEM tensile observations. J. Mater. Process. Technol. 2024, 325,
118294. [CrossRef]

29. Xia, H.; Tao, W.; Li, L.; Tan, C.; Zhang, K.; Ma, N. Effect of laser beam models on laser welding–brazing Al to steel. Opt. Laser
Technol. 2020, 122, 105845. [CrossRef]

30. Varma, V.; Varghese, V.J.; Suresh, M.R. 3D simulation of residual stress developed during TIG welding of stainless steel pipes.
Procedia Technol. 2016, 24, 364–371. [CrossRef]

31. Shen, W.; Wu, G.; Huang, S.; Xu, S.; Liu, K.; Qin, K. Nonlinear mechanical behavior and stress amplification effect correction of
thin plate welded structure considering initial deformation. J. Constr. Steel Res. 2024, 213, 108409. [CrossRef]

32. Liu, J.; Li, Z.; Liu, T.; Li, L.; Liu, C.; Yang, L. A novel compliant assembly variation analysis with consideration of initial deviation
and welding shrinkage. Ocean Eng. 2021, 237, 109636. [CrossRef]

33. Ma, N.; Li, L.; Huang, H. Residual stresses in laser-arc hybrid welded butt-joint with different energy ratios. J. Mater. Process.
Technol. 2015, 220, 36–45. [CrossRef]

34. Liang, W.; Deng, D. Influences of heat input, welding sequence and external restraint on twisting distortion in an asymmetric
curved panel. Adv. Eng. Softw. 2018, 115, 439–451. [CrossRef]

35. Murakawa, H.; Deng, D.; Reshed, S.; Shinji, S. Prediction of distortion prediction on welded structures during assembly using
inherent deformations and interface element. JWRI 2009, 38, 63–69.

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/10.1016/j.optlastec.2024.110562
https://doi.org/10.1016/j.ijpvp.2018.05.003
https://doi.org/10.1016/j.matpr.2015.07.246
https://doi.org/10.1016/j.procir.2013.06.049
https://doi.org/10.1016/j.tws.2023.111409
https://doi.org/10.1016/j.jmrt.2023.09.250
https://doi.org/10.1016/j.matpr.2023.10.119
https://doi.org/10.1016/j.optlaseng.2023.107724
https://doi.org/10.1016/j.jmapro.2023.07.065
https://doi.org/10.1179/174328108X358505
https://doi.org/10.2351/1.4942876
https://doi.org/10.1016/j.jmapro.2023.09.047
https://doi.org/10.1016/j.jmatprotec.2010.02.023
https://doi.org/10.1016/j.cirpj.2019.10.001
https://doi.org/10.1016/j.jmapro.2022.06.044
https://doi.org/10.1016/j.commatsci.2011.06.040
https://doi.org/10.1016/j.jmrt.2024.01.133
https://doi.org/10.1016/j.jajp.2024.100198
https://doi.org/10.1016/j.jmatprotec.2024.118294
https://doi.org/10.1016/j.optlastec.2019.105845
https://doi.org/10.1016/j.protcy.2016.05.049
https://doi.org/10.1016/j.jcsr.2023.108409
https://doi.org/10.1016/j.oceaneng.2021.109636
https://doi.org/10.1016/j.jmatprotec.2014.09.024
https://doi.org/10.1016/j.advengsoft.2017.11.002

	Introduction 
	Experimental and Numerical Procedures 
	Selected Materials and Experimental Equipment 
	Numerical Simulation 

	Results and Discussion 
	Verification of Developed Models 
	Welding Deformations 
	Plastic Strain 
	Residual Stress 
	Inherent Deformation 

	Conclusions 
	References

