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A thermo-elastic-plastic finite element model was employed to simulate and analyze the
effects of high-power parameters on the laser heat treatment of AISI 1045 steel. Tempering
effects of multitrack laser heat treatment using various process parameters—laser power, laser
feed rate, laser overlap rate, and laser spot size—were analyzed to estimate the distribution of a
hardening layer on the steel surface. Numerical simulation results indicated that the proposed
finite element model is effective in analyzing the laser heat treatment of the steel surface and
calculating the possibility of decreases in steel hardness due to tempering effects, enabling it to
undergo rapid temperature increases and decreases.

1. Introduction

Laser surface processing technology has undergone more than 40 years of development
and has been applied by numerous well-known international enterprises in the automotive,
aerospace, military, shipbuilding, and material-related industries because of its abundant
advantages for manufacturing the products of these industries. Unlike the conventional
heat treatment method, laser surface heat treatment involves transmitting a laser beam
through optics to irradiate a high-energy, high-intensity laser beam onto a metal surface to
immediately facilitate austenite transformation. At room temperature and without any fixed
thermal convection conditions, the austenite form of the metal surface undergoes martensitic
transformation through self—quenching.(l)

In 1960, Maiman®? installed a ruby cylinder (diameter: 1 cm; length: 2 cm) on the axis
of a helical xenon flashlamp, which was then inserted into a polished aluminum cylinder.
When the ruby cylinder was illuminated by the flashlamp, the device emitted red light; hence,
the first working laser was invented. According to DeMichelis,”) a German scientist used a
laser beam to perform heat treatment on a metal, which was the first experiment in history
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to employ lasers as a heat treatment method. Scientists in the United States then started to
study the absorption and hardening of a graphite-coated metal surface irradiated with a ruby
laser beam.®) Researchers in the United States and Japan®” also began to examine the heat
treatment ability of lasers on metal surfaces by observing their austenitization and to study the
effects of laser heat treatment on alloys. In 1965, the Nd:YAG laser was the first industrial use
of this technology to repair connectors inside assembled television tubes.® Lasers were applied
to industrial production in 1974, when the Saginaw Steering Gear Division, part of General
Motors, began to use laser beams to harden steering gear housings.(9’10) Loeffer!" proposed the
first computer numerical control (CNC) laser soldering machine, which used a CO, laser and
keyhole welding technology. However, no mature dynamic equations were developed in related
research until 1995, when Fuerschbach and MacCallum? irradiated a CO;, laser beam onto 304
stainless steel at 6 MW/cm? and derived the relationship among laser absorption rate, weld pool
width, and weld pool depth using a weld pool geometry model.

Laser surface heat treatment has the following advantages:(l) First, it causes the metal
to self-quench; thus, the metal surface remains clean and does not require further cleaning
after treatment. Second, changing the laser power and the position of the optics enables its
application in heat treatment processes for different materials with different requirements.
Third, laser sources installed on CNC machines can be used to perform heat treatment on
workpieces with complex shapes. Fourth, workpieces that have received laser heat treatment
undergo minimal deformation. Fifth, workpieces that have received laser heat treatment do not
require grinding. Sixth, production can be automated, effectively reducing human resource
costs.

Bojinovi¢ er al"® proposed a 3D model of the laser hardening process using a high-
power diode laser for 50CrV4 steel, based on the finite element method. Nguyen and Yang!¥
presented a sequential method to estimate surface absorptivity in the laser surface hardening
process using a 1D transient conduction heat transfer model. Sarkar et al'> proposed a
modified 1D heat conduction model to analyze the effects of temperature and surface hardening
on low-carbon thin steel (thickness: 1 mm) using an Yb-fiber laser. Martinez et al1® proposed
a scanner-based laser hardening process for AI1045 steel and discussed the effects of scanning
speed on the hardened layer thickness. Lakhkar et al proposed a numerical model to
predict the back tempering in multitrack laser hardening for AISO4140 steel. Recently,
Cordovilla et al™® have studied laser surface hardening analysis to propose the design of a
suitable overlapping distance for Cr-Mo steel. Overall, the main difficulties are how to choose
adequate laser technological parameters and a suitable laser scanning (tracking) method for
surface hardening to obtain the optimum hardening quality with an excellent temperature field
distribution.

In this study, the temperature distribution of SAE-AISI 1045, a medium carbon steel, was
analyzed by adopting the finite element method as the numerical simulation tool and employing
a neodymium-doped yttrium aluminum garnet (Nd:YAG) solid-state laser as the laser source.!*)
The material properties of SAE-AISI 1045 were obtained from Ding and Yung.?® In addition,
on the basis of studies by Kusuhara ez al.,*" a thermo-elastic-plastic finite element model was
constructed to examine and discuss the effects of laser feed rate, laser power, and laser spot
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size on the temperature distribution, the depth of the hardened layer (hardening depth), and
the width of the laser-hardened area (hardening width). Moreover, the effects of the overlap
and power level of a diode laser beam on the hardened layer depth of SAE-AISI 1045 were
examined.

2. Finite Element Modeling and Analysis

By simulating and analyzing the application of a moving Gaussian laser beam as the source
for the heat treatment of a tool steel surface, a set of research procedures to identify the adequate
ranges of various process parameters was established in this study. We used a multitrack laser
beam with a Gaussian profile to perform heat treatment under the effects of circular laser
spots and examined the possible tempering effects of the laser beam during the heat treatment
process. The details are described below.

2.1. Setup of moving heat source

The employed Nd:YAG laser was adjusted for heat source distribution in transverse
electromagnetic mode 00 (TEMyo), as described in Ref. 22. This commonly used mode differs
from that of a conventional welding heat source, which exhibits a bi-elliptic distribution. In
the TEMgp mode, the power density is highest at the center of the beam and diminishes with
increasing distance from the center, resulting in a Gaussian distribution of light intensity across
the beam diameter. The power density of the laser (£,) in the TEMyp mode can be expressed as

Ee(re)zl:;'q)(re): (1)
where 7, is the distance from the center of a laser beam, P; is the laser power size, and F is the

Gaussian distribution function. The center of the 2D Gaussian distribution was rotated 360° to
obtain a 3D Gaussian distribution, which is expressed as

1 r?
D(r,) = exp| ——%= |, 2
“ ons? p{ 2S2j @

where s is the standard deviation of the Gaussian distribution. In accordance with the research
in Refs. 22 and 24, the radius of the spot size, R, was used to calculate the area in which 95% of
the laser beam power passes through a circle of its focused area, which can be written as

2

2n (R e
I RJ. L r,dr,d9=0.95, 3)
0 90 oms?

where ¢ is the angular variable. From Eq. (3), the following can be obtained:
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Substituting Eq. (4) to Eq. (2), Eq. (1) can be rewritten as
3P 3,

E,(r,)=—"-exp| —5|. 5

R, { R} J ®

Because most materials are unable to fully absorb the energy of a laser beam, we considered
the effects of the steel thermal absorptivity (17.). Referring to the data presented by DeKock,?
we set the thermal absorption rate 4, at 40%; thus, the final amount of energy absorbed by the
steel (P,) can be expressed as

3P 31
F,=n,- exp{—Rz}- ©)

The diameter of the laser spot set between 2 and 4 mm is chosen in this study.
2.2. Construction of finite element model

In this study, MSC.MARC, a commercial finite element analysis software program, was
used as a numerical equation solving tool, and the pre- and post-Mentat processor provided by
MSC.MARC was employed to construct a finite element model mesh and boundary conditions,
and to obtain the temperature and stress data for the analysis node. AISI 1045 medium carbon
steel was selected in bar-shaped pieces with dimensions of 100 x 12 x 6 mm?> (/ x w x k). The
use of a 3D finite element model mesh for multitrack laser heat treatment was proposed, as
shown in Fig. 1. Note that the mesh in the x- and y-directions is evenly distributed, but the mesh
in the z-direction is smaller when close to the material surface. The moving heat source of the
laser with heat distribution in the TEMo Gaussian mode was simulated using MSC.MARC, as
shown in Fig. 2.

2.3. Multitrack laser heat treatment model

Steel materials generally cool rapidly after laser treatment. To reduce the calculation time
required for numerical simulation, the laser beam was fed through an S-shaped path (hereafter
referred to as SSP), as illustrated in Fig. 3, which was employed in the heat treatment simulation
model. Data were collected from nine nodes in the targeted treatment area (length: /;; width:
3 mm) on the surfaces of the steel materials, as shown in Fig. 4. In this article, the length of the
proposed S-shaped laser track for the heat treatment was set at 3 mm to achieve a hardening
width of 6 mm on the surface of the treatment area when the light spot diameter (R;) was 3 mm.
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Fig. 1. (Color online) 3D finite element model mesh Fig. 2. (Color online) Moving heat source of laser.
construction.

Fig. 3. SSP traced by multitrack laser heat treatment.
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Fig. 4. Schematic of the nine nodes designating the data acquisition points during the multitrack laser heat
treatment.

Figure 5 depicts the nine nodes (labeled O;—0yg) selected from the area between the first and
second laser tracks for temperature data acquisition and further analysis. In terms of laser
power output, laser power and energy were continuously fed from the beginning to the end of
the SSP.
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Fig. 5. (Color online) Temperature profiles of Og on AISI 1045 at laser overlap rates of (a) 25, (b) 55, and (c) 75%.

3. Results and Discussion

In this study, we examined the tempering effects of multitrack laser surface heat treatment
by using the finite element method to simulate and analyze the effects of all process parameters
on the heat treatment process. The appropriate ranges and optimal values of the process
parameters were identified. The multitrack laser heat treatment process was analyzed to
examine the tempering effects of these process parameters on multiple nodes along the surfaces
of the materials. In the following subsection, the effects of laser overlap rate, laser power, laser
feed rate, and laser spot size on the temperature distribution of AISI 1045 steel materials will
be discussed. Because of the considerable amount of data collected from the nine nodes, not
all of the nodes are presented in the figures; only nodes that reflected significant effects of the
four parameters on temperature distribution, namely, Og and Oy, are discussed. 7, denotes the
highest peak temperature during the laser heat treatment.

3.1 Effects of laser overlap rate on tempering effects

This subsection focuses on analyzing the effects of laser overlap rate (g) on the temperature
profiles of nodes Og and Og. The laser power P; was set at 350 W, the laser feed rate V; at 8§ mm/s,
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the laser spot size diameter R; at 3 mm, and the laser feed path as the SSP. Figure 5 shows the
temperature profiles of node Og (see Fig. 4) on the steel material for laser overlap rates of g = 25,
55, and 75%. It can be seen that these rates all generated temperatures above the quenching
temperature 73, which may have induced hardening. In addition, all of the Og temperatures
reached the tempering temperature, which might have caused tempering effects. Note that the
tempering effects of Og are relatively more prominent at g = 75%. When the laser overlap rate
is increased from 25 to 55%, the first peak temperature decreases by 7%, but the second peak
temperature increases by 160%. When the overlap rate is increased from 55 to 75%, the first
peak temperature increases by 252%, the second by 10%, and the third by 70%.

Figure 6 illustrates the temperature profiles of node Og on AISI 1045. Similarly to Osg, the
three laser overlap rates generated temperatures over the quenching temperature 75 and induced
hardening. At g = 55 and 75%, tempering effects might have occurred on node Oo, and these
effects were more prominent. When the rate was increased from 25 to 55%, the first peak
temperature remained unchanged, but the second peak temperature increased by 178%. When
the rate increased from 55 to 75%, the first peak temperature increased by 14% and the second
by 73%. From the information in Figs. 5 and 6, we selected the temperature profile of the 55%
laser overlap rate to discuss the effects of laser power, laser feed rate, and laser spot size on the
tempering effects of Og and Oq.
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Fig. 6.  (Color online) Temperature profiles of Og on AISI 1045 at laser overlap rates of (a) 25, (b) 55, and (c) 75%.
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3.2 Effect of laser power on tempering effects

In this subsection, the effects of laser power on the temperature profiles of Og and Og are
examined. The laser feed rate V; was set at § mm/s, the laser spot size diameter R; at 3 mm, the
laser overlap rate g at 55%, and the laser feed path as the SSP. Figure 7 shows the temperature
profiles of Og for laser powers of P; = 300, 350, and 400 W. All these powers generated heat
over the quenching temperature 7} and may have induced hardening. When P; = 300 W, the
third peak temperature reached the tempering temperature 7;. However, when P; = 350 and 400 W,
the third peak temperature was higher than the tempering temperature 7; and might have caused
tempering effects on the steel material. In particular, when P; =400 W, the temperature at node
Og exceeded the melting temperature (7;,,) of AISI 1045, which could cause the steel to melt.

Figure 8 presents the temperature profiles of Og for laser powers of P; = 300, 350, and
400 W. Similarly to Os, the generated temperatures for these laser powers were higher than the
quenching temperature 7, and hence might have caused hardening. However, the second peak
temperature (tempering temperature) at node Og increased by around 15-17% when its laser
power was increased by 50 W. We concluded that laser power control is not adaptive for SAE-
AISI 1045 and that 350 W is the suitable laser power.
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Fig. 7. (Color online) Temperature profiles of Og at laser powers of (a) 300, (b) 350, and (c) 400 W.
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Fig. 8.  (Color online) Temperature profiles of Oy at laser powers of (a) 300, (b) 350, and (c) 400 W.

3.3 Effect of laser feed rate on tempering effects

In this subsection, the effects of laser feed rate on the temperature profiles of Og and Og
are explored. The laser power P; was set at 350 W, the laser spot size diameter R; at 3 mm, the
laser overlap rate g at 55%, and the laser feed path as the SSP. The temperature profiles of node
Og are given in Fig. 9 for three laser feed rates of V; =5, 10, and 15 mm/s. The temperatures
on node Og are higher than 7}, and could result in hardening. In these cases, the second peak
temperature exceeded the tempering temperature 7;, causing tempering effects. Figure 10
presents the temperature profiles of node Og for AISI 1045 at three different laser feed rates.
These rates also contributed to heated temperatures higher than 7j, on Og that might cause
hardening. For laser feed rates of 5 and 10 mm/s, the second peak temperature reached or
exceeded the tempering temperature 7; and therefore would also cause tempering effects.
A laser feed rate of 15 mm/s would not induce tempering effects because the second peak
temperature did not exceed 7;. Note that the second peak temperature (tempering temperature)
of node Og for AISI 1045 was reduced by approximately 13—18% when the laser feed rate was
increased by 5 mm/s. From the simulation results shown in Figs. 9 and 10, we can conclude that
tempering effects are better at node Og than at node Og.
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Fig. 9.  (Color online) Temperature profiles of Og at laser feed rates of (a) 5, (b) 10, and (c) 15 mm/s.
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Fig. 10. (Color online) Temperature profiles of Oy at laser feed rates of (a) 5, (b) 10, and (c) 15 mm/s.
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3.4 Effect of laser spot size on tempering effects

In this subsection, the effects of laser spot size on the temperature profiles of Og and Og
are analyzed. The laser power P; was set at 350 W, the laser feed rate V; at 8 mm/s, the laser
overlap rate g at 55%, and the laser feed path as the SSP. Figures 11 and 12 respectively depict
the temperature profiles of Og and Oy for laser spot diameters of R; = 2.8, 3.0, and 3.2 mm. It
can be observed from Figs. 11 and 12 that these spot diameters produced a temperature higher
than 7}, at both Og and Oy, inducizng hardening. Note that AISI 1045 could also melt when R; =
2.8 mm because the heated temperature exceeded its melting temperature Tm. Also, note that
the tempering effects of Og and O9 would only occur when R; = 3 mm.
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(Color online) Temperature profiles of Og at spot sizes of R; = (a) 2.8, (b) 3, and (c) 3.2 mm.
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Fig. 12. (Color online) Temperature profiles of Og at spot sizes of Ri = (a) 2.8, (b) 3, and (c) 3.2 mm.

4. Conclusions

In this study, a thermal-mechanical coupling model was utilized to simulate the peak
temperature at the center of a laser spot as well as the hardening width and depth for various
laser process parameters during the multitrack heat treatment of AISI 1045 medium carbon steel
using a Nd:YAG laser. A finite element analysis model was proposed to effectively analyze the
temperature field distribution on the surface of AISI 1045 for various process parameters during
laser heat treatment. The obtained temperature field distributions on the material surface were
used to observe and estimate the uniformity of the hardened surface layer and the relationship
between tempering effects and process parameters. The appropriate ranges of the four process
parameters—Ilaser power, laser spot size, laser feed rate, and laser overlap rate—were identified
for multitrack laser heat treatment. Numerical results reveal that the proposed finite element
models are feasible for simulating the laser surface heat treatment process and tempering effects
on AISI 1045 steel. Hence, the results may serve as a useful reference for researchers regarding
the process parameters of laser heat treatment when conducting machining experiments.
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