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A B S T R A C T

Simulation models can be effectively used to predict welding distortion and residual stress in laser welding 
systems. To this end, developing a sophisticated heat source model for finite element analysis (FEA) is crucial. 
This study proposes a novel multi-layered heat source model for FEA to predict the melting zone of the welds in 
fiber laser welding. The proposed model has multiple degrees of freedom sufficient to simulate various heat 
sources. A systematic approach by solving inverse problems with global optimization is devised to estimate heat 
source model parameters. To achieve this, a simplified FEA model is incorporated to accelerate the simulation 
process. Experimental results using 9% nickel steel indicate that the proposed framework provides more accurate 
predictions on the melting zone of the welds than existing methods while reducing the computational cost by 1/ 
2000. The proposed framework can be used by field engineers to find the relevant heat source subjected to on- 
site welding conditions, minimizing trials and errors. With this method, fast and accurate welding simulations 
can be performed, ultimately leading to improved productivity.

1. Introduction

Regulations on fossil fuel usage have become stringent, impacting 
ships engaged in global goods transportation. Specifically, regulatory 
measures on diesel engine emissions, particularly sulfur and nitrogen 
oxides, are being progressively tightened, prompting a shift towards the 
use of natural gas as fuel [1–3]. To this end, the maritime industry put a 
lot of research effort into developing liquefied natural gas (LNG) fuel 
storage containers. Various types of fuel tanks are employed, and related 
studies are conducted [4,5]. LNG is known for its efficiency as its volume 
reduces significantly when liquefied compared to its gaseous state. 
However, the adoption of LNG presents challenges due to its low boiling 
point of -163◦C. Under such conditions, most metals exhibit brittleness, 
necessitating careful selection and design of materials for LNG storage. 
The International Maritime Organization has specified suitable mate
rials for LNG storage through the International Gas Carrier Code, 
including 304L stainless steel, 316L stainless steel, invar (36% nickel 
steel), high manganese steel, and 9% nickel steel [6].

9% nickel steel stands out for its excellent mechanical properties 
under cryogenic conditions, making it the primary material for LNG 
storage [7,8]. Yun et al. [7] conducted a study to determine the optimal 
welding method for fillet welding on 9% nickel steel. Kim et al. [8] 
investigated the fundamental design of an LNG-fueled ship using 9% 

nickel steel. They evaluated the performance of welded components 
after flux-cored arc welding (FCAW), based on design-derived thickness. 
However, manual welding methods like FCAW are susceptible to the arc 
bias phenomenon in 9% nickel steel due to magnetization, resulting in 
welding defects such as convex welding beads or even welding inability 
[9–11].

Automatic welding methods using lasers have gained popularity to 
address the limitations of manual welding. Arc welding is vulnerable to 
decreased welding strength and fractures due to structural changes in 
the melting area from prolonged heat exposure and significant thermal 
plastic distortion caused by a widely distributed heat-affected zone [13]. 
Laser welding, known for its speed and reliability [12], is increasingly 
appealing to the shipbuilding industry, which commonly relies on arc 
welding. In particular, fiber laser welding can mitigate the disadvan
tages by delivering a high heat input in a short time, minimizing 
structural changes in the molten zone, and reducing the heat-affected 
zone’s area, thereby reducing thermoplastic distortion [14].

Various laser welding methods have been developed, including Nd: 
YAG and CO2 laser welding [15,16]. Fiber welding using optical fiber 
has gained prominence due to superior beam quality and high welding 
power. The use of optical fibers enables precise delivery of laser pulses. 
The pulse dynamics governing their interaction with materials made it 
possible to investigate energy penetration depth [17–20]. Fluid 
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dynamics approaches were employed to study the formation and evo
lution of keyholes, a prominent feature of laser welding [21,22]. Addi
tionally, numerous simulations were conducted to reflect phase changes 
during the welding process [23,24].

Prediction of welding-induced distortion and residual stress is 
important in the shipbuilding and offshore industries, where welding is 
extensively applied. FEA has been commonly used to ensure the struc
tural stability of welded structures under design loads and to establish 
appropriate designs [25–30]. For example, Azari-Dodaran and Ahmadi 
[25] assessed the stability of welded pipe structures under axial loading 
at elevated temperatures induced by fire, while Rathinam et al. [26] and 
Pranesh et al. [27] evaluated the structural performance of welded cy
lindrical shells and spherical pressure hulls under external pressure 
using FEA. However, these studies did not consider the effects of 
welding-induced distortion and residual stress, which can undermine 
the consistency of simulation outcomes. Zhou et al. [28] investigated the 
cryogenic fatigue and fracture toughness of welded specimens made of 
5% nickel steel through a combination of experiments and simulations. 
Fatigue properties were predicted based on the stress distributions ob
tained from FEA. However, welding-induced initial distortion and re
sidual stress were not considered in the simulations, posing limitations 
in terms of fidelity. Incorporating these factors into the analysis is ex
pected to improve the reliability of structural evaluations for welded 
components. Yi et al. [29] conducted a simulation using a continuous 
heat source to predict welding distortion in a propeller base structure. 
However, specific details regarding the derivation, dimensions, and 
shape of the heat source were not provided, making it difficult to 
generalize the model to other welding conditions. Saini et al. [30] 
evaluated the structural integrity of welded pipe structures during 
offshore installation by accounting for residual stresses through a hot 
spot stress approach, which incorporated weld joint dimensions and 
geometry to apply appropriate stress concentration factors. While this 
method improves fatigue life prediction at critical locations such as weld 
toes, it does not consider initial welding distortion, limiting its 
comprehensiveness [31]. To improve simulation fidelity, sophisticated 
and generalizable welding heat source models are required. These 
models allow reliable prediction of both initial distortion and residual 
stress across the entire weld joint.

Several heat source models were proposed to predict weld distortion 
under particular conditions of fiber laser welding. Nonetheless, existing 
heat source models are not flexible enough to predict the shape of the 
weld zone boundary since the model form has limited degrees of 
freedom (DOF). Moreover, it is challenging to estimate model parame
ters due to the dearth of systematic approaches to determine model 
parameters. To address the challenges, this study proposed a novel 
multi-layered heat source model for fiber laser welding. A systematic 
approach by solving inverse problems was proposed to determine an 
optimal set of the model parameters.

The remaining sections of this paper are organized as follows. Sec
tion 2 presents a literature review. Section 3 describes the proposed 
framework, including experiments, heat source modeling, model 
parameter selection, and FEA simulations. Section 4 shows the results 
and discussions. Finally, conclusions and future work are followed in 
Section 5.

2. Literature review and modeling approach

Simulations using FEA have been instrumental in predicting fiber 
laser welding distortion, leading to the proposal of various heat source 
shapes [32–45]. Unlike arc welding, which commonly relies on Goldak’s 
double elliptic heat source model [46], laser welding lacks a dominant 
representative heat source model. This absence challenges field engi
neers in selecting an appropriate model for their specific applications.

Various types of shape models have been proposed to model heat 
sources for laser welding. The shapes and characteristics of these models 
are summarized in Table 1 and depicted in Fig. 1. The circular cone 

shape model was proposed by Kim et al. [32]. Truncated cone models 
and variants were also developed [33–37]. For example, Xu et al. [36] 
proposed a truncated cone model where the bevel was a second-order 
polynomial curve. Evdokimov et al. [37] proposed a model where the 
bevel was an exponential curve. In the aforementioned models, the size 
of a heat source decreases as it progresses from the laser irradiation 
surface to the inside of a base material. Other models were also studied, 
where the size of a heat source decreases along the depth of a base 
material and then increases again. For instance, a combination of two 
truncated cones and a combination of a truncated cone and a cylinder 
were developed [38–41]. Specifically, Unni and Vasudevan [41] pro
posed various types of combination models, such as the rotary Gaussian 
model. The models were validated under particular conditions, and 
meaningful results were obtained for predicting thermoplastic distor
tion. Giudice et al. proposed a heat source model for laser beam welding 
based on a multipoint-line analytical model [42] and conducted 
multi-physics numerical simulations [43]. Additionally, residual stress 
was evaluated using the methods [44]. Laser welding has continuously 

Table 1 
Types of heat source models.

Shape of heat source Ref. No.

1 Cone model [32]
2 Truncated conical model, Combination model (Conical with 

cylindrical shell, Conical with conical shell)
[33–35]

3 Truncated conical model with 2nd order polynomial curve [36]
4 Truncated conical model with an exponential curve [37]
5 Combination model (Conical with cylindrical shell) [38]
6 Truncated conical model, Combination model (Conical with 

double ellipsoidal model, Conical with cylindrical shell)
[39]

7 Combination model (Double truncated model) [40]
8 Truncated conical model 

Goldak double-ellipsoidal model 
Volumetric Gaussian model 
Rotary Gaussian model 
Combination model (Conical with cylindrical shell)

[41]

9 Parameterized multipoint-line analytical model [42–44]
10 Double ellipsoidal model (Arc welding) [46]
11 Avocado shape model (High speed arc welding) [47]
12 Representative laser heat source models (Levels 1 and 2) [48,49]

Fig. 1. Shapes of the diverse heat source models (a) Cone model, (b) Truncated 
conical model, (c) Truncated conical model with curve, and (d) Combination 
model (conical with conical shell).
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introduced various heat source models, each of which effectively de
scribes the phenomena under specific conditions [45].

Various heat source models paradoxically highlight the absence of a 
representative heat source for laser welding. This diversity challenges 
field engineers to select an appropriate model for specific operational 
conditions. Moreover, identifying relevant parameters within heat 
source models is complex due to varying welding conditions in real- 
world applications, hindering practical implementation.

This study aims to assist on-site engineers in deriving heat source 
models and corresponding parameters tailored to specific welding con
ditions. To address this issue, a composite model is proposed, comprising 
multiple truncated conical layers based on Gaussian distributions. The 
model consists of six layers and is designed to reflect the characteristics 
of existing heat source models. Furthermore, a framework is introduced 
to determine the key dimensions defining the heat source. This approach 
integrates optimization algorithms and FEA to develop a heat source 
model adapted to field conditions, facilitating seamless application in 
practical welding scenarios.

A multi-layered heat source model for laser welding was developed 
to provide flexibility for various welding conditions [48,49]. The model 
is delineated across three levels, with the level 1 model serving to 
validate the technical viability of the multi-layered heat source model. 
As depicted in Table 2 and Fig. 2, the level 1 model comprises five layers 
and maintains 11 variables in an unknown state, subsequently deter
mining the variables using a global optimization algorithm. With this 
model, welding heat source models were developed for two specific 
welding conditions, confirming their technical feasibility as represen
tative heat source models [48]. However, the level 1 model did not 
account for correlations between variables. As a result, it was found that 
heat source models with irregular shapes were fundamentally different 
from those identified in previous studies.

The level 2 heat source model was proposed to address this limita
tion, which reduced the number of independent variables by establish
ing a relationship between the heat energy ratio and radius for each 
layer [49]. In the study, a relationship was derived between the shape 
and heat energy ratio of individual heat source layers.

This derivation assumes that the thermal energy at the center of a 
heat source remains constant regardless of its depth, which is consistent 
with previously proposed heat source models. The correlation was re
flected between the sizes of layer volumes and the heat energy ratio of 
each layer. Additionally, the upper shape of the heat source exhibited a 
conical form, a common feature of conventional heat source models, 
wherein the laser irradiation surface has a larger radius than the inner 
surface of the base material. Given this consideration, a relationship 
between the radii forming the upper layer was established. The primary 
independent variables of the heat source level 2 model are outlined in 
Table 3. The level 2 model minimized the number of independent var
iables by analyzing and defining the search space of key relationships, 
effectively addressing the irregular shape issues encountered in the level 
1 model.

The level 3 model of this paper addressed the issues that remained 
unresolved in the level 2 model. This model has been enhanced to depict 
the existing model fundamentally while simultaneously achieving a 
more precise representation of finer details. To achieve this, the previous 
multi-layered heat source model with an odd number of layers was 
modified to a model consisting of an even number of six layers. This 
adjustment aims to reflect that the combination model has a turning 
point at the center of the vertical direction of a heat source model 
[38–41]. Additionally, the relationship between the radii of the lower 
layer was defined. Unlike conventional models where the size of the 
radius of a lower layer consistently increases or decreases, the level 2 
model encountered an inconsistency in the direction of size, resulting in 
awkward shapes as depicted in Fig. 3 [50]. The shape of the heat source 
model used in the level 3 model effectively addressed these issues, as 
illustrated in Fig. 4.

The two-dimensional (2D)-based simplified model was validated and 
employed to overcome the limitation of requiring a significant amount 
of computational time. This stemmed from the fact that more than 2,000 
simulations are required to find an optimal set of model parameters. The 
efficacy of this method was verified when deriving the heat source 
model of arc welding [51]. Consequently, the simplified model is 2,000 
times faster than the original model.

The movement of the molten pool has been investigated in several 
studies for laser welding. Computational fluid dynamics (CFD) has been 
used to analyze the flow of the molten pool generated by laser welding 
and to predict the keyhole geometry formed by the flow. Ciancio [52] 
presented a heat flow model for viscoelastic media to establish the 
foundation for heat transfer analysis, considering the behavior of molten 
pools. A CFD analysis was conducted to predict the molten pool flow 
behavior in the process of laser welding. Nevertheless, it falls short in 
offering approaches for predicting welding distortion and residual 
stresses essential for on-site applications. Consequently, this study 

Table 2 
Principal parameters of the heat source level 1 model [48].

Variables Definition

η Welding power efficiency
RT1 Top radius of the 1st layer (top layer)
RT2 Top radius of the 2nd layer
RT3 Top radius of the 3rd layer
RT4 Top radius of the 4th layer
RT5 Top radius of the 5th layer
RB (=RT6) Bottom radius of the 5th layer
Hr1 Heat ratio of the 1st layer
Hr2 Heat ratio of the 2nd layer
Hr3 Heat ratio of the 3rd layer
Hr4 Heat ratio of the 4th layer
Hr5 Heat ratio of the 5th layer
Heat depth 

(
yT1 − yT6

)
Length of heat source in the depth direction

Fig. 2. Shape of the heat source for the level 1 and level 2 models.

Table 3 
Principal independent variables of the level 2 heat source model [49].

Variables Definition

η Welding power efficiency
RT1 Radius of the top of the 1st layer (top layer)
RT4 Radius of the top of the 4th layer
RT5 Radius of the top of the 5th layer
RT6 Radius of the bottom of the 5th layer
Heat depth 

(
yT1 − yT6

)
Length of the heat source in the depth direction

CRT1 Coefficient of RT1 and RT2

CRT2 Coefficient of RT2 and RT3

WHR1 Weighted rate of Hr1
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introduces a novel academic contribution by proposing an advanced 
heat source model, addressing this previously unexplored aspect more 
precisely.

3. Proposed framework

The proposed framework consists of (1) experiments, (2) heat source 
modeling, (3) model parameter selection, and (4) FEA simulations. This 
study aims to derive an appropriate heat source model for given welding 
conditions. First, bead-on-plate (BOP) welding experiments are con
ducted using a fiber laser welder, followed by observation of the cross- 
sectional shape and comparison with the temperature distribution of the 
melting zone in thermal transfer simulations. Second, a multi-layered 
heat source model is proposed. Third, a systematic approach is 
employed to estimate the model parameters by solving inverse prob
lems. Finally, FEA simulations are conducted by adjusting model 
parameter values (e.g., layer radius) to obtain optimal results. The 
process is illustrated in Fig. 5.

Significant details related to the simulations (e.g., model dimension, 
mesh type, and boundary conditions) and the constraints and objective 
functions used in the optimization process were disclosed. Ethical con
siderations and potential risks associated with the research have been 
comprehensively addressed. Contents from other studies have been 
paraphrased and relevant data have been included as references.

3.1. Experiments

Bead-on-plate welding using 9% nickel steel was performed. Its 
chemical composition and principal mechanical properties detailed in 
Tables 4 and 5 [53]. A fiber laser welding machine with the welding 
power capacity of 5 kW was employed for the experiments. Miyachi 
welding equipment (Miyachi, Japan) was employed, comprising a laser 
welding oscillator, optical system, controller, and chiller, as shown in 
Fig. 6. The optical system specifications include a spot diameter of 400 

μm, a focal length of 148.8 mm, a focal depth of 6 mm, and a defocus of 
0. Nitrogen (N2) was used as a protective gas at a rate of 15 L/min. Both 
the tilting and working angles were maintained at 0◦.

The welding power was set at 4 kW. Experiments were conducted 
with varying speeds between 1.0 m/min and 1.5 m/min. Welded spec
imens measuring 60 mm × 100 mm × 6 mm were used, with cross- 
sectional observations performed after cutting the center part to 10 
mm in the welding direction and 25 mm in the width direction. Pol
ishing was conducted to facilitate clear observation of the bead shape, 
followed by etching using a Nital solution (10% HNO3, Ethanol). A 
digital optical microscope with a resolution of two mega-pixels was used 
to measure the shape of each weld bead. The bead and penetration were 
subsequently observed by the cross-sectional analysis. For comparison 
with FEA results, welding shapes were classified based on top bead 
width and penetration. The primary indicators measured in the welding 
shape are illustrated in Fig. 7.

3.2. Proposed heat source model

The novel heat source model is proposed based on a multi-layered 
configuration to perform heat transfer simulations that emulate the 
laser welding process. The proposed model serves as a representative 
heat source model capable of encompassing the majority of existing 
models. As detailed in the literature review section, this model repre
sents a level 3 enhancement, addressing limitations identified in the 
levels 1 and 2 models.

The level 3 model was designed to incorporate shapes from previous 
models while excluding awkward configurations. Two primary en
hancements were implemented. First, the number of layers was 
increased to an even number (from five to six) to emulate combination 
models better. Second, a relationship between the radii of the lower 
layer was introduced to eliminate irregular shapes. These improvements 
characterize the level 3 model.

The heat source distribution within each layer followed a Gaussian 
distribution in the level 3 heat source model. The heights of all layers 
remained consistent. Eqs. (1)–(5) below depict the heat source distri
bution for each layer, with the meanings of the variables provided in 
Table 6. Eq. (1) represents the total energy distribution of the heat 
source, indicating that it consists of the sum of the energy distribution of 
each layer. Eq. (2) describes the energy distribution in each layer, 
following a Gaussian distribution based on the energy distribution for
mula for a truncated conical shape. Eq. (3) represents the maximum 
energy value for each layer. Eq. (4) is used to derive the value of Rn(y), 
where Rn(y) represents the radius that varies depending on the depth 
direction in the truncated conical shape. Eqs. (2) and (3) are referenced 
from a prior study on the energy distribution equation for a truncated 
conical shape [33]. Lastly, Eq. (5) represents the total amount of welding 
heat energy reflecting welding efficiency, calculated as the product of 
welding efficiency, voltage, and current. 

q(x, y, z) =
∑6

n=1
Hn × qn(x, y, z), (1) 

Fig. 3. The level 2 heat source model in [50] (a) Case 1 and (b) Case 2.

Fig. 4. The level 3 heat source model proposed in this study.
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Fig. 5. Process for the derivation of the heat source model.

Table 4 
Chemical composition of 9% nickel steel (wt.%).

Component C Si Mn S P Ni Fe

Percentage (wt.%) 0.050 0.670 0.004 0.003 0.250 9.020 Bal.

Table 5 
Mechanical properties of 9% nickel steel.

Yield strength (MPa) Tensile strength (MPa) Elongation (%) Hardness (HV)

651.6 701.1 26.6 243.0
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qn(x, y, z) = qm × exp
[

−
3{(x − vt)2

+ z2}

Rn(y)2

]

, (2) 

qm =
9Qe3

πδ(e3 − 1)
(
R2

Tn + RTnRTn+1 + R2
Tn+1

), (3) 

Rn(y) = RTn − (RTn − RTn+1) ×
yTn − y

yTn − yTn+1
, (4) 

Q = ηV × I. (5) 

It was observed that the inflection of a heat source occurred at most 
once when reviewing previous models, as illustrated in Fig. 8. Addi
tionally, it should be noted that the inflection occurred at the center part 

in the height direction. By defining the center as an inflection point, this 
model can simulate cases where an inflection occurs or does not occur.

The radius equation of a layer constituting the lower heat source is 
shown in Eqs. (6)–(9). These equations account for two types of shapes, 
each capable of reflecting either scenario. In one situation, similar to the 
upper heat source, the radius of a lower heat source continuously de
creases as it progresses in the depth direction. In the other scenario, 
unlike the upper heat source, the radius of the lower heat source 
continuously increases in the depth direction. 

RT5 = 0.0001 + (RT4 − 0.0001) × CRT4, (0 ≤ CRT4 ≤ 1.5) (6) 

RT6 = 0.0001 + (RT5 − 0.0001) × (CRT5 +D /2), (0.5 ≤ CRT5 ≤ 1.0) (7) 

RT7 = 0.0001 + (RT6 − 0.0001) × (CRT6 +D /2), (0.5 ≤ CRT6 ≤ 1.0) (8) 

D = 0.5 × ((CRT4 − 1) / abs(CRT4 − 1)) + 0.5. (9) 

RT4 represents the radius of the center in the height direction, while 
RT5, RT6, and RT7 denote the bottom radius of layers 4, 5, and 6, 
respectively. CRT4 is the parameter between RT4 and RT5. Eqs. (6)–(8)
depict the relationships between the radii of the layers in the lower re
gion of the heat source, with each layer based on a truncated conical 
shape where the inclined plane is a first-order curve. This contrasts with 
the level 2 model, which permits the radius of the heat source to increase 
or decrease in the lower region. Eq. (9) represents the determinant 
value, shaping the heat source. Additionally, by configuring three layers 
at the bottom, the model is designed to simulate truncated conical 
shapes where the inclined plane is not only a straight line but also a 
quadratic or exponential curve.

The determinant value D is determined by CRT4. When CRT4 is less 
than one, D is equal to zero; when CRT4 is greater than one, D is equal to 
one. When D is zero, RT6 and RT7 become smaller than RT5 and RT6, 
respectively. This indicates that the radius of the lower heat source 
decreases along the depth direction. On the other hand, when D is one, 
the radius increases with depth, as described in Eqs. (7) and (8).The 
relationship among the radii between the layers for the upper heat 
source was configured to reflect previous studies. In the studies, the 
radius of the heat source decreases as it penetrates from the surface to 
the inside of the base material. The radius size was set to decrease to
ward the center in the height direction, and the corresponding equation 
is as follows. Additionally, the energy ratio of each layer of a heat source 
is set in proportion to the volume ratio of each layer, as in the level 2 
heat source model. This ensures that the amount of heat energy in the 
center remains consistent across layers [49]. 

RT2 = 0.0001 + (RT1 − 0.0001) × CRT1, (0 ≤ CRT1 ≤ 1.0) (10) 

RT3 = 0.0001 + (RT2 − 0.0001) × CRT2, (0 ≤ CRT2 ≤ 1.0) (11) 

RT4 = 0.0001 + (RT3 − 0.0001) × CRT3.(0 ≤ CRT3 ≤ 1.0) (12) 

Fig. 6. Fiber laser welding system: (a) Side view of the welding machine, (b) Front view of the welding machine, and (c) Laser control system.

Fig. 7. Cross-sectional view after laser welding.

Table 6 
Variables and definitions.

Variable Definition

Q Power of the laser source with the welding efficiency
V Voltage of the laser source
I Current of the laser source
η Welding power efficiency
RTn Radius of the top of the nth layer (top layer)
Hn Heat ratio of the nth layer
q(x,y,z) Total energy distribution
qn(x,y, z) Energy distribution of the nth layer
qm Maximum energy of each layer
x Direction of the welding
y Direction of the depth
z Orthogonal direction of x and y
Rn(y) Radius of the nth layer along y
yTn Depth to top of the nth layer
δ Thickness of each layer
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The radius in the upper region of the heat source decreases from the 
top to the center in the depth direction. This is represented by Eqs. (10)–
(12). Additionally, the model is designed to simulate truncated conical 
shapes, where the inclined plane is not limited to a straight line. It can 
also take the form of a quadratic or exponential curve throughout the 
entire upper region, similar to the configuration in the lower region.

3.3. Model parameter selection

Ten variables were employed as independent variables to determine 
the shape of a multi-layered (six-layer) heat source model. The list of 
related variables is provided in Table 7. To execute the optimization 
algorithm, it is crucial to establish the range of these variables. The 
range of variables was defined extensively to achieve accurate results, as 
depicted in Table 8. The range of CRT4, CRT5, and CRT6, which dictates 
the shape of the lower region, is determined in accordance with the 
information described in Section 3.2. For reference, the independent 
variables used in levels 1 and 2 are presented in Tables 9 and 10, 
respectively; these values were updated to accommodate the use of six 
layers instead of five layers. Model calibration is essential to deter
mining a set of optimal model parameters. In this study, an optimization- 
based model calibration method was used. The objective is to identify 
model parameters that maximize the agreement between the FEA and 
experimental results. Eq. (13) defines the temperature disagreement 
between the FEA simulation and experimental results (L). 

L =
∑n

i=1

⃒
⃒
⃒Texp,i − Tmax

sim,i

⃒
⃒
⃒. (13) 

Texp,i is the melting point of the cryogenic steel at the ith location of 
the melting zone boundary from experiments; Tmax

sim,i is the maximum 

temperature value at the ith location during the welding process; n is the 
total number of inspection locations used to evaluate the temperature 
disagreement between the FEA simulations and experimental results; It 
was assumed that the temperature distribution at the melting zone 
boundary (i.e., Texp,i) is the melting point of the cryogenic steel (i.e., 
1450℃) since the welding zone denotes the area where the temperature 
is at the melting point during welding. L is used as the objective function 
during the optimization process. Constraints were also established based 
on temperature considerations. Specifically, the temperature of the 
outside checkpoint should not surpass the melting point during the 
welding process. Conversely, the temperature of the inside checkpoint 
should exceed the melting point, even if only for a brief period, during 

Fig. 8. Number inflections of existing heat source models (a) Models without inflection and (b) Models with one inflection.

Table 7 
Variable values of the level 3 heat source model.

Variables Definition

η Welding power efficiency
RT1 Radius of the top of the 1st layer (top layer)
Heat depth 

(
yT1 − yT7

)
Length of the heat source in the depth direction

CRT1 Coefficient of RT1 and RT2

CRT2 Coefficient of RT2 and RT3

CRT3 Coefficient of RT3 and RT4

CRT4 Coefficient of RT4 and RT5

CRT5 Coefficient of RT5 and RT6

CRT6 Coefficient of RT6 and RT7

WHR1 Weighted rate of H1

Table 8 
Range of variables of the optimization algorithm.

Variables Min. Max.

η 79.8 92.4
RT1 0.1 10.0
Heat depth 

(
yT1 − yT7

)
0.1 10.0

CRT1 0.0 1.0
CRT2 0.0 1.0
CRT3 0.0 1.0
CRT4 0.0 1.5
CRT5 0.5 1.0
CRT6 0.5 1.0
WHR1 1.0 1.2

Table 9 
Independent variables used in the level 1 model.

Variables Definition

η Welding power efficiency
RT1 Top radius of the 1st layer (top layer)
RT2 Top radius of the 2nd layer
RT3 Top radius of the 3rd layer
RT4 Top radius of the 4th layer
RT5 Top radius of the 5th layer
RT6 Top radius of the 6th layer
RB (=RT7) Bottom radius of the 6th layer
Hr1 Heat ratio of the 1st layer
Hr2 Heat ratio of the 2nd layer
Hr3 Heat ratio of the 3rd layer
Hr4 Heat ratio of the 4th layer
Hr5 Heat ratio of the 5th layer
Hr6 Heat ratio of the 6th layer
Heat depth 

(
yT1 − yT7

)
Length of the heat source to the depth direction
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the welding process. Outside checkpoints were located outside the 
borderline of the melting zone, while inside checkpoints were positioned 
on the inside. Both were placed at a distance of 0.2 mm from the 
borderline. This study employed a combination of constraints and 
objective functions to derive precise values, and the constraints are 
detailed in Eqs. (14) and (15). 

Tm − Max
(
Tj
)
< 0, (14) 

Tm − Max(Tk) > 0. (15) 

Ti is the temperature values at the inside points; Tk is the temperature 
values at the outside points in Fig. 9. The algorithm employed in this 
study is the multi-island genetic algorithm (MIGA) model, which is a 
global optimization algorithm. The genetic algorithm operates as an 
exploratory algorithm based on the principles of survival of the fittest 
and inheritance mechanisms. It evaluates the fitness of each individual 
in the population every generation, using a population composed of 
numerous individuals. It selectively propagates genes that adapt well to 
the given environment, performs crossover, and generates new 
offspring. Additionally, mutations can occur in specific genes of in
dividuals with a given probability, leading to changes in genetic traits 
and facilitating the exploration of unexplored areas. Through this iter
ative process, where superior genetic traits are reproduced in subse
quent generations, genes better suited for the given environment are 
retained, as depicted in Table 11 [54].

MIGA introduces subgroups and periodically exchanges individuals 
between these subgroups to enhance optimization efficiency over a 
broader range [55]. The principal process of the MIGA approach is 
illustrated in Fig. 10. This algorithm is widely used in various industries, 
including electronics, for design optimization purposes [56].

3.4. FEA simulations with the simplified model

The objective of this study is to develop a welding heat source model 
capable of simulating the cross-sectional shape resulting from bead-on- 
plate welding experiments. To achieve this, FEA-based heat transfer 
simulations were conducted, incorporating a moving heat source.

Two cases were defined: Case 1 with the parameters of 4 kW power 
and 1.0 m/min welding speed; and Case 2 with the parameters of 4 kW 
power and 1.5 m/min welding speed. The simulations were conducted, 
taking into account experimental conditions to model real-world sce
narios accurately. However, to efficiently handle the numerous simu
lations required for global optimization, a simplified 2D-based model 
was employed as depicted in Fig. 11. This approach reduced input time 
while maintaining consistency with the experimental setup. The finite 
element was 3-node linear triangles (DC2D3). The number of elements 
was 6,080 and 5,862, while the DOF were 6,348 and 6,124 for Cases 1 
and 2, respectively. In contrast, the original three-dimensional (3D) 
model uses brick-shaped 8-node linear heat transfer elements (DC3D8) 
with an average mesh length of 0.5 mm, compared to the simplified 
model. The original model has 288,000 elements and 316,691 DOF.

The vertical length of the welding model in the simulations was 
reduced to 20 mm, which was 33.3% lower than that of the original 
model. This decision was based on a section with minimal temperature 
change in the maximum penetration area. For instance, when the 
welding speed is 1.0 m/min, a temperature variation of less than 1◦C 
was observed at a distance of 7.4 mm from the center, with a narrower 
variation observed at 1.5 m/min.

Table 10 
Independent variables used in the level 2 model.

Variables Definition

η Welding power efficiency
RT1 Radius of the top of the 1st layer (top layer)
RT4 Radius of the top of the 4th layer
RT5 Radius of the top of the 5th layer
RT6 Radius of the top of the 6th layer
RT7 Radius of the bottom of the 6th layer
Heat depth 

(
yT1 − yT7

)
Length of the heat source to the depth direction

CRT1 Coefficient of RT1 and RT2

CRT2 Coefficient of RT2 and RT3

CRT3 Coefficient of RT3 and RT4

WHR1 Weighted rate of Hr1

Fig. 9. Boundary of melting zone and temperature check points.

Table 11 
Procedures for implementing the genetic algorithm [54].

Sequence Contents Sequence Contents

Step 1 A random population is 
created.

Step 6 Change the genes of a 
new population 
according to mutation 
rate.

Step 2 Evaluate fitness f(x). Step 7 Accept a new 
population.

Step 3 Create a new population. Step 8 Replace with a new 
population.

Step 4 Select two superior 
populations according to the 
survival of the fittest 
principle.

Step 9 Stop when the end 
condition is satisfied.

Step 5 Perform crossover for the 
genetic sequences of two 
individuals according to the 
crossover rate to produce an 
offspring generation.

Step 10 Repeat Steps 2 to 9.
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The analysis cost was reduced while minimizing the impact of 
boundary conditions by setting the length to 20 mm, as depicted in 
Fig. 12. Table 12 specifies the element type and the computational cost 
of each model, illustrating the effect of the simplified model. The 

analysis of the consistency of the simplified model revealed a high 
consistency level of 10.9% compared to the original model under all 
conditions.

The same welding speed and power were used as in the actual 
experiment. Both convective and radiative heat transfer were considered 
for the analysis. In the thermal analysis, the boundary conditions for 
convection and radiation heat transfer were set as shown in Eqs. (16)
and (17). 

Qconv = hconvA(T − T0) (16) 

Qrad = σεA
(
T4 − T4

0
)

(17) 

Qconv and Qrad are the convection heat energy and the radiation heat 
energy, respectively; Hconv, σ, ε, and A are the convection heat transfer 
coefficient, Stefan-Boltzmann constant, emissivity of the material, and 
area of heat transfer, respectively. The key variables are set as follows: 
hconv is 10 W/m2K [57], ε is 0.8 [58], and T0 is 27℃. The principal 
properties of the material are illustrated in Fig. 13.

The temperature distribution of the welding zone was predicted with 
Abaqus 2020 (Dassault Systèmes, France) by incorporating the user 
subroutine coded by Fortran 2021 (Intel, US) [59]. The 
temperature-dependent material property values were derived by 
JMatpro 7.0 (Sente Software, UK) [60,61]. The optimal values of the 
model parameters in the heat source model were obtained from Isight 
2020 (Dassault Systèmes, France) [62,63]. Calculations were performed 
by a desktop computer with an Intel Core i9-10900 processor, 
DDR4-RAM of 128 gigabytes.

The temperature distribution was calculated using Fourier’s law as 
the governing equation for heat conduction. To solve the second-order 
differential equation inherent in Fourier’s law, a triangular mesh- 
based FEA was employed. Although various methods exist for 
handling higher-order differential equations [64,65], FEA stands out for 
its capability to transform such equations into algebraic matrix equa
tions with finite elements, rendering it particularly advantageous for 
solving problems under nonlinear conditions. Given that this study ad
dresses nonlinearities stemming from temperature-dependent material 
properties, FEA was selected as the computational approach.

Fig. 10. Flow chart of the multi-island genetic algorithm [55].

Fig. 11. Geometry of analytical modeling: (a) Original model and (b) Simpli
fied model.

Fig. 12. Temperature change in the maximum penetration area under the 
condition of the welding speed of 1.0 m/min.

Table 12 
The number of grids of the analysis model and time required for analysis (Case 
1).

Number of 
mesh (EA)

Mesh 
size 
(mm)

Mesh type Computational 
cost (hours)

Original 
model

288,000 0.5 8-node linear 
heat transfer 
brick (DC3D8)

More than 480

Simplified 
model

6,080 Less 
than 0.2

3-node linear 
heat transfer 
triangle (DC2D3)

0.25
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4. Results and discussions

This section is dedicated to deriving model parameter values for 
constructing a welding heat source model in two cases, using the find
ings outlined in Section 3. Simulation results are presented to validate 
the accuracy of the simplified FEA models. Finally, the accuracy of the 
FEA simulations is compared with that of the experiments.

4.1. Heat source models

The multi-layered (six-layer) heat source model was derived through 
the process described in Section 3 under two-speed conditions (1.0 and 
1.5 m/min), using 9% nickel steel under the condition of 4 kW welding 
power. The temperature distribution over time is depicted in Fig. 14. 
The size of the welding bead, which is the result of cross-section analysis 

Fig. 13. Material properties of 9% nickel steel by temperature (a) Conductivity, (b) Density, and (c) Specific heat [48].
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for each case, is shown in Table 13. The cross-sectional shapes are shown 
in Figs. 15 and 16.

Optimal solutions were derived by minimizing the objective function 
from among candidate solutions that meet the constraints. The con
straints ensure that the temperature along the bead line momentarily 
exceeds the melting point inside the bead and never outside the bead 
line during the welding process.

Table 14 shows the values of independent variables for each welding 

condition derived from the process described in Section 3. Table 15
shows the parameters of the welding heat source, which are calculated 
based on the values. The results of heat transfer analysis using the heat 

Fig. 14. Temperature distribution over time at welding speeds of (a) 1.0 and (b) 1.5 m/min.

Table 13 
Dimensions of welding bead in Cases 1 and 2.

Welding 
velocity 
(m/min)

Top bead 
width 
(mm)

Concave 
bead width 
(mm)

Concave 
bead depth 
(mm)

Penetration 
(mm)

Case 
1

1.0 3.28 1.06 2.90 5.55

Case 
2

1.5 2.69 0.83 2.29 4.50

Fig. 15. Cross-sectional view of the specimen at the welding speed of 1.0 m/ 
min (Case 1).
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source model are described in Section 4.2. Table 15 shows that CRT4 
exceeded one for all conditions, which means that the radius of each 
layer constituting the welding heat source decreases along the depth 
direction and then increases again at the middle point.

The proposed heat source model contains multiple parameters to be 
determined by the optimization process. To evaluate the stability and 
existence of the optimal solution, the optimization process was repeated 
multiple times with different initial values. The process was iterated four 
times for each scenario. The results are shown in Tables 16 and 17. For 
Case 1, it was found that the coefficient of variation (COV) in temper
ature distribution error was within 2.64%, while for Case 2, it was 
within 4.93%, which was acceptable.

4.2. Verification of the simplified model

The heat source models described above were derived through an 
optimization algorithm based on a simplified model. Therefore, it is 
essential to verify whether these models provide the same results as the 
results obtained under actual conditions. For verification, 3D models 
were configured based on actual experimental conditions, and each was 
analyzed. The shapes of both the original model and the simplified 
model are described in Section 3.

The temperature distribution was compared with that of the original 
model to verify the consistency of the simplified model. For comparison, 
the time taken for the boiling point area to reach its maximum after the 
heat source was checked, and the temperature distribution at that time 
was compared (Fig. 17). There was the delay of 0.1 seconds under the 
condition of 1.0 m/min and the delay of 0.06 seconds under the con
dition of 1.5 m/min. The temperature distribution at each condition was 
compared, as shown in Figs. 18 and 19. In Cases 1 and 2, temperature 
distributions mimic the experiment. To rigorously verify this, di
mensions such as top bead width, penetration, concave bead width, and 
concave bead depth were compared with experimental results.

The primary difference between the 3D original model and the 2D 
simplified model lies in the consideration of heat transfer along the 
welding direction (X-direction). As shown in Eq. (18), heat flux (qʺ) in 
conduction heat transfer is determined by the gradient of the tempera
ture distribution (T(x, y, z)) in each direction. Based on this principle, it 
was assumed that at the moment of maximum melting, heat transfer is 
more significant in the direction perpendicular to the welding process 
(Z-direction) than along the welding direction. This assumption was 
validated through simulations (Table 18). At the moment of maximum 
melting, the heat flux in the X-direction was found to be 13.6% of that in 
the Z-direction for Case 1 and 12.1% for Case 2. 

qʹ́ = − k∇
(

i
∂T(x, y, z)

∂x
+ j

∂T(x, y, z)
∂y

+k
∂T(x, y, z)

∂z

)

(18) 

Individual results from the FEA simulations were compared with the 
corresponding experimental results for quantitative comparison. The 
comparisons are presented in Tables 19–22. As shown in Tables 21 and 
22, the discrepancy between the original and simplified models was 
within 15%, and the deviation from the experimental results was within 
11%. This error was attributed to the assumption of the 2D simplified 
model, which neglected heat transfer in the welding direction. The 
proposed simplified model demonstrated a high level of consistency 

Fig. 16. Cross-sectional view of the specimen at the welding speed of 1.5 m/ 
min (Case 2).

Table 14 
Independent variable values in Cases 1 and 2.

Variables Case 1 Case 2

η 0.833 0.818
RT1 3.918 2.814
Heat depth 

(
yT1 − yT7

)
5.637 5.128

CRT1 0.515 0.657
CRT2 0.942 0.806
CRT3 0.914 0.968
CRT4 1.013 1.183
CRT5 0.598 0.597
CRT6 0.731 0.596
WHR1 1.034 1.136

Table 15 
Parameters of the welding heat source in Cases 1 and 2.

Variables Case 1 Case 2

Efficiency (%) 83.3 81.8
RT1 (mm) 3.918 2.814
RT2 (mm) 2.019 1.849
RT3 (mm) 1.901 1.491
RT4 (mm) 1.738 1.444
RT5 (mm) 1.760 1.709
RT6 (mm) 1.933 1.875
RT7 (mm) 2.380 2.056
Heat depth (mm) 5.637 5.128
Heat ratio 1 (%) 34.0 30.1
Heat ratio 2 (%) 13.9 13.5
Heat ratio 3 (%) 12.0 10.4
Heat ratio 4 (%) 11.0 12.0
Heat ratio 5 (%) 12.3 15.5
Heat ratio 6 (%) 16.8 18.6

Table 16 
Repeatability test results for Case 1.

Variables Test 1 Test 2 Test 3 Test 4 Test 5 Average Standard deviation Coefficient of variation

η (%) 0.833 0.832 0.833 0.833 0.833 0.833 0.001 0.0005
RT1 (mm) 3.918 3.907 3.876 3.879 3.918 3.899 0.021 0.0047
Heat depth (mm) 5.637 5.618 5.647 5.638 5.637 5.635 0.011 0.0017
CRT1 0.515 0.524 0.637 0.637 0.515 0.566 0.065 0.1032
CRT2 0.942 0.943 0.915 0.915 0.942 0.931 0.015 0.0144
CRT3 0.914 0.911 0.844 0.844 0.914 0.885 0.038 0.0382
CRT4 1.013 1.012 1.049 1.050 1.013 1.027 0.020 0.0176
CRT5 0.598 0.598 0.501 0.501 0.598 0.559 0.053 0.0850
CRT6 0.731 0.730 0.818 0.818 0.731 0.766 0.048 0.0559
WHR1 1.034 1.034 1.048 1.046 1.034 1.039 0.007 0.0062
Temperature distribution error (◦C) 34.4 32.1 33.6 34.0 34.6 33.8 1.0 0.0264
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while significantly reducing simulation time from over 480 hours to just 
0.25 hours as presented in Table 12. This improvement ensures its 
feasibility for real-time application in industrial settings. Nonetheless, 
further research is needed to enhance the model’s accuracy by 
addressing its current limitations.

4.3. Discussion

Two cases were analyzed in this study. It was found that CRT4 
exceeded one in all cases. That means the heat sources are similar to the 
shape of a dual truncated cone combination, from among the welding 
heat source shapes proposed before. For a more detailed comparison, the 
top radius (RT1), mid radius (RT4), bottom radius (RT7), and heat depth 
were selected as representative parameters constituting the welding 
heat source. The sizes were compared according to the welding speed, as 
shown in Figs. 20 and 21.

It was found that the radius of a welding heat source decreased lin
early as shown in Fig. 20. In particular, it was confirmed that the 
decrease rate in the size of the top radius was larger than that of the mid 
radius and the bottom radius, which means that the shape of a heat 

Table 17 
Repeatability test results for Case 2.

Variables Test 1 Test 2 Test 3 Test 4 Test 5 Average Standard deviation Coefficient of variation

η (%) 0.818 0.819 0.815 0.812 0.815 0.816 0.003 0.0030
RT1 (mm) 2.814 2.683 2.674 2.715 2.682 2.714 0.058 0.0192
Heat depth (mm) 5.128 5.161 5.199 5.394 5.201 5.217 0.103 0.0178
CRT1 0.657 0.654 0.662 0.694 0.667 0.667 0.016 0.0214
CRT2 0.806 0.837 0.840 0.823 0.841 0.829 0.015 0.0161
CRT3 0.968 0.978 0.999 0.924 0.999 0.974 0.031 0.0283
CRT4 1.183 1.187 1.171 1.170 1.136 1.169 0.020 0.0154
CRT5 0.597 0.535 0.509 0.543 0.533 0.543 0.032 0.0536
CRT6 0.596 0.683 0.544 0.593 0.558 0.595 0.054 0.0814
WHR1 1.136 1.173 1.178 1.140 1.178 1.161 0.021 0.0163
Temperature distribution error (◦C) 12.2 11.2 12.6 12.5 13.0 12.3 0.7 0.0493

Fig. 17. The location of section views to check the temperature distribution of 
the 3D model.

Fig. 18. Comparison of the temperature distribution at 1.0 m/min (Case 1) of the simplified model and the original model.

Fig. 19. Comparison of the temperature distribution at 1.5 m/min (Case 2) of the simplified model and the original model.

Table 18 
Maximum heat flux in each direction at the moment of maximum melting (W/ 
mm).

Welding direction (X- 
axis)

Welding orthogonal direction (Z- 
axis)

Ratio 
(%)

Case 1 2.43 × 104 3.30 × 103 13.6
Case 2 2.15 × 104 2.62 × 103 12.1
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source becomes more like a dual truncated cone combination shape as 
the welding speed gets faster. For a quantitative evaluation, the ratio 
between the radii under the conditions was checked; as shown in 
Table 23, it was found that the sizes of the top radius and bottom radius 
decreased as the welding speed increased. Also, the depth of the heat 
source decreased as the speed increased, as shown in Fig. 21.

The analysis confirmed that the level 2 model struggles to replicate 
heat sources with mid-point inflections accurately as demonstrated in 
Table 24. Furthermore, it was observed that the shape of a lower heat 
source can differ significantly from that of the existing heat sources. The 
level 3 model proposed in this study represents an advanced approach as 
a representative heat source model, incorporating considerations from 
existing heat source models proposed in the prior research (Fig. 22).

The multi-layer-based geometry enables the precise construction of 
heat source models tailored to diverse shapes and allows for the cus
tomization of models to fit specific conditions. The findings of this study 
suggest that the dual truncated cone shape with a curved bevel is 
particularly suitable for these scenarios. This represents a more 

advanced form than the existing dual truncated cone shape, as evi
denced by a 2.8 times reduction in the temperature error. Without the 
proposed model, accurately predicting the weld zone becomes chal
lenging, especially when different base materials and shapes are 
considered.

A comparative analysis was performed to evaluate the proposed heat 
source model against existing models, including the cone [32], trun
cated cone [33–35], truncated cone with a curved bevel [36,37], and 
combined shapes [38–41]. The FEA results using the proposed model 
most accurately represented the temperature distribution compared to 
experimental data (Fig. 23). The melting zone, shown in gray, is a key 
factor in assessing model accuracy. Compared to existing models, the 
proposed model demonstrated the highest accuracy. Table 25 presents a 
quantitative comparison of temperature agreement with the experiment. 
The proposed model showed minimal errors in both cases, while the best 
existing model, the double truncated cone, exhibited nearly twice these 
errors. These findings underscore the superior accuracy of the proposed 
model.

Finding the optimal number of layers is essential. While more layers 
allow for a more precise representation of the heat source shape, they 
also increase the number of variables to optimize, leading to higher 
computational costs and a greater risk of local optima. In contrast, fewer 
layers reduce accuracy in capturing the heat source shape. To determine 
the optimal number of layers, five cases were analyzed, ranging from 
two to ten layers. Even numbers were chosen to align with existing heat 
sources, which exhibit inflection points at mid-height, and to ensure 
precise configuration. As shown in Tables 26–28, the comparison iden
tified the six-layer model as the most effective, supporting its selection 
for this study.

This study employed MIGA to achieve global optimization effec
tively. This method improves upon conventional genetic algorithms by 
dividing the initial population into several islands that evolve inde
pendently, with periodic migrations between them. It is particularly 
effective for deriving global nondominated solutions [55,56]. Given its 
suitability for small-scale problems [66], MIGA was selected. Other 
global optimization methods, such as the downhill simplex method [67], 
evolutionary optimization [68], and particle swarm optimization [69], 
were compared. Consequently, MIGA was found to be the most effective, 
as shown in Table 29.

Major shipbuilders are increasingly adopting them for 
manufacturing cryogenic fuel storage containers as the cost of laser 
welding systems decreases [70]. Predicting weld distortion during fiber 
laser welding for Type C tanks and membrane-type tanks is a paramount 
task. In response to this demand, this study presents a laser welding heat 
source for cryogenic steels, including 9% nickel steel. The proposed 
multi-layered heat source model has the potential to be implemented in 
most weldable materials such as stainless steel 304L and 316L, and 36% 
nickel steel (invar).

This study enables the derivation of welding heat sources tailored to 
field requirements and facilitates precise welding simulations. Addi
tionally, it allows for more accurate predictions of welding deformation 
and residual stress at the simulation stage, contributing to the deter
mination of optimal welding conditions. Ultimately, it is expected to 
support welding automation through advanced simulations. Further
more, its applicability can be extended beyond fiber laser welding to 
high-heat input welding such as electron beam welding. The technology 
can be used not only in the welding field but also in laser-based surface 
treatment and machining applications [71,72].

5. Conclusions and future works

This study proposed a novel multi-layered heat source model for 
laser welding FEA simulations of cryogenic materials. The proposed 
multi-layered heat source model was never reported in the literature, 
although implementing a precise heat source model to FEA significantly 
affects the prediction of weld distortion and residual stress. The FEA 

Table 19 
Dimension of the welding bead for the 1.0 m/min speed.

Top bead 
width 
(mm)

Concave bead 
width (mm)

Concave bead 
depth (mm)

Penetration 
(mm)

Experiment 3.28 1.06 2.90 5.55
Simplified 

model
3.58 1.20 2.71 5.58

Original 
model

3.30 1.00 3.00 5.90

Table 20 
Dimension of the welding bead for the 1.5 m/min speed.

Top bead 
width 
(mm)

Concave bead 
width (mm)

Concave bead 
depth (mm)

Penetration 
(mm)

Experiment 2.69 0.84 2.29 4.51
Simplified 

model
2.58 0.78 2.23 4.82

Original 
model

2.30 0.75 2.00 4.73

Table 21 
Accuracy of simulation models for the 1.0 m/min speed.

Top bead 
width (%)

Concave 
bead width 
(%)

Concave 
bead depth 
(%)

Penetration 
(%)

Simplified model 
to experiment

2.74 1.42 0.52 0.54

Original model to 
experiment

0.61 5.66 3.45 6.31

Simplified model 
to original 
model

2.08 6.98 2.92 5.73

Table 22 
Accuracy of simulation models for the 1.5 m/min speed.

Top bead 
width 
(%)

Concave 
bead width 
(%)

Concave 
bead depth 
(%)

Penetration 
(%)

Simplified model to 
experiment

4.02 7.54 2.90 7.16

Original model to 
experiment

14.54 10.53 12.82 5.00

Simplified model to 
original model

10.96 3.23 10.21 2.01
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results using the proposed model with optimized parameters out
performed existing ones subjected to multiple operational conditions. 
The experimental results showed that the proposed multi-layered heat 
source model had only a 1.6% error on average, whereas the state-of- 
the-art model, the double truncated cone model, showed a 4.5% error.

The prediction of the residual stress and thermal distortion in fiber 
laser welding is not an easy task, especially when the heat source models 
have many unknown parameters. To address this challenge, in this 
study, a systematic approach by solving inverse problems was proposed 
to estimate the parameters of the proposed heat source model. The 
proposed systematic approach consists of (1) obtaining melting zone 
boundary images from experiments, (2) defining model parameters, (3) 
predicting the melting zone boundary from the FEA simulations, (4) 

estimating the heat source model parameters by minimizing the agree
ment between experimental and FEA responses, (5) predicting the 
melting zone boundary of welding specimen in the field. This systematic 
approach will help enhance the quality of welds in fiber laser welding.

The simplified FEA model proposed in this study can accelerate the 

Fig. 20. Correlation of the heat source radius according to the welding speed.

Fig. 21. Correlation of the heat source height according to the welding speed.

Table 23 
The ratio of radius in Cases 1 and 2.

Case 1 Case 2

Top radius/Mid radius 2.25 1.95
Bottom radius/Mid radius 1.37 1.42
Top radius/Bottom radius 1.65 1.37

Table 24 
Parameters of the welding heat source with the level 2 model.

Variables Case 1 Case 2

Efficiency (%) 81.9 80.7
RT1 (mm) 3.650 2.708
RT2 (mm) 2.035 2.233
RT3 (mm) 1.922 1.292
RT4 (mm) 1.917 1.276
RT5 (mm) 2.344 1.294
RT6 (mm) 0.913 3.171
Heat depth (mm) 7.170 5.571
Heat ratio 1 (%) 36.7 34.6
Heat ratio 2 (%) 16.5 17.7
Heat ratio 3 (%) 15.6 9.2
Heat ratio 4 (%) 19.2 9.2
Heat ratio 5 (%) 11.9 29.4
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FEA procedure. Finding optimal model parameters can be achieved by 
multiple iterations in the optimization process, which requires a sig
nificant number of computational resources. The effectiveness of the 
simplified FEA model was demonstrated in solving the inverse problem. 
The experimental results showed that the computational cost was 
reduced by 1/2000 while maintaining the prediction accuracy at the 
melting zone boundary.

This study conducted theoretical and practical analysis on the multi- 
layered heat source model for fiber laser welding of cryogenic nickel 

Fig. 22. Shape of the level 3 heat source model (a) Case 1 and (b) Case 2.

Fig. 23. Comparison of temperature distributions from experiments with various heat source model predictions.

Table 25 
Temperature distribution errors at the melting zone boundary.

Proposed model Existing model

Multi-layered 
shape

Cone Truncated 
cone

Truncated cone with curved 
bevel

Truncated cone and 
cylinder

Double truncated 
cone

Goldak 
Model

Case 1 (◦C) 34.4 495.7 94.8 150.4 235.6 96.2 470.0
Case 2 (◦C) 12.2 668.3 114.1 105.3 165.8 33.7 632.0
Average error 

(◦C)
23.3 
(1.6%)

582.0 
(40.1%)

104.5 
(7.2%)

127.9 
(8.8%)

200.7 
(13.8%)

65.0 
(4.5%)

551.0 
(38.0%)

Table 26 
Temperature distribution errors at the melting zone boundary by the number of 
layers (Case 1).

Six layers 
(Proposed model)

Two 
layers

Four 
layers

Eight 
layers

Ten 
layers

Average 
error (◦C)

34.4 
(2.4%)

93.2 
(6.6%)

38.2 
(2.6%)

49.4 
(3.4%)

63.0 
(4.3%)

Table 27 
Dimension of the welding bead by the number of layers (Case 1).

Experiment Six layers 
(Proposed 
model)

Two 
layers

Four 
layers

Eight 
layers

Ten 
layers

Top bead 
width 
(mm)

3.28 3.58 3.75 3.12 2.97 2.85

Concave 
bead 
width 
(mm)

1.06 1.20 0.81 0.81 1.40 1.40

Concave 
bead 
depth 
(mm)

2.90 2.71 3.10 2.89 2.91 3.10

Penetration 
(mm)

5.55 5.58 5.94 5.50 5.04 5.15
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steel. Nonetheless, a couple of limitations in the current study were 
identified for future work.

First, the computational cost required to analyze full simulation 
models is still prohibitive for on-site applications, particularly in the 
prediction of weld distortion and residual stress during fiber laser 
welding. To accelerate the simulation, reduced order models for CFD can 
be considered to capture the phase transformation and dynamics of the 
molten pool during welding.

Second, the consistency of temperature profiles, including heating 
and cooling rates, will be considered to enhance the accuracy of the heat 
source model. The temperature profile can serve as an indicator for 
assessing how well the model replicates experimental conditions. 
Incorporating that as an objective function is expected to yield a heat 
source model that more accurately reflects.

Third, solving optimization-based inverse problems across various 
welding conditions presents a challenge, primarily due to the lack of 
timeliness for real-time on-site applications. Deep learning-based sur
rogate models can be considered to address this issue. Further research 
will also explore the application of this technology to other commercial 
software platforms used in the field, including Sysweld, Ansys, and 
Simufact, in addition to Abaqus.

Fourth, this study applied a 2D-based simplified model that reduced 
simulation time by a factor of 1/2000, enhancing real-time applicability 
in industrial settings. However, this approach has limitations in 
perfectly replicating actual experimental results. To address this issue, 
model accuracy will be improved by incorporating interpolation 
methods that account for heat flux magnitude in each direction. Since 
this is a nonlinear heat transfer problem, extensive case studies will be 
conducted to analyze the relationship of heat flux in different directions, 
and an interpolation method will be applied based on these values.

Fifth, this study will develop a database of heat source shapes cor
responding to various welding conditions and materials. This database 
aims to enable real-time welding simulations in practical applications. 
For field implementation, accuracy and reproducibility must be ensured 
beginning from the experimental stage of cross-section extraction. To 
achieve this, cross-sections validated through multiple experiments will 
be used to enhance the accuracy of the welding heat source.

Finally, to accommodate potential variations encountered in prac
tical applications, heat source models will be developed within a range 
that allows for non-uniform welding speeds and power at key points of 
variation. Interpolation will be used to adjust heat source parameters 
according to specific scenarios, enhancing the model’s practical appli
cability in real-world conditions.
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