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DEVELOPMENT OF FEM THERMAL SIMULATION TECHNIQUE FOR LASER
KEYHOLE WELDING

In laser keyhole welding, large energy is irradiated over a small area, making it extremely difficult to find the
optimum processing conditions to achieve the desired welding specifications. In particular, the search for optimum
processing conditions is difficult in the overlap welding of thin plates, and a great deal of time and effort is required
to find the best conditions. Therefore, in this research, a new FEM (Finite Element Method) thermal simulation
technique for laser keyhole welding was developed and evaluated. The FEM thermal simulation utilized
SolidWorks software with implicit solution. The FEM simulation defines the simulated thermal conductivities
with temperature- dependent for the molten (fluid) and evaporated (gas) portions, respectively, allowing solid
elements to simulate workpiece melting and evaporation. The travelling irradiation of the laser beam was simulated
by the time dependence of the heat source. The proposed technique was evaluated in some experiments with
several conditions. As a result, it had been concluded that the proposed technique could calculate with high
accuracy for the desired welding specifications, and the proposed technique was very effective for the search of
the optimum processing conditions.

1. INTRODUCTION

Laser processing is widely used in various fields such as automotive, aerospace, and
electronics industries [1-3]. Laser welding irradiates a large amount of energy onto a small
area, making it extremely difficult to find the optimal processing conditions to achieve the
desired welding specifications [4-17]. In particular, it is difficult to find the optimum
processing conditions for overlap welding of thin plates, and the search for the optimum
processing conditions requires a great deal of time and labour. On the other hand, there has
been a recent demand for technology for overlap welding of thin aluminium and stainless-
steel plates for battery housings of electric vehicles [18]. FSW (Friction Stir Welding) can be
used to reliably weld these thin plates together, but the long processing time makes it
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extremely difficult to be productive [19]. In addition, the product size is large due to the large
area of the joining area [20].

In this paper, a new FEM thermal simulation technique for laser keyhole welding was
developed and evaluated. The FEM transient thermal simulation using the commercial
software SolidWorks 2023 with implicit solution was used for the technique. The simulated
thermal conductivities with temperature- dependent for the molten (fluid) and evaporated
(gas, keyhole) regions of the workpiece was used for the technique, respectively. And both
melting and evaporation phenomena in the workpiece were simulated using the solid elements.
No element removal or remeshing was required during this calculation, so the calculations
can be performed directly in SolidWorks 2023. In addition, the traveling irradiation of the
laser beam was simulated by the time dependence of the heat source. The technique was
experimented and evaluated on an overlap welding of stainless steel SUS304. SUS304
stainless steel was used as the workpiece for analysis, experimentation, and consideration.
Furthermore, as laser keyhole welding involves both melting and evaporation, the FEM
transient thermal simulation with implicit solution were currently difficult to perform, and no
relevant references has been found.

2. DESCRIPTION OF LASER KEYHOLE WELDING

Laser welding is a welding process in which a laser beam is irradiated to a workpiece
locally for a short time [6, 7]. It is necessary to supply a sufficient amount of energy for
melting, but control on the millisecond order is required to prevent insufficient melting or,
conversely, fusion breakdown. A keyhole is a cavity generated by evaporation on the
workpiece surface directly under the torch, which enables deep penetration welding [9]. This
welding process is also prone to spatter (dispersal of molten metal during welding). The
welding of SUS304 [21] is also a keyhole weld.

A schematic view of keyhole welding by laser traveling irradiation was shown in
Fig. 1(a), and a photograph of keyhole welding. keyholes generated by the evaporation of
SUS304 move as the laser travels was shown in Fig. 1(b). There was a molten area of SUS304
around the keyhole, and the molten area also moves along with the movement of the keyhole.
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Fig. 1 Schematic view and photograph of the laser keyhole welding
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This molten area was wider on the opposite side of the travel direction due to the laser
travel irradiation, and was used to bury the keyhole after the torch travels.

3. ALGORITHM FOR FEM THERMAL SIMULATION TECHNIQUE OF LASER
KEYHOLE WELDING

An inexpensive, quick, and easy technique to find optimal processing conditions using
the commercial FEM software SolidWorks 2023 was developed. Specifically, a FEM thermal
simulation technique to analyse the melting and evaporation phenomena of the workpiece was
firstly developed. Next, a FEM thermal simulation technology for laser travel irradiation was
developed. Finally, a technique to simulate the heat input of laser irradiation by a ring torch,
which was often used to prevent spatter was also developed.

3. 1. LASER KEYHOLE WELDING USED IN THIS RESARCH AND ITS FEM MODEL

As shown in Fig. 2, the maximum top width Tw-max, maximum penetration depth dmax,
and maximum penetration width Mw-max Of the joining surface were often used as the required
welding specifications for superimposed laser welding of 2 workpieces with SUS304. These
three specifications were also for the evaluation of the proposed technique. As shown in Fig.
3, laser welding was performed with the Ring-type torch on two 150 mm X 100 mm x 3 mm
stainless steel plates in an overlap welding process. The fibre laser processing machine
(AMADA, BREVIS-1212AJ, Pulse peak power 3000W, laser source- fibre laser with laser
diode excitation) was used for that welding. Argon gas was used as the assist gas. The
processing conditions and experimental results (penetration specifications) were shown in
Table 1, and the photographs after the laser welding process were shown in Fig. 4 to 8. The
experimental result for Test No.1 in Fig. 4 was used to calculate the simulated thermal
conductivities with temperature- dependent in Section 3.2. The other experimental results
were used to evaluate the proposed technique.

SUS304, 150 mmx100 mmx3mmx2 plates
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Fig. 2. Definition of quality evaluation factors for Cutﬁng plane for observation

laser keyhole welding Fig. 3. Schematic view of the evaluation experiment
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(a) Surface (b) Back (c) Cross-section

Fig. 4. Photograph after laser welding__Test No. 1

(a) Surface (b) Back (c) Cross-section

Fig. 5. Photograph after laser welding__Test No. 2

(a) Surface (b) Back (c) Cross-section

Fig. 6. Photograph after laser welding__Test No. 3

(a) Surface (b) Back (c) Cross-section

Fig. 7. Photograph after laser welding__Test No. 4

(a) Surface (b) Back (c) Cross-section

Fig. 8. Photograph after laser welding__Test No. 5
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The FEM model for the analysis of overlap welding with stainless-steel by FEM thermal
simulation was shown below. As shown in Figure 9, in the superposition welding of two
stainless steel sheets with10.8 mmx10.8 mmx3 mm (SUS304, solid-state thermal
conductivity 16.3 W/mK, melting point 1450 °C, boiling point 2862 °C), a ring-type torch

(torch ring outer diameter ¢ 0.54 mm) was used for the FEM thermal simulations were

performed for laser irradiation with centre irradiation energy Ein = 1.0 KW, ring irradiation
energy Eouwt = 2.0 W, and feed rate F = 16.7 mm/s. This was the data of No. 1 in Table 1. The
FEM model was a 1/2 model of the original model. The FEM model (10.8 mmx10.8 mmx3
mmx2 sheets) was approximately 1/10th the length and width dimensions of the experimental
specimens (150 mmx100 mmx3 mmx2 sheets), but the validity of this FEM model size was
clear from the preliminary analysis (no temperature changes on the point Ae the analysis).
The heat transfer coefficient was set to 0 W/mK for the adiabatic surfaces and 12 W/mK for
the other surfaces.

Table 1. Processing conditions and experimental results of laser welding of SUS304 (melting specifications).
The irradiation distance was the distance between the workpiece and the torch

. . Experimental results (melting
Laser processing conditions e
Test . specifications)
No. Center Ring Irrﬁ(il\?éllon ﬁ:vsv Irradiation Top Mid Melt-in
Power Power speed rate distance width width depth d mm
kW kwW m/min /min mm Tw mm My mm
1 1.0 2.0 1.0 30 366 3.6 1.1 4.6
2 0.5 1.7 0.5 30 370 4.4 15 4.5
3 0.9 1.9 1.0 30 370 3.5 1.0 4.4
4 1.1 2.1 1.0 30 370 3.7 1.1 4.9
5 0.7 1.9 0.5 30 368 4.4 15 6.0 over

Upper plate

Lower plate

Isolation Surface for 1/2 model (Heat transfer coefficient 0 W/m2K)
¢ Heat transfer coefficient 12 W/mK on the other surfaces

Fig. 9. FEM model for laser keyhole welding of SUS 304 (1/2 model)

3. 2. FEM THERMAL SIMULATION MODEL FOR MELTING AND EVAPORATION PHENOMENA

In order to perform FEM thermal simulation of laser keyhole welding, melting and
evaporation phenomena were simulated by setting the simulated thermal conductivities with
temperature-dependent in the workpiece while maintaining the equivalent heat capacity
(irradiation energy = incremental heat capacity in the workpiece).
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Fig. 10. Four simulated thermal conductivity curves for new FEM simulation
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The analysis of melting (fluid) and evaporation (gas) phenomena was difficult with
current FEM thermal simulations. Therefore, the simulated thermal conductivities with
temperature- dependent were used for the FEM thermal simulation. Since it was difficult to
delete or remeshing these elements during the analysis in SolidWorks 2023, the only solid
elements were used for the analysis.

Four simulated thermal conductivity curves for FEM thermal simulations were shown
in Figure 10. As shown in Fig. 10(a), the incident light was diffusely reflected at the boundary
between the keyhole and the molten area, and all of the laser irradiation energy Q W was
absorbed into the molten area. This phenomenon could be simulated by increasing the thermal
conductivity so that the temperature of the keyhole area (orange) did not exceed the boiling
point. The thermal conductivity of the workpiece was made extremely large (120000 W/mK)
when above the boiling point, so that the temperature Ta at point P in Fig. 10(a) was the
boiling point. By defining this temperature dependent thermal conductivity in the FEM model,
the element that has reached the boiling point becomes an element that only conducts the
input irradiation energy Q W directly to the molten region, although it still existed as an
element. Most of the irradiation energy was applied to the bottom of the keyhole, so that a
large amount of energy (X q. W) was supplied below the bottom of the keyhole. The boiling
was accelerated, and the keyhole depth was increased. Furthermore, the molten region below
the keyhole bottom was in a state of intense convection accompanied by boiling, and the depth
of the molten region was also deepened by the increase in its thermal conductivity. Next, the
diffusely reflected laser beam inside the keyhole was irradiated and absorbed by the sides of
the keyhole, and £ gu W and X gs W of energy was supplied to the molten area on the sides
of the keyhole. However, the amount of energy supplied to the sides of the keyhole was not
as much as that of the bottom of the keyhole (ZqL > Zqm > X2gs) and was not enough to
significantly expand the molten area on the sides of the keyhole. In order to simulate these
elements in a FEM thermal simulation, it was necessary to define anisotropic thermal
conductivity for the elements directly under the torch and the other elements, but SolidWorks
2023 does not have that capability. Therefore, as shown in Figure 10(b), it was decided to
define the simulated thermal conductivities with temperature- dependent for four regions: the
one region directly under the torch and the other three regions (the top, middle and bottom
regions). Four temperature-dependent simulated thermal conductivity curves were explored.
Four curves were determined using the sequential substitution method to precisely calculate
the welding specifications (Tw-max, dmaxand Mw-max) for Test No. 1 in Table 1 and Fig. 4. Four
curves of Fig. 10 (c), (d), (e), (f) were the simulated thermal conductivity A for region directly
under the torch, B for top region, C for middle region and D for bottom region respectively.
These four curves provide the database for calculating welding specifications for overlap
welding of stainless-steel SUS 304. Therefore, FEM simulations of the welding specifications
of Test No. 2, No. 3, No. 4 and No. 5 were also used the same database.

3. 3. FEM THERMAL SIMULATION FOR LASER BEAM TRAVELING IRRADIATION

FEM thermal simulation for Test No.1 in Figure 11 and Table 2 was used for the
explanation. Here, the example of FEM thermal simulation was shown for the condition with
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torch diameter D = ¢ 0.54 mm, irradiation energy E =3000 W, and feed rate F =1 m/min=

16.7 mm/s. The model was 1/2 of the original model (to reduce calculation time and to make
it easier to observe the weld), so the irradiation energy was 1500 W, 1/2 of E=3000 W. The
1/2 split surface was an adiabatic surface, and the heat transfer coefficient = 0 W/m?K was
set. Each laser irradiation area of 0.27 mm x 0.54 mm (0.27 mm = half of the torch diameter,
0.54 mm = torch diameter) was set to simulate a half circle of the torch in a rectangle. As
shown in Table 2, energy (1500 W x 0.0323 s) was input to each region for At = 0.0323 s (=
long dimension of the region D mm/feed rate F mm/s), and FEM transient thermal simulations
were performed continuously in coupled analysis.

BQ=1500W, t=0.1292~0.1615sec, Table 2 Irradiation energy table on each area at FEM thermal
Area 5=0.27mmx0.54mm simulation for SUS304 laser keyhole welding

@Q=1500W, t=0.0969~0.1292sec, Time 0~ O'(EZS 0'%46 0'9869 0'1392
Area 4=0.27mmx0.54mm tsec 100323 | 50646 | 0.0969 | 0.1292 | 0.1615
Q1 - - -
Areal Q; —
Qs
Q - [ = 1 -
Area 2 - Q;
Qs
Irradiation energy: 3000W - - Qu - -
Irradiation speed: 16.7mm/s Area 3 82
— — — Ql —
(®Q=1500W, t=0.0646 ~0.0969sec, Area 4 Q:
Area 3=0.27mmx0.54mm Qs 5
- - - - 1
Q=1500W, t=0.0323~ Area 5 Q2
0.0646sec. Qs
DQ=1500W, t=0~0.0323 sec, #In case of Test No.1: Q=1500 W, Q: (heat supplied to ring
Area 1=0.27mmx0.54mm area)=479 W, Q; (heat supplied to middle area)=186 W and Q3
(Heat supplied to centre area)=835 W calculated by irradiation

Fig. 11. Relationship between the irradiation energy ~ energy of centre Ei, = 1.0 kW, irradiation energy of ring Eou =
and each area for the travelling irradiation 2.0 kW, eq. (1), (2), (3).

The initial temperature of the workpiece in the FEM transient thermal simulation in Area
1 was set to 0 K. The initial temperature of the workpiece in the FEM transient thermal
simulation in Area 2 and beyond was set to the final analysis results of the previous Area to
ensure continuous analysis. This enabled the simulation of continuous laser irradiation at a
feed rate of F = 16.7 mm/s (= 0.54 mm / 0.0323 sec).

3. 4. FEM THERMAL SIMULATION FOR BEAM IRRADIATION WITH RING-TYPE TORCH

Spatter generation during welding was a major problem in laser welding, and ring-type
torches were often used to prevent spatter generation. The ring torch shown in Fig. 12 was
used for welding. As shown in Fig. 13, when setting the laser irradiation energy, the heat input
region was set in three layers (DxL1, DXL, and DxL3), and the irradiation energies Q1, Q2,
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and Qs W were input for each according to the scanning speed. As shown in Figure 14, three
layers of heat input areas (red lines) were aligned on the half of a ring torch with a centre

diameter of ¢ d mm, a ring inner diameter of ¢ D, mm, and a ring outer diameter (= laser

bore diameter) of ¢ D mm, and the supply energies Q1, Q2 , and Q 3 W were calculated from
the irradiation area and irradiation energy of each heat input region by their area ratios.

Center diameter ¢ 0.21mm
Core-lase : FO-8000=S:ARM

Core diameter of a fiber
: Center ¢ 70um, Ring ¢ 180 pm
Head laser : Collimator lens F125mm,
Condenser lens F375mm,
Optical magnification 3times
Focused beam diameter
: Center ¢ 0.21mm, Ring ¢ 0.54 mm

 Ring;
Outer diameter ¢ 0.54mm
Inner diameter ¢ 0.30mm

Fig. 12. Specification of the ring type laser torch

1] Lo

Slice model (thickness D mm)
L/2

% Sides are designated insulated (no heat flow) Torch mouth croés section (D>Dr>d)

Fig. 13. Heat generation setting for analysis with ring torch Fig. 14. Specification of the ring torch

Specifically, the long dimension D mm of each heat input area was equal to the ring
outer diameter ¢ D mm, and the width (short side) of each heat input area was L1 =D/2-D,/2

mm, L,=D/2-d/2 mm, L3=d/2 mm. Assuming that the centre irradiation energy was Ein W and
the ring irradiation energy was Eout W, the supply energies Q1, Q2, and Q3 W of each heat
input region could be calculated from the irradiation area ratio of each heat input region using
Equations (1), (2), and (3).

01 = Eou [D*( Cos™!(D; / D)— Cos(Cos™'(D:/ D))Sin(Cos™(D:/ D))) /4] /
3.14(D%/4— D, 2/4) (1)
02=Eou[D*( Cos™'(d / D) —Cos (Cos™'(d / D))Sin (Cos™!(d / D))) /4—Dr*( Cos™'(d / Dr)
—Cos (Cos™!(d / Dy))Sin (Cos™!(d / Dr))) /4 —D*( Cos™'(D: / D)— Cos(Cos™(D;/
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D))Sin(Cos''(D;/ D)) /4] / 3.14(D¥/4— D, /4) @)
03=Eou[3.14(D*- Dr?)/8 — D*( Cos™'(d / D) — Cos (Cos™!(d / D))Sin (Cos™'(d / D)))
/4 —Dr*( Cos™!(d / Dr)— Cos (Cos™!(d / Dr))Sin (Cos™!(d / Dr))) /4 —2D?*( Cos™!

(D:/ D) —Cos(Cos'(D;/ D))Sin(Cos™(Dy/ D)) /4] / 3.14(D¥4 — D, 2/4)+ Ein/2 3)

Each area in Figure 6 was divided into three planes in advance at the CAD stage, and
the heat input areas (DxL1, DxL,, and DxL3) were input with the heat quantities Q1, Q2, and
Qs W calculated by Equations (1), (2), and (3), and the continuous FEM unsteady thermal
simulation described was repeated. As shown in Table 3, the analysis conditions for FEM
unsteady thermal simulation with1/2 model were calculated.

Table 3. Analysis conditions for FEM unsteady thermal simulation (Irradiation energy was 1/2 model value)

Laser processing L Irradiation -
conditions Irradiation arear time Irradiation energy
Irradia . - .
st conter | ung | ton” | Caner | Midde || Rng | brsdton | oo | utr | vt
" | Power | Power | travel Ring | Middle | Centre
KW | kw | speed | DXL | DxLz j DxLs jarea W W W
m/min mm mm mm sec
0.54x 0.54x 0.54x
1 1.0 2.0 1.0 0105 0045 0120 0.0323 479 186 835
0.54% 0.54% 0.54x
2 0.5 1.7 0.5 0105 0045 0120 0.0646 407 158 535
0.54x% 0.54x 0.54x
3 0.9 1.9 1.0 0105 0045 0120 0.0323 455 177 768
0.54% 0.54% 0.54x
4 11 21 1.0 0105 0045 0120 0.0323 503 195 902
0.54% 0.54% 0.54x
5 0.7 1.9 0.5 0105 0045 0120 0.0646 455 177 668

4. EVALUATION OF THE PROPOSED FEM THERMAL SIMULATION
TECHNIQUE

The results of the analysis using the proposed FEM thermal simulation were shown in
Figures 15 to 19. Temperature distributions and welding specifications were shown. In each
figure, the blue line was the melting boundary.
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Fig. 15. Temperature distribution at t=0.1615 sec regarding Test No. 1 (Blue line: melting point)
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Fig. 16. Temperature distribution at t=0.323 sec regarding Test No. 2 (Blue line: melting point)
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Fig. 17 Temperature distribution at t=0.1615 sec regarding Test No. 3 (Blue line: melting point)
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Fig. 18. Temperature distribution at t=0.1615 sec regarding Test No. 4 (Blue line: melting point)

Temp (Kelvin)
2.5626+03
l 27216403
TOD id 2580e+03

width

7;\'-111;“ 48"39-}}%\ y [ 2438e+03
\ 2.297e+03
2.156+03
2015403
1.874e+03
1732402

W-max i‘ﬂ?ﬂ
x 1 N 1.591e+03

1.450e+03
E=2) 20y} 27070 SE=

Mid wigg, 5,

oV
Fig. 19. Temperature distribution at t=0.323 sec regarding Test No. 5



16 . Tanabe / Journal of Machine Engineering, 2026, Vol. 26, No. 1, 5-18

140

o

100

80

60

40

Percentage between the analytical
and experimental results %

20

fop width T mm

N f |l S tlE S flE S gl JEN
= & |= |8 & < = = = = = 8 N = |8
= = = e - |l= | = |l= |& % |as =% - a8 |8
o = |= o = |= Q = |= Q - |= Q ] = L
3 =l =l =l = =B = o= I = i o 8 |
= slZla |5(2[e 5|28 | E[Z|a | £|% |8
'T" oIS ,_‘vl-' I 5> - o 5 - o - N o 1S ,_.‘l‘
— o= |o g = |3 s 1= |e s = |= o€ |2
~ s eEE IEFE [ |27 =
I Test No. 1 Test No. 2 Test No. 3 Test No. 4 Test No. 5
Mid width M, mm

Fig. 20. Percentage of relation between the analytical and experimental results

Percentage of relation between the analytical and experimental results regarding the
welding specifications (the maximum top width Tw-max, maximum penetration depth dmax, and
maximum penetration width Mw-max) Were shown in Figure 20. The percentages between the
analytical and experimental results of the maximum top width Tw-max Were 100% to 112%
(RMSE 9.8%), that of the maximum penetration depth dmax were 92% to 126% (RMSE 14.0)
and that of the maximum penetration width Mw-max Were 94% to 109% (RMSE 6.4%), and the
RMSE of total data was 10.6%. Despite using the same simulated thermal conductivities with
temperature- dependent in the database, the welding specifications for Test No. 2, No. 3, No.4
and No.5 were calculated with good accuracy, and the proposed FEM simulation technique
was considered effective in the search for optimum laser processing conditions.

Furthermore, it should be noted that the proposed technique calculates only the transient
temperature distribution during laser keyhole welding using simulated thermal conductivity.
Consequently, it is difficult to calculate the mechanical behaviour such as boiling of the
molten metal, flow of the molten metal, recrystallisation of the molten metal, and spatter
generation. Therefore, whilst the thermal effects of welding speed and laser power on welding
specifications can be considered, it is difficult to consider for their mechanical influences on
keyhole stability and spatter generation.

5. CONCLUSION

FEM thermal simulation technique for laser keyhole welding was developed and
evaluated. The results were summarized as follows;
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(1) A new FEM thermal simulation technique using four simulated thermal
conductivities has been developed to calculate the melting (fluid) phenomenon and
evaporation (gas, keyhole) phenomenon during laser keyhole welding. This enabled the
simulation of both melting and evaporation phenomena without the element removal or the
remeshing.

(2) The technique could simulate laser irradiation by setting time-dependent heat input
conditions.

(3) The percentages between the analytical and experimental results of the maximum
top width Tw-max were 100% to 112% (RMSE 9.8%), that of the maximum penetration depth
dmax Were 92% to 126% (RMSE 14.0) and that of the maximum penetration width Mw-max were
94% to 109% (RMSE 6.4%), and the RMSE of total data was 10.6%. The technique was able
to analyze welding specifications for overlap keyhole welding of stainless steel SUS304.
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