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A semi-physical and semi-intelligent heat source model based on keyhole
heat transfer and energy attenuation
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Abstract: At present, the laser welding heat source model is mainly loaded in the form of energy density distribution in geometric
regions, and its accuracy is closely related to the geometric region size of energy distribution. However, it lacks a mapping
relationship with laser process parameters and physical mechanisms, making it difficult to use for constructing digital twin
technology for laser process equipment. In response to this issue, a semi-physical and semi-intelligent heat source model based on
laser welding keyhole heat transfer and energy attenuation was proposed. Firstly, based on the physical mechanism of heat transfer
in laser welding keyhole formation, the nonlinear geometric region of laser energy distribution was determined through algorithms;
Then, based on the absorption rate attenuation phenomenon of the laser along the depth direction of the material, a knowledge-based
nonlinear attenuation curve parameter was defined to express the attenuation law of laser energy. By combining the above two
methods, a semi-physical and semi-intelligent heat source model was established. The results verify the rationality and accuracy of
the heat source model through experiments and simulations of 316L stainless steel laser welding. On this basis, the mapping
relationship between heat source model parameters and laser power, defocus, and welding speed is explored, laying a foundation for

the digital twin implementation of laser welding technology.
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Highlights: (1) A new semi-physical and semi-intelligent heat source model was established based on the physical mechanism of

heat transfer and laser energy attenuation phenomenon of laser welding keyhole.

(2) The accuracy of the established model was compared and verified through experiments and numerical simulations.

(3) The mapping relationship between heat source model parameters and laser welding process parameters was explored.
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Table 1 Chemical compositions of 316L stainless steel
Cr Ni Mo Si C Mn P S Fe
16.0~18.0 10.0~14.0 2.0~3.0 <1.0 <0.03 <2.0 <0.045 <0.03 At
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Laser processing schematic diagram
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Table 2 Welding experiment paraments

1 2520 23 -1.5
2 2520 23 0
3 2520 23 1.7
4 2520 18 1.7
5 2520 23 1.7
6 2520 28 1.7
7 2000 23 -1.5
8 2520 23 -1.5
9 3000 23 -1.5
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Fig. 2 Schematic diagram of laser heat source establi-
shment
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Fig. 4 Keyhole contour calculation flowchart
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Table 3 Corresponding table of different welding process parameters and attenuation function parameters

HOLYIZ Plw SR Y v/(mm-sfl) BAE d/mm ar by cr dy
2520 23 -1.5 1.2 0.3 -0.2 —0.1
2520 23 0 1.4 0.5 —0.1 —0.1
2520 23 1.7 1.7 0.6 —0.1 0.2
2520 18 1.7 1.6 0.6 -0.2 0.2
2520 23 1.7 1.7 0.5 -0.5 0.1
2520 28 1.7 1.6 0.5 -0.7 0.1
2000 23 -1.5 1.2 0.6 —0.1 0.1
2520 23 -1.5 1.2 0.6 -0.2 0.2
3000 23 -1.5 1.1 0.5 -0.2 0.3
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Fig. 5 Flow chart for parameter verification of attenua-
tion function curve
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Fig. 6 Schematic diagram of heat source model
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Table 4 Material parameters of 316L stainless st-eel
with temperature variation

O = 0eA; (T4 - To4)

T g LA Y S
T/k HMW-m K c(Tkg K 10K
25 14.45 0.47 13.4
200 17.14 0.54 16.7
400 19.59 0.56 17.8
500 20.81 0.58 18.1
600 21.86 0.58 18.3
700 23.14 0.60 18.7
800 24.59 0.64 19.0
900 27.68 0.87 19.1
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Table 5 Comparison of simulated calibration parameters
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MW 0.518 0.54 4.2
BW 0.45 0.48 7
HO 1.0 0.9 10

H 3.328 3.55 6.7

T P9 Y B RS 0 A a5 A B, A e IR 5 i B
WIE 10 Fi7R, IR RIS SR 25 R bT, FE T
S0 L DA I T R R R, L S A e
I, SR B S 0N, A TE A R Ea . i 11
7R, PR A R B o BRI TR, (BOEY)
RN L AR R]) BB B FE 1 RS, ap Filb, 1]
BN, cp FdpFEALRFEAAE.

4000 - —TW
3500 ——BW
3
© 2500 F
=
Z 2000}
By
#1500
1000 F —
500 -
1 1 1 1 1
-20 -15 -1.0 =05 0 05 1.0 1.5 20

B d/mm

10 AEBEEETEBREBRTKETLE
Fig. 10 Changes in the contour size and length of the
melt pool under different defocusing amounts
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amounts and attenuation function parameters
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Fig. 12 Diagram of changes in the contour size and
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