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Table 1 Physical parameters of SUS301L-HT stainless steel

Thermophysical performance parameter

Mechanical performance parameter

T,/K E/IW e (m+K) '] ¢ /[10° ]« (kg K) '] T,/K E /MPa  o./MPa 8 /(10 "K ")
293 12.943 4.13 293 60527 821 1.7

473 15.029 4. 54 473 66290 771.7 1.73

577 18. 334 5.05 673 59093 529.3 1.77

872 20. 944 5.5 873 55873 529 1.82
1065 23.318 5.52 1073 37473 296 1.9

1280 26.591 6.0 1273 20103 60 2.0
1380 27.324 5.79
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Fig. 2 3D model of laser quenching substrate based on

Voronoi method
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Fig. 3 Locations of nano-indentation measurement. (a) Schematic; (b)—(d)real measurement locations
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Table 2 Test results of nano-indentation

Grain Stress at point 1 /GPa  Stress at point 2 /GPa  Stress at point 3 /GPa  Stress at point 4 /GPa
No. 1 2.89 3.48 4.79 2.09
No. 2 3.93 3.26 3.96 3.83
No. 3 3.52 5.08 2.45 4. 81
No. 4 1. 90 4.19 3.87 5.78
No. 5 6.22 3.32 4,49 3.41
No. 6 3.85 4.95 0.98 5.15
No. 7 3.48 3.58 5.01 3.53
No. 8 2.12 4. 94 5.74 4.97
No. 9 5. 89 2.81 1.91 4.29
No. 10 3. 54 5.35 3.01 4,44
No. 11 5. 06 2.39 5.91 3.27
No. 12 3.34 3.91 3. 80 3.23
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Fig. 4

Distribution of grain non-uniformity coefficient. (a) Statistical result; (b) standardization result
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Fig. 5 Introduction method of grain heterogeneity and result. (a) Flow chart of program; (b) 3D model of laser

quenching substrate with grain heterogeneity
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Fig. 6 Finite element model of laser quenching with grain heterogeneity and its calculation process. (a) Finite element

model; (b) calculation process
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Fig. 7 Temperature distributions in quenching substrate at different quenching moments. (a) 0.01 s; (b) 0.35 s;

(c) 0.7 s; (d) after natural cooling for 300 s
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Fig. 9 Thermal stress distributions of laser quenching model with grain heterogeneity at different moments. (a) 0.01 s;

(b) 0.35 s; (¢) 0.7 s; (d) after natural cooling for 300 s
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Fig. 10 Temperature and thermal stress curves of grains during laser quenching. (a) Schematic of grain locations;

(b) grain temperature versus time; (c) thermal stress versus time
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(b) stress distribution in selected grains
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Numerical Simulation on Laser Quenching of Stainless Steels with
Grain Heterogeneity

Chen Zhengwei, Li Chang , Gao Xing, Gao Hexin, Han Xing
School of Mechanical Engineering and Automation, University of Science and Technology Liaoning,
Anshan, Liaoning 114051, China

Abstract

Objective Laser quenching has the advantages of small thermal deformation and thermal stress, short process
cycle, stable and controllable quality, and high treatment efficiency. It can effectively improve the surface wear
resistance, corrosion resistance, and fatigue resistance of mechanical parts. Recently, laser quenching has been
widely used in many fields, such as automotive, aerospace, and mold. The macroscopic properties of a matrix
material are the statistical results of all microscopic grains, and the mechanical properties are determined by the final
state of all microscopic grains. The key to achieving precise control of the mechanical properties of the matrix is to
optimize the microstructure during laser quenching. Therefore, to reveal the microevolution mechanism of the
matrix in the laser quenching process is of great significance for optimizing the microstructural characteristics in the
process. Laser quenching is a complex multi-field coupling process, and the microstructure changes instantaneously
during the laser quenching process. It will consume a considerable amount of efforts to determine the laser quenching
microevolution mechanism through repeatable experiments and traditional numerical simulation methods. In this
study, a laser quenching model considering grain heterogeneity was developed on the ABAQUS platform with the
Python script. This approach provided an effective method to reveal the laser quenching mechanism at the
microcrystalline scale.

Methods  First, a random microcrystalline structure model for the matrix was established by the Voronoi
tessellation method. Then, the unquenched matrix nano-indentation test was conducted with a Keysight Nano
Indenter G200 nano-indentation tester. The test results showed that the grains in the unquenched matrix were
inhomogeneous (Fig. 3). The grain non-uniformity coefficient was calculated from the nano-indentation
measurement results according to Eq. (8) and analyzed using statistical methods. The analysis results showed that
the grain non-uniform coefficient obeys a normal distribution [Fig. 4(a)]. According to the grain non-uniformity
coefficient, the grains in the unquenched matrix can be divided into seven types. After considering the sample points
and the experimental errors, the grain non-uniformity coefficient distribution was standardized [ Fig. 4(b)]. The
mechanical properties of each type of grain were calculated according to the grain non-uniformity coefficient
[Eq. (9)]. Finally, a Python script was used to randomly assign various material attributes to Voronoi cells in the
unquenched matrix according to the grain non-uniformity coefficient after treatment (Fig. 5). A thermo-mechanical
coupling model for the laser quenching process of SUS301L-HT stainless steels was established. The temperature
field and thermal stress field were calculated.

Results and Discussions  During the laser quenching process, the matrix rapidly produces temperatures and
thermal stresses under the action of a high-energy laser. The temperature field of the matrix diffuses from the spot
center to the surrounding. The matrix is simultaneously subjected to the combined effects of heat radiation, heat
convection, and heat conduction during the transfer process. Thus, the matrix temperature decreases gradually from
the heat source center to the outside. The temperature field distribution is approximately symmetrical, with the
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scanning track as the axis. The back of the heat source continuously inputted quantities of heat by heat conduction.
Thus, the temperature gradient in the front of the heat source is larger than that at the back. After natural cooling
for 300 s, the temperature of the matrix is close to room temperature. The change in the temperature field of laser
quenching showed that the characteristics of rapid cooling of laser quenching are prominent (Fig. 7). The
characteristics of the temperature field distribution of laser quenching are consistent with the experimental results
(Fig. 8). The distribution of the thermal stress field in the matrix is similar to that of the temperature field. Due to
the high temperature in the heat source center, the metal mechanical properties in the region are reduced. Thus, the
value of the thermal stresses in the center of the heat source is relatively small. The thermal stress of each crystal
grain in the matrix is different, and the thermal stress of adjacent grains in the matrix occurs a sudden change at the
grain boundary. Therefore, the thermal stress of the entire matrix presents a non-uniform distribution similar to the
random geometric structure of the grain boundary. A few grains in the matrix have high mechanical properties.
Under the laser irradiation, the thermal stress of these grains is higher than the average level, reaching 1429 MPa.
However, the stress level of most grains in the matrix is about 600 MPa. Therefore, it can be found that the part of
the grains with a higher thermal stress only represents the thermal stress state of the grains themselves, and it has
a little contribution to the thermal stress state of the entire matrix (Figs. 9 and 11).

Conclusions Because of the inhomogeneity of the grain mechanical properties in the matrix, a sudden change in the
grain stresses occurs at the grain boundaries. The larger the difference in the mechanical properties between
adjacent grains is, the more obvious the stress mutation at the grain boundaries is. The thermal stress isolines show
a similar irregular distribution with the grain boundary random geometry for the entire matrix. The laser quenching
model considering the grain inhomogeneity can effectively capture the temperature and thermal stress changes of
each grain in the matrix during the quenching process.

Key words laser technique; laser quenching; grain heterogeneity; stainless steel; Voronoi model
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