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Laser quenching is one of the most outstanding gear tooth surface quenching
methods due to its high efficiency, environmental friendliness, and performance
consistency. Since gear tooth surface laser quenching requires repeated scanning,
changing the laser scanning velocity and power by program control can meet the
needs of variable depth quenching. The effects of laser scanning velocity and output
power on the quenching depth and surface Rockwell hardness after quenching were
studied and experimentally analyzed. The result shows that by adjusting the
parameters, the surface hardness of the specimen changes slightly with the
actual received laser energy. However, the quenching depth can be consistent
with the laser scanning velocity. The maximum surface Rockwell hardness that a
laser quenched material can achieve depends on the material itself, not on the laser
power or scanning velocity. Compared with accelerated laser quenching,
decelerated laser quenching is more suitable for tooth surface machining due to
the cumulative effect of energy within the quenching depth range of metal materials.
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1 Application introduction

High-frequency laser quenching is a technology widely used in the heat treatment
process of metal materials, which is an effective method to improve the mechanical
properties of steel with high carbon content [1, 2]. Feng [3] studied the microstructure
and mechanical properties of composite strengthened high chromium cast iron by laser
quenching and laser shock processing. The microstructure observation, microhardness,
residual stress and full width at half maximum (FWHM) measurement, impact toughness,
and wear experiment were carried out on untreated, laser quenched, and laser quenched-
laser shock peening high chromium cast iron samples. Tang [4] adopted a new laser
induction hybrid quenching process, combined with laser and electromagnetic induction
heat source, to improve the depth and uniformity of the laser hardening layer of 42CrMo
steel. Li [5] established a combination of temperature and microstructure prediction
models for laser quenching of GCr15 bearing steel. Based on the experimental results,
the temperature and microstructure evolution of GCr15 bearing steel during laser
quenching were simulated. YasudaT [6] characterized the nanomechanics and sub-
microstructure of laser quenching-induced heat-affected zone (HAZ) of carbon steel.
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The mechanical properties of the samples were characterized by
nanoindentation, and the microstructure was observed by using a
scanning electron microscope (SEM).

The gear transmission system relies on the meshing contact of the
gear tooth surface to transmit power. One of the biggest influencing
factors of the non-linear dynamic characteristics of the system is the
dynamic meshing stiffness. One of the factors affecting the dynamic
meshing stiffness of the gear system is the local material stiffness of the
meshing area of the tooth surface, which is determined by the surface
hardness of the material and the characteristics of the shallow
structure. At present, laser quenching is one of the most
environment friendly and easy-to-control process quality among
several gear tooth surface quenching technologies, which has the
highest consistency of mechanical properties after quenching.
Related physical and chemical mechanisms and processing
equipment and technology are constantly being widely studied and
applied. Surface hardening heat treatment is widely used to improve
tooth surface properties such as wear and rolling contact fatigue [7, 8].
After the experiment, Cai [9] found that the cracks mainly appeared in
the top fillet, pitch circle, and tooth root of the gear. The size and
distribution of slag inclusions in 16MnCr5 steel also had a certain
influence on the origin of gear surface cracks. Barglik, J [10] measured
the microstructure of gears by continuous dual-frequency induction
hardening of small gears made of special quality steel AISI 4340. Li
[11] studied the quenching microstructure and hardness distribution
of 40Cr gear steel by means of a Axioskop 2 scanning electron
microscope, KEYENCE VH-Z100R ultra-depth 3D microscope, and
Q10M microhardness experimenter and revealed the mechanical
behavior and phase hardening law of the material during quenching.

In general, in the application of the processing industry, the high
consistency of the mechanical performance of the products is
guaranteed by the initial settings of the laser, such as source power,
wavelength, and other parameters. Therefore, many studies have been
carried out based on invariant laser source characteristic parameters
[12]. In this paper, several laser light source parameters that can be
automatically adjusted by the laser control system are selected, and
their changes in the mechanical properties of the gear tooth surface
after quenching are experimented and studied. Considering that the
laser quenching technology is applied to gear tooth surface quenching
with a modulus more than 5, the results will be excellent. Therefore, we
focus on the laser light source power, scanning velocity, and scanning
frequency to analyze the tooth surface quenching depth and Rockwell
hardness. At the same time, in order to obtain more accurate
numerical results in the experiment, the laser quenching
experiment was carried out by using the method of plane specimen
and laser vertical scanning in the process of controlling the experiment
variables.

2 Theoretical analysis of laser quenching

Laser scanning quenching used in this paper is a directional
transmission of heat by transforming a cylindrical laser beam
passing through a set of zoom field lens into a fan-shaped beam
illuminating the target surface, and then, a local heating layer is
formed on the surface of the material. The heat conduction from
the high-temperature surface of the material to the substrate is the
main heat transfer mode of laser quenching, and it is also the key to
phase transformation hardening during laser quenching. Laser

quenching phase transformation hardening can obtain higher
residual compressive stress on the surface, which is determined by
the characteristics of laser quenching local treatment.

As the material cools, the structure changes and its unit volume also
changes, resulting in an increase in the volume of the material and an
increase in compressive stress, and the direction of this structural
transformation is opposite to the direction of heat conduction, that is,
the inner layer points to the surface of thematerial. Therefore, the volume
of the material’s structural transformation increases, causing the
compressive stress to expand from the inner layer to the surface,
resulting in a hardened layer with a high residual compressive stress
in the hardened layer. The local rapid heating and coolingmake the ultra-
fine grain austenite of the steel grow very late, and themartensite structure
after laser phase transformation strengthening becomes very fine lath
martensite and contracture martensite to obtain an ultra-fine grain size
and phase transformation structure. The line scanning laser and its gear
quenching principle and basic working mode are shown in Figure 1.

As shown in Figure 1, the scanning laser is protected by the CO2

shielding gas flow, which is emitted from the laser equipment output
after passing through the zoom field lens and directly irradiated on the
surface of the gear teeth. After irradiation, an elliptical spot is formed
on the surface of the gear. The power of the laser energy emitted by the
laser during operation and transmitted to the surface of the target
material is derived as follows:

PL � P/η � Q
πab

2ηη0
· exp −2 · x

2 + y − v · t( )2
ab

[ ]−1
, (1)

where PL is the laser source power, η is the laser source emission
efficiency, Q is the laser energy density, η0 is the laser quenching
energy efficiency, a and b are the spot half-axis length on the x and y
axes, respectively, and v is the laser scanning velocity.

According to the change mechanism of the laser absorption rate,
the laser absorption rate of the steel alloys will gradually increase with
the increase of its own resistivity [13]. The relationship is as follows:

A � 0.1457

�
ρ

λ

√
+ 0.09e

−0.5
���
λ− c

N
ρ

√
+ ρ

Nλ − 10−6
, (2)

where A is the laser absorption rate, ρ is the resistivity of the material,
N is the number of electrons outside the material, λ is the laser
wavelength, and c is a fixed constant.

For a more accurate analysis of the relationship between the laser
source and the quenching properties, the output power of the source
and the actual laser energy received by the surface of the quenched
object need to be accurately quantified. The change of energy in the
interaction between the laser and the metal material follows the energy
conservation equation:

E0 � Er + Ea + Et, (3)
where E0 is the laser energy incident on the surface of the material, Er

is the energy reflected by the material, Ea is the energy absorbed by the
material, and Et is the energy retained after the laser passes through
the material.

Eq. 3 can be transformed into the following equation:

1 � Er

E0
+ Ea

E0
+ Et

E0
� R + α + T, (4)

where R is the reflection coefficient, α is the absorption coefficient, and
T is the transmission coefficient.
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During high-power laser quenching, the heat transfers to the
surface of the steel instantaneously, so this causes the surface
temperature to accumulate rapidly and rises to the critical point
of phase transformation of the steel and continues to rise. As soon
as laser scanning is completed, the heat in this region is rapidly
transferred to the metal matrix, and the rapid decrease of
temperature leads to the rapid conversion of some austenite
structures into martensite. The carbon element in the retained
austenite cannot diffuse, resulting in an increase in the carbon
content of the martensite, thus resulting in an increase in the
hardness of the region after laser scanning. Using the energy
balance of the solid–liquid interface as the detection criterion of
interface motion, the mathematical model for predicting and
controlling the tissue under rapid solidification conditions is as
follows [14]:

μ � 2B − B − a( ) + 2B − B − a( )2 − b[ ]1/2. (5)
In the equation,

a � 1 − k( )ε/ k + V( ),

2B � aV

1 + V
+ 1 − k

1 + k
,

b � a a + V + k( )
1 + V

,

V � δi/Di,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(6)

where k is the equilibrium distribution coefficient, δi is the jump
distance between atoms, Di is the interface diffusion coefficient, V is
the velocity constant obtained by the solid–liquid interface when the
molten pool reaches the quasi-steady state, and ε is the dimensionless
concentration coefficient of the interface temperature. In the three
cases of steady state (μ< 0), the corresponding structures formed by
rapid solidification are the planar crystal structure, cellular crystal
structure, (μ � 0) and dendritic structure (μ> 0).

For the isothermal kinetic model of diffusive phase transition [15],
the basic form is as follows:

f T,t( ) � 1 − exp −btn[ ], (7)
where f(T,t) is the amount of the new phase, t is the time, and b and n
are the material constants under certain conditions.

For non-diffusion martensitic transformation, the amount of
transformation is only determined by temperature and has nothing
to do with time. The martensitic transformation formula can be
expressed as follows [16]:

fm � fp 1 − T −Mf

Ms −Mf
( )2.5( ), (8)

where T is the current temperature, Ms is the starting temperature of
martensitic transformation, Mf is the termination temperature of
martensitic transformation, and fm is the martensite content.

According to the aforementioned analysis, when we use high-
power laser quenching equipment to quench the surface layer of the
gear tooth surface, we can analyze the actual quenching effect of
laser quenching on steel by the quenching experiment of different
laser light source power and frequencies, scanning spot sizes, and
scanning velocities (quenching depth and surface Rockwell
hardness). In addition, the effect of laser scanning velocity on
the mechanical properties of steel was studied. In order to eliminate
the influence of the gear tooth profile radian on the laser scanning
velocity and angle and, at the same time, to ensure the single
variable principle of the experiment and control the variable
accuracy in the experiment process, we used cuboid specimens
for experimenting. As a widely used material, the experimental
results of 45 steel would be highly representative. Its high carbon
content could also show the mechanical performance change
suitability during laser quenching, so it is used as the target
material of our experiment specimens.

FIGURE 1
Variable depth quenching principle of gears by laser quenching.

Frontiers in Physics frontiersin.org03

Ren et al. 10.3389/fphy.2022.1115447

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1115447


3 Experimental process

In order to obtain reasonable experiment results, this paper uses
HWL-AW6000RC laser quenching equipment which can stably
control the high-power output parameters of the laser to
experiment the laser quenching treatment of the surface of 45 steel
specimens. The maximum power of this type of laser equipment is
6000 W, and the actual output power of the laser source can reach
3000 W. The laser beam is a single beam, and the scanning range is
0–30 mm. During the experiment, laser focal length is fixed (300 mm)
and the laser scanning width is 20 mm, which is slightly less than the
width of the specimen.

The material of the experiment specimen is 45 steel, and the size
of each specimen is 30 × 20 × 5 mm. Before the experiment, the
surface roughness of each sample was uniformly treated and
cleaned with alcohol. The experiment was divided into three
groups. The first group was quenched with stable velocity,
including 27 cases. The second group was subjected to an
accelerated quenching experiment, including 12 cases. The third
group conducted a deceleration experiment, including 12 cases. In

the first group, nine well-behaved specimens were taken as
reference and the average surface Rockwell hardness was
experimented. Finally, the actual quenching depth is measured
after the experiment, and the average Rockwell hardness and
quenching depth are determined at three positions for the other
two specimens. After the preliminary selection and trial analysis of
the laser light source and quenching parameters, we selected the
following parameters for formal experiment analysis.

In this laser quenching experiment group, nine qualified samples
in the first group were selected for display. Figure 2 shows the actual
morphology and their different parameters after laser quenching.

It can be known from the laser quenching experiment results that
the surface consistency of the quenching experiment at a fixed laser
scanning velocity is consistent, and the results under the same
experiment conditions are basically consistent identically.

Based on this result, we determine that the laser quenching power
and frequency used in variable velocity laser quenching as follows are
consistent with cases 7, 8, and 9.

After experimenting with the surface Rockwell hardness of the
cases, we cut the specimens longitudinally without damage and

FIGURE 2
Actual morphology of 9 specimens after laser quenching.

TABLE 1 Results of the laser quenching depth and surface hardness.

Parameter Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9

Scanning velocity (mm/min) 200 250 300 450 550 650 600 500 400

Laser power(W) 1850 1950 2100 2250 2400 2550 2550 2550 2550

Laser focus (mm) 300 300 300 300 300 300 300 300 300

Depth of quenching (mm) 0.90 0.80 0.60 0.50 0.40 0.40 0.55 0.80 0.90

Rockwell hardness (HRC) 60 58 61 54 58 55 61 61 61
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measured the actual quenching depth. The laser quenching depth and
surface Rockwell hardness of every case as a reference for the further
experiment are shown in Table 1.

The Rockwell hardness experiment of steel specimen material
before laser quenching is 30HRC. Comparing the results in the
aforementioned table, it can be found that high-power and high-
frequency laser scanning quenching can quickly increase the
surface hardness of the material with a thickness of 1 mm. But
for 45 steel, on the surface layer within 1 mm after laser quenching,
its Rockwell hardness can only reach 61HRC, which is related to its
material composition. In addition, according to the
aforementioned experiment results and empirical analysis, the
laser light source power and quenching scanning velocity are
the most important parameters affecting the material properties
after quenching.

The laser scanning velocity changes in both accelerated and
decelerated laser quenching experiments (scanning velocity varies
from 400 to 650 mm/min). The scanning velocity is smoothly
changed by the automatic control system of the laser itself. The
experiment process was carried out at standard room
temperature. At the same time, the laser quenching process was
only protected by the CO2 protective gas of the laser itself, and

different degrees of spotted oxidation zones appeared in the
intermediate variable velocity stage of the laser quenching
specimen. However, after the hardness experiment, we find that
spotted oxidation zones had little effect on the surface hardness of
the specimen. The morphology of comparative specimens
after accelerated and decelerated laser quenching is shown in
Figure 3.

It can be seen from the aforementioned figure that the variable
velocity laser quenching process shows little difference in morphology,
and the quenching area and boundary area of the material surface after
laser quenching still maintain a high surface quality.

On the side view of the uncut section, it can be seen that the
quenching layer at the edge of the specimen is also consistent with
the variation of the scanning velocity. It can be seen that the
quenching scheme of automatic control of scanning velocity by
the laser quenching system can meet the process requirements of
variable depth and surface hardness. In addition, because the surface
of the specimen is not protected by inert gas during the quenching
process, the morphology of the intermediate variable velocity region
of the laser quenching of the specimen shows a certain amount of
spotted oxidation zones, which may be due to the unstable
quenching velocity.

FIGURE 3
Schematic diagram of specimen morphology after accelerated and decelerated laser quenching.

TABLE 2 Dimensionless results of variable quenching parameters.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11

Dimensionless energy 3.92 4.08 4.25 4.43 4.63 4.85 5.10 5.37 5.67 6.00 6.38

Dimensionless depth (velocity
increase)

4.0 5.0 5.8 6.5 7.0 7.5 8.1 8.45 8.6 8.85 9.0

Dimensionless depth (velocity
decrease)

4.0 5.0 5.7 6.7 7.2 7.5 8.1 8.6 8.8 8.9 9.0

Frontiers in Physics frontiersin.org05

Ren et al. 10.3389/fphy.2022.1115447

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1115447


4 Results and discussion

After completing all the experiment cases, we performed Rockwell
hardness experiments on the surface of specimens quenched by a
variable velocity laser. The specimen was then subjected to a non-
destructive longitudinal cutting to measure its actual quenching depth.
The measurement results of the second group of specimens are
averaged, and the distribution results are interpolated by multiple
term functions to obtain the fitting results, as shown in Figure 4.

As it is shown in Figure 4A, during the scanning process of
deceleration laser quenching, the actual quenching depth of the
specimen is basically consistent with the reference specimen, and
the average hardness is basically consistent with the reference
specimen in the initial stage, but it tends to the maximum value
and remains stable in the final stage of deceleration.

It can be seen from Figure 4B that during the scanning process of
decelerated laser quenching, the actual quenching depth of the
specimen is basically consistent with that of the reference
specimen, while the hardness is basically consistent with the result
of the reference specimen in the initial stage of acceleration. However,
in the final stage of acceleration, there is a slight change and its value
decreases slightly faster.

From the previous numerical analysis, it can be seen that whether
it is accelerated or decelerated scanning; the effect of laser quenching
on the surface Rockwell hardness of 45 steel is consistent with that of
constant velocity scanning. The reason is that despite the high
frequency and high-power laser quenching used in the experiment,
the energy transfer efficiency is sufficient to meet the energy demand
of the phase change of the material surface structure in a short time,
but the increase of hardness depends on the specific composition of
the structure, especially the carbon content level. However, during
variable speed quenching in a short time, the accumulative effect of
laser energy on the surface of the material and the temperature rise of
the shallow layer of the material are different, resulting in a slight
difference in the final quenching performance.

Then, we numerically analyzed the actual output power of the
dimensionless laser and the average quenching depth of the variable
velocity scanning quenching specimen, ignoring the effect of laser
scanning time. The results are shown in Table 2.

According to Table 2, when the influence of the heat accumulation
effect caused by scanning time on the quenching depth is not
considered (that is, when the influence of the scanning velocity is
not considered), the laser source power in the laser quenching process
is almost proportional to the actual quenching depth because the
higher the laser output power in unit time, the more heat the material
receives, resulting in a rapid temperature rise and faster radiation to
the deep material.

Although the output power and scanning velocity of the laser
source have a major impact on the actual effect of quenching, the
program control adjustment of the scanning velocity can change the
quenching performance within a certain range when the laser power is
inconvenient to change in production applications. Coincidentally, for
a commonly used small gear with the modulus about 5–10, the laser
scanning velocity adjustment range can be applied to their tooth
surface quenching depth changes. However, according to [17] and
Equations 4, 8, the maximum hardness of metal materials achieved by
laser quenching is related to the material itself. Therefore, in practical
applications, when the same material is quenched to a specified depth
using variable parameter laser parameters, its final performance can be
determined by dimensionless laser scanning speed and power.

5 Conclusion

Variable velocity laser quenching is one of the most effective methods
to precisely control the variable depth quenching process of the gear tooth
surface, compared with other quenching techniques and control methods.
Although laser quenching has excellent consistency and controllability
compared to other quenching techniques, we do not recommend changing
the scanning velocity too fast to avoid other uncontrollable damage on the
surface of the specimen during laser quenching without inert gas
protection. For further summary, we have the following conclusions.

1) The quenching experiment of 45 steel with fixed focus was carried
out by changing the laser scanning velocity. It was found that the
change of the laser quenching depth with the laser scanning
velocity can be controlled within a reasonable range, and the
surface hardness of the quenched sample also meets the
expectation with an increase in percentage from 80% to 100%.

2) By adjusting the parameters of the laser source power and the
scanning velocity for quenching experiments, we found that the

FIGURE 4
(A) Deceleration quenching results. (B) Accelerated quenching
results. Results of variable quenching scanning velocity.
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surface hardness of the specimen does not change with the excessive
laser energy received in fact. The reason is that the microstructure
characteristics of the alloy at a given quenching depth, especially the
carbon content, determine its maximum hardness level.

3) Taking constant velocity laser quenching as a reference, the
Rockwell hardness of the specimens after accelerated and
decelerated laser quenching is taken into consideration and
analyzed. Compared to the results of material properties under
two experiment conditions, it is found that the rate characteristics
of heat accumulation effect deceleration quenching may be more
suitable for laser quenching of the gear surface with increased laser
quenching depth.
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