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1. Introduction

  Laser welding has the advantage of achieving deep 
penetration and high welding speed, leaving a relatively 
low heat affected zone in the weld thanks to its high 
power density. There are CO2 lasers and lamp pumped 
Nd:YAG lasers that are traditionally widely used in the 
industry. Of them, the CO2 laser has been widely used 
in thick plate applications which requires high power, 
yet has a disadvantage that it cannot be transmitted by 
optical fiber due to its 10.6 μm wavelength. In contrast, 
the lamp pumped Nd:YAG laser has been applied to 
various fields because it can be transmitted by optical 
fiber. However, it has some shortcomings in that not 
only its power is limited but the efficiency and quality 
are deteriorated due to the temperature rise of the laser 
gain medium, thermal lensing, and depolarization loss. 
Currently, the application of disk and fiber lasers that 
overcome these shortcomings is increasing. Since they 

are able to maintain high efficiency and quality even at 
high power, they have been widely applied not only in 
the micro field, but in the thick plate applications main-
ly covered by the CO2 laser. Since these lasers operate 
at a wavelength of approximately 1.03 μm or 1.07 μm, 
they can be transmitted of course by optical fiber as 
with the Nd:YAG laser. With the recent increase in the 
demand for e-mobility, the demand for welding of ma-
terials with high electrical conductivity such as copper 
has also grown. However, these materials have a very 
low absorptivity for traditional lasers with an infrared 
wavelength. Thus, application of lasers with a short 
wavelength (e.g. a green laser with a wavelength of 532 
nm) is being examined.
  Experimental studies account for the majority of stud-
ies on laser welding, but numerical studies have also 
been actively underway thanks to the advancement of 
computing technology. Under the assumption that the 
model used is verified, numerical studies have the ad-
vantage of closely observing areas that are difficult to 
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reach because of experimental constraints. They are of 
great help in understanding the physical phenomenon 
of welding. In particular, since the molten pool is formed 
in fusion welding such as laser welding, molten pool 
analysis is widely conducted for realistic simulation. 
With reference to molten pool analysis for laser deep 
welding, it is crucial to realize the phenomenon that the 
keyhole is generated by the vaporization of the material 
due to the high power density (over 106 W/cm2). The 
simulation of the early laser welding mainly focused on 
the heat transfer in conduction mode, thus was performed 
similarly to gas tungsten arc (GTA) welding simu-
lation1). Kaplan predicted the 2-dimensional keyhole 
shape using the energy balance equation considering 
the multiple reflections and plasma in the laser keyhole. 
The energy absorbed by multiple reflections was calcu-
lated by assuming a conical keyhole. The result showed 
that the increase in the energy absorbed by multiple re-
flections had a significant effect on the keyhole shape2). 
The 3-dimensional keyhole shape was also predicted in 
a similar way3). Because it was still hard to predict ac-
curate keyhole shapes, the observed keyhole shape us-
ing an X-ray transmission method was also used in la-
ser welding simulation4). A study using a predicted key-
hole shape to analyze the behavior of the molten pool 
was also conducted5). With the advancement of com-
puting technology and algorithms, numerical simu-
lation of the keyhole shape and the molten pool behav-
ior began to be integrated by applying the level set 
method and VOF method, which are free surface track-
ing algorithms6,7). Because of the mass conservation er-
ror of the level set method and the complex algorithm 
that attempts to solve it, the VOF-based method is cur-
rently widely employed. By extracting the keyhole 
shape in real-time using the VOF method and applying 
the ray-tracing technique to the shape, the multiple re-
flection phenomenon of the laser beam in the keyhole 
was modeled8). Simulation of the laser drilling process 
taking into account the effect of laser polarization was 
also performed9). As the rapid keyhole change can be 
calculated in detail in this way, it is possible to simulate 
the occurrence of pores arising from the collapse of the 
laser keyhole with a bubble model10). It was also simu-
lated how the alloy elements supplied from a filler met-
al due to the strong flow around the keyhole were dis-
tributed on the weld11). The path in which the laser 
beam was focused and diffracted through the laser op-
tics was taken into account, and the effect of the metal 
vapor generated by the laser was modeled using a shear 
stress and a heat source. It enabled the prediction of rel-

atively precise results even in a high power laser weld-
ing12). Recently, a numerical study considering the os-
cillation of the laser beam was also conducted, and the 
effect of oscillation frequency on the molten pool was 
analyzed13). In addition, the buttonhole phenomenon 
arising from the effect of surface tension pressure in la-
ser welding of thin plates was also simulated14).
  In this study, the 3-dimensional computational fluid 
dynamics (CFD) simulation of laser welding using 
multi-kW CO2, disk, and virtual green lasers was 
performed. The focused and diffracted beam path was 
used, and the multiple reflections of the beam were 
considered. The material absorptivity of the laser beam 
was calculated by the two types of Fresnel reflection 
models to investigate the effects of laser wavelengths. 
Buoyancy, Marangoni force, recoil pressure, shear stress 
and heat source by metal vapor, and bubble model was 
applied. The final fusion zone shape was used to com-
pare the results.

2. Methodology

  Fig. 1 shows the computational domain and mesh for 
the heat and mass transfer analysis of laser welding. Of 
the entire domain (56 mm long, 26 mm wide, 15.2 mm 
high), a fine mesh for the central analysis domain (36 
mm long, 6 mm wide, and 15.2 mm high) where the 
molten pool was formed, and a coarse mesh for the oth-
er domain was used. The size of the fine mesh was 
chosen to be 0.2 mm through a mesh test. The boun-
dary condition on the six sides of the computational do-
main was defined for the partial derivative value to be 0 
(Neumann boundary condition) for all independent 
variables. In order to perform 3-dimensional transient 
CFD simulation, the mass conservation equation, mo-
mentum equation, and energy conservation equation, 
which are basic governing equations, were used. Additionally, 
the VOF equation for free surface tracking was used. 
Newtonian fluid and incompressible laminar flow were 
assumed for molten metal. For a laser welding model, 
the beam path considering the beam focusing phenom-
enon and diffraction phenomenon by the laser optics 
was modeled, and multiple reflection phenomenon was 
simulated using the ray-tracing method. The material ab-
sorptivity of the laser beam at the reflected position 
was determined by the Fresnel reflection model. Along 
with this, the recoil pressure, Marangoni effect, buoy-
ancy, and shear stress and heat source by metal vapor 
were considered, and an adiabatic bubble pressure 
model was applied to investigate the behavior of bub-
bles generated inside the molten pool caused by the 
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collapse of the keyhole. The literature was referred for 
the descriptions and formulas for these models and the 
physical properties of structural carbon steel (A36 
(ASTM) or SS400 (JIS)) used for simulation12).
  Two Fresnel models based on the Fresnel equations 
were used to perform numerical analysis considering 
different wavelengths of CO2, disk, and green lasers. Fig. 
2 shows the absorptivity data for the laser incidence an-

gle of the general model (based on the Drude theory) 
and the simplified model (simplified using the Hagen- 
Rubens relation) (red: general model, blue: simplified 
model). Table 1 shows the laser and optics parameters 
used in the simulation. It was assumed that the virtual 
parameter values for the green laser were the same as 
the disk laser except for the wavelength and M2. In all 
simulation cases, the welding speed was fixed at 1 m/min.

3. Results and discussion

  Fig. 3 shows the mesh test results. It was found that 
the calculated penetration depth increased with the de-
crease in the mesh size, and gradually converged to the 
keyhole depth of the experimental results. These results 
are considered to be because in reality the laser beam 
can reach the bottom of the keyhole as the finer mesh is 
used. In the simulation, there should be at least an emp-
ty space larger than the mesh size in order for the laser 
beam to pass. Based on the test results, accuracy of 
simulation can be secured when a mesh size of 0.2 mm 
or less is used. However, given the calculation time 
spent, when reducing the mesh size from 0.2 mm to 
0.15 mm, it took approximately 2.8 times more time. 
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Fig. 1 Schematic of the computational domain and mesh for laser welding simulation.
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Fig. 2 Absorptivity vs. incident angle based on general 
and simplified fresnel models for different lasers

Parameters CO2 laser Disk laser Green laser

Laser power 4 kW 6 kW 6 kW

Wavelength 10.6 μm 1.03 μm 532 nm

Polarization Circular Circular Circular

Beam quality
M2 3.8 29.6 57.3

BPP 12.82 mm·mrad 9.7 mm·mrad 9.7 mm·mrad

Focal length 270 mm 280 mm 280 mm

Beam diameter on optics 33 mm 37 mm 37 mm

Focusing number 8.18 7.5 7.5

Focal radius 209.8 146 μm 146 μm

Rayleigh length ±3.4 mm ±2.2 mm ±2.2 mm

Focal plane 0.0 mm 0.0 mm 0.0 mm

Table 1 Laser and optics parameters used
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Therefore, in this study, a mesh size of 0.2 mm having 
both accuracy and efficiency was used. The mesh size 
used in the previous studies on the molten pool behav-
ior of laser welding was different depending on the 
keyhole depth of the target process. 0.25 mm was used 
as an optimal value for the shallow keyhole15), and 0.2 
mm for the deep keyhole16). This is consistent with the 
mesh test results of this study. Next, in order to inves-
tigate if there was an effect depending on the size of the 
computational domain, simulation was performed by 
increasing the width of the computational domain from 
26 mm to 46 mm as seen in Fig. 4. The results showed 
that the predicted differences in fusion zone shapes 
were negligible, thus the computational domain used in 
this study was sufficient. As for the computational do-
main of a width of 26 mm used in this study, the tem-
perature at the boundary showed an increase of approx-
imately 14℃ from the initial temperature during the 
simulation.

  Lastly, the simulation results of the CO2, disk, and vir-
tual green lasers are shown in Fig. 5. It shows the fu-
sion zone shapes of the YZ cross-section. All of the 
keyholes grow sufficiently after the start of welding, in-
dicating the result in the steady state. In our previous 
study, the CO2 laser and disk laser welding models 
have already been verified11,12). They are considered to 
be effective even in the range of welding parameters 
used in this study. The results of applying the two ab-
sorption models shown in Fig. 2 were compared. When 
using the simplified model instead of the general mod-
el, the absorptivity has a larger value. In the CO2 laser 
wavelength, the two models have almost the same val-
ue, yet the difference between them increases with the 
decrease in wavelength. Despite the difference in the 
absorptivity between these models, the prediction re-
sults of the fusion zone using the two models did not 
show much difference. In addition, when comparing 
the results of the disk laser and the green laser, the dif-
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Fig. 4  Fusion zone shapes calculated in different computational domains
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ference arising from wavelength changes was also 
negligible. These results are considered to be because 
the effect of the models and the wavelengths decreases 
with the increase in the total absorption (over 80% in 
this study12), up to 90% is reported17)) by the multiple 
reflection phenomenon for keyhole welding. After the 
keyhole grew sufficiently, there was no significant 
change in the fusion zone shapes in the XZ cross-sec-
tion as well as the YZ cross-section of Fig. 5. These re-
sults can also be found in the previous study using the 
disk laser12). However, in the regions where the welding 
starts and where the welding ends, the depth of the key-
hole decreases, thus the difference in the energy ab-
sorbed is expected to increase. The difference is also 
expected to influence the properties of the final weld by 
affecting the molten pool behavior and the temperature 
distribution. Especially, since more welding defects are 
observed in those regions, there is a need for further re-
search in the future.

4. Conclusion

  In this study, the numerical simulation considering the 
wavelengths of CO2, disk, and green lasers was per-
formed using laser welding models, and the following 
results were derived.
  1) The mesh test showed that the size of 0.2 mm had 
the accuracy of result and the efficiency of calculation 
in the range of welding parameters used in this study. 

Therefore, this mesh size can be recommended for sim-
ilar laser welding simulations.
  2) In terms of the final fusion zone shape, the general 
model and the simplified model did not show any sig-
nificant difference. In addition, when comparing the 
analysis results of the disk laser and the green laser, there 
was no significant difference even at different wavelengths. 
This is considered to be because the effect caused by 
the difference in the models and the wavelengths is neg-
ligible due to the significant increase in the total absorp-
tion by multiple reflections (80-90%) for the keyhole 
welding of this study.
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