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In this paper, the influence of induction quenching and tempering temperatures on the evolution of
mechanical properties and microstructure of 45 steel for linear guides were investigated based on the
tensile, impact, hardness tests and fracture morphology. The results indicate that the hardness of untem-
pered and 200 °C tempered samples are higher and the difference is not significant, while the hardness of
300 and 400 °C tempered samples decrease as tempering temperature increases. Lower tensile strengths are
observed in untempered and 200 °C tempered samples, which increase significantly after being tempered at
300 °C and then decrease slightly after being tempered at 400 °C. As the tempering temperature remains
constant, the impact toughness value steadily declines as the quenching temperature rises, whereas when
the quenching temperature remains constant, the impact toughness increases as the tempering temperature
rises. The optimum induction quenching temperature was finally determined to be 850-900 °C, and the
optimum tempering temperature was 300 °C. The findings of this study can be used to develop technical
guidelines for the design of induction hardening and tempering process parameters for linear guides.
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1. Introduction

Rolling linear guides have gradually replaced traditional
sliding linear guides due to their low coefficient of friction, high
positioning precision, and preferable accuracy retention (Ref 1,
2). The stiffness, friction, and motion accuracy of rolling linear
guides will directly affect the load-carrying performance and
motion accuracy of high-end CNC machine tools and precision
instruments. Improving the performance and reliability of linear
guides has become an urgent task in the advancement of CNC
technology and machine tools (Ref 3-5). The contact surfaces
between the linear guides and steel balls are subjected to
tremendous pressure during operation, resulting in the wear of
linear guides. Therefore, great hardness and wear resistance are
required for the contact surfaces (Ref 6, 7). The required
performance can be achieved through reasonable material
selection and appropriate surface heat treatment procedures,
which improve the service life of parts (Ref 8, 9). Considering
the working conditions, performance requirements, cost and
feasibility of heat treatment process, 45 steel is selected as the
raw material of linear guides, and the comprehensive mechan-
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ical properties of the parts such as hardness, strength and wear
resistance can be improved by induction hardening.

Induction hardening is characterized by high heating
efficiency, high productivity, and low environmental pollution
(Ref 10). The parts after induction hardening display outstand-
ing overall mechanical properties, exhibiting excellent plastic-
ity and toughness inside and strong wear resistance and fatigue
strength on the surface (Ref 11). Numerous studies have been
conducted on the induction hardening of 45 steel. Liu et al. (Ref
12) comparatively studied the structure of the hardened layers
in 45 steel, as well as the corrosion resistance and electrical
conductivity under the two quenching methods of induction
hardening and laser phase transformation hardening. In order to
compare the effects of the two tempering techniques on
mechanical characteristics and microstructure, Feng et al. (Ref
13) performed microstructure observation and hardness tests on
the 45 steel seamless steel pipes tempered by conventional
heating and induction heating. Li et al. (Ref 14) used the
cooling rate as a variable to investigated the evolution law of
microstructure and mechanical properties of 45 steel after
induction hardening. Kurek et al. (Ref 15) calculated the
change of temperature field and electromagnetic field of 45
steel during induction hardening by numerical simulation.

Due to the inhomogeneous temperature distribution and
phase transition between surface layer and inner area during
induction heating and water spray cooling, parts after induction
hardening are prone to quenching distortion and residual stress
(Ref 16-18). In order to reduce the impact of quenching
residual stress, parts need to be tempered at low or medium
temperatures to transform the martensite in the surface
hardened layer into tempered martensite with better compre-
hensive properties, thereby improving toughness. The temper-
ature used for induction quenching and tempering has a
significant effect on the evolution of microstructure and
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mechanical properties. In this paper, different heat treatment
process parameters were used to conduct induction quenching
and tempering experiments. The purpose of the study described
here is to determine the optimal induction quenching and
tempering temperatures of 45 steel for linear guides. Mechan-
ical properties and microstructure evolution of samples under
different heat treatment conditions were compared. Results of
the study described here can be used to guide the design of
induction hardening and tempering process parameters for
linear guides, as well as a basis for the design of quenching and
tempering temperatures in the numerical simulation of induc-
tion hardening.

2. Materials and Experimental Procedure

Chemical composition of 45 steel for linear guides used in
the experiment is shown in Table 1. 45 steel has excellent
plasticity, toughness and machining performance, making it a
suitable material for various parts such as linear guides,
sprockets and ball screws.

45 steel plates with a thickness of 4 mm were selected for
the experiments. Two types of samples with sizes of 4
mm X 25 mm X 145 mm and 4 mm x 15 mm x 60 mm
were cut by the CNC-W2 wire electric discharge machine,
which were used to process tensile and impact samples after
induction hardening and tempering experiments, respectively.
The original state of 45 steel used in the experiment was hot
rolled and had been normalized before the start of the
experiment.

For accurate measurement for the real-time temperature of
samples during induction heating process, temperature mea-
suring holes with the diameter of @1 mm x 2 mm were drilled
on the side of samples with a bench drill to fix the K-type
thermocouples. The experiment is divided into two stages,
which are induction hardening and low or medium temperature
tempering, and the process route of heat treatment is shown in
Fig. 1. The specific heat treatment process parameters are listed
in Table 2. The quenching temperatures selected in the
experiment were 800, 850, 900, 950, 1000, 1050, 1100 °C,
and the tempering temperatures were 200, 300, and 400 °C,
respectively. In addition, a group of samples without being
tempered were set for comparison.

The experimental equipment for induction hardening con-
sists of the induction heating device (IGBT intelligent induction
power supply, water circulating system and electrical control
cabinet) and the data acquisition system (PicoLog data
acquisition software, K-type armored thermocouple, and TC-
08 temperature acquisition module), as shown in Fig. 2. The
samples were heated to the quenching temperatures at a rate of
30 °C/s by IGBT intelligent induction power supply and
subsequently quenched in water. The voltage is 580 V, the
current is 66 A, and the frequency is 8000 Hz.

Table 1 Chemical composition of 45 steel, wt.%

The sample was wrapped with aluminum silicate ceramic
fiber cotton to reduce heat loss and then placed in the induction
coil. K-type armored thermocouple was inserted into the
temperature measuring hole to detect the real-time temperature,
as shown in Fig. 3. The temperature curve of the sample
quenched at 850 °C obtained by K-type thermocouple and TC-
08 temperature acquisition module is shown in Fig. 4. In order
to ensure a more even overall heat transfer, two pauses were set
up during induction heating process, with each pause lasting 7-
8s.

The samples that need to be tempered were heated to 200,
300 and 400 °C and held for 5 minutes in SX2-4-10 box-type
resistance furnace, and then cooled to room temperature in air.
Samples with dimensions of 4 mm x 25 mm x 145 mm and 4
mm X 15 mm x 60 mm were processed into tensile and
impact samples, respectively. Drawings of tensile and impact
samples are shown in Fig. 5 and 6, respectively.

During the design and processing of samples, the rectangu-
lar plate should be cut out first, and the final outline of tensile
and impact samples should be cut after the induction quenching
and tempering experiments. On the one hand, the impact of
edge effects caused by induced currents on the temperature
distribution of samples can be reduced. On the other hand, the
temperature measuring holes can be cut off, thus avoiding stress
concentration which could affect the tensile and impact
properties of samples.

In order to obtain the optimum induction quenching and
tempering temperatures of 45 steel for linear guides, different
heat treatment process parameters were used for induction
quenching and tempering experiments, and the hardness test
was carried out by 200HR-150 Rockwell hardness tester. The
samples after being quenched and tempered were processed
into tensile and impact samples, tensile and impact tests were
performed using WDW 200E microcomputer-controlled elec-
tronic universal testing equipment and the JB-300B impact
testing machine, respectively. Following the completion of
tensile and impact tests, the fracture positions of samples were
cut out and the fracture morphology was examined using the
JXA-8230 electron probe.

3. Results and Discussion

3.1 Hardness Test

After induction quenching and tempering experiments, the
hardness test was carried out, five points were taken on each
sample and the average was calculated as the final hardness
value. The hardness values for samples subjected to different
heat treatment conditions are depicted in Fig. 7.

As shown in Fig. 7, when the quenching temperature
remains constant, the hardness values of untempered and
200 °C tempered samples are higher and the difference is not
significant, while the hardness values of 300 and 400 °C

Mn C Si

Ni Cr Cu Fe
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Fig. 1 Heat treatment process route

Table 2 Heat treatment process parameters

Tempering

Serial number

Quenching temperature, °C

Tempering temperature, °C

1 800
2 800
3 800
4 800
5 850
6 850
7 850
8 850
9 900
10 900
11 900
12 900
13 950
14 950
15 950
16 950
17 1000
18 1000
19 1000
20 1000
21 1050
22 1100

200
300
400
200
300
400
200
300
400
200
300
400
200
300
400

tempered samples decrease with increasing tempering temper-
ature. Tempering is the process of martensite decomposition
(Ref 19, 20), which refers to the precipitation of supersaturated
solid solution carbon from o-Fe. The higher the tempering
temperature is, the more completely the martensite is decom-
posed, the less carbon is dissolved in a-Fe, and the weaker the
solid solution strengthening effect of carbon, so the hardness
will decrease with increasing tempering temperature. In addi-
tion, due to the short tempering time set in the experiment, the
hardness values of 200 °C tempered samples are not signifi-
cantly different from those of untempered samples.
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When the tempering temperatures are the same, the hardness
of the samples after being quenched at 800 °C is greater than
other quenching temperatures, especially when tempering
temperatures are 300 and 400 °C. Excessively high quenching
temperatures cause over-burning and coarsening of the grains,
making the steels more prone to fracture. The brittleness of the
material increases, its toughness drops, and therefore the
hardness decreases. According to the technical requirements of
linear guides, the hardness value after heat treatment ranges
from 56 to 60 HRC. Therefore, according to Fig. 7, the
hardness values of 400 °C tempered samples are lower than 54
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HRC, which cannot meet the technical requirements of linear
guides.

3.2 Tensile Mechanical Properties and Fracture Mode
Analysis

3.2.1 Tensile Strength. Tensile samples were processed
after induction quenching and tempering experiments, and the
uniaxial tensile test was conducted to obtain the evolution law
of the tensile strength under different tempering and quenching
temperatures, as shown in Fig. 8.

Tensile strength values of samples under different heat
treatment conditions are depicted in Fig. 8. Tensile strength
values of untempered and 200 °C tempered samples are lower
and the difference is not significant. This is because the
tempering temperature of 200 °C is relatively low and the
holding time of 5 minutes is short, which is not conducive to
the dissolution of carbon in martensite, resulting in no
significant change in tensile strength. Tensile strength values
of 300 °C tempered samples increase significantly, which is
approximately 2 to 3 times those of the untempered samples. It
is because the supersaturated carbon dissolved in the martensite
will precipitate e-carbides at the tempering temperature of
300 °C, which play a role in secondary hardening (Ref 21), so
the tensile strength increases significantly. When tempered at
400 °C, the degree of carbon precipitation in martensite
continued to increase, and the tensile strength decreased
slightly compared with those tempered at 300 °C.

When the quenching temperature is 1000 °C, tensile
strength gradually increases with increasing tempering temper-
ature, which differs from the changing trend at the quenching
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temperature of 800-950 °C. The increase in quenching tem-
perature enhances the incorporation of carbon and additional
alloying elements into austenite, as well as its homogeneity,
which benefits the improvement of tensile strength. Meanwhile,
the increase in quenching temperature will cause the size of
austenite grains to increase (Ref 22), and the coarse austenite
grains can lead to a decrease in strength (Ref 23). The growth
of austenite grains plays a leading role during high-temperature
quenching, so the tensile strength of samples quenched at
1000 °C shows a different changing trend from that of other
samples.

3.2.2 Tensile Fracture Morphology. The morphologies
of tensile fracture in untempered and 300 °C tempered samples
are presented in Fig. 9. It can be seen from Fig. 9 that the
untempered samples exhibit brittle fracture mode. When the
quenching temperature is lower, the tensile fracture does not
show obvious intergranular fracture characteristics. As the
temperature for quenching increases, the size of grains
gradually grows (Ref 24).

As shown in Fig. 9(1) and 10, when the quenching
temperature is equal to or higher than 1000 °C, the grain size
increases, obvious smooth cleavage planes can be seen from the
fracture, and the cracks propagate along the grain boundaries,
showing typical intergranular fracture characteristics (Ref 25,
26). For the 300 °C tempered samples, micropore-accumulated
dimples begin to appear in the tensile fracture, accompanied by
partial quasi-cleavage fracture features (Ref 27). The toughness
of the material is improved, and the risk for intergranular
cracking is reduced.

3.3 Impact Performance and Fracture Mode Analysis

3.3.1 Impact Toughness. Impact samples were processed
after induction tempering and quenching experiments, and the
impact test was conducted to obtain the evolution law of the
impact toughness under different tempering and quenching
temperatures, as shown in Fig. 11.

Impact toughness reflects the toughness of the material, the
higher the impact toughness value, the better the toughness of
the material. As shown in Fig. 11, impact toughness values of
the samples follow clear rules. When the tempering temperature
remains constant, the impact toughness value steadily declines
as the quenching temperature rises, indicating that the tough-
ness of the material decreases gradually. There will be more
carbides dissolved in austenite as the quenching temperature
rises, and the stability of the austenite will be enhanced. After
quenching, austenite transforms into martensite. The increase in
carbon concentration in martensite will lead to an increase in
hardness and a decrease in toughness.

In the case of constant quenching temperature, the impact
toughness values of the samples increase as the tempering
temperature rises, indicating that the toughness of the material
is improved gradually. It is related to the precipitation of
carbides in martensite (Ref 28), the higher the tempering
temperature, the more active the carbon atoms are, which is
conducive to the precipitation of carbides (Ref 29), resulting in
the decrease in hardness and increase in toughness.

3.3.2 Impact Fracture Morphology. The morphologies
of impact fracture in untempered and 300 °C tempered samples
are summarized in Fig. 12. According to Fig. 12, fracture mode

Fig. 9 Tensile fracture morphology under different heat treatment conditions: (a) 800 °C quenched and untempered, (b) 800 °C quenched and
300 °C tempered, (c) 850 °C quenched and untempered, (d) 850 °C quenched and 300 °C tempered, (e) 900 °C quenched and untempered, (f)
900 °C quenched and 300 °C tempered, (g) 950 °C quenched and untempered, (h) 950 °C quenched and 300 °C tempered, (i) 1000 °C

quenched and untempered, and (j) 1000 °C quenched and 300 °C tempered
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Fig. 10 Tensile fracture morphology of samples quenched at (a) 1050 °C and (b) 1100 °C
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Fig. 11 Impact toughness under different heat treatment conditions

of the untempered samples is primarily brittle fracture, the
impact fracture exhibits apparent intergranular fracture charac-
teristics, the grain size increases with increasing quenching
temperature, and the fracture presents varying degrees of grain
polyhedron shape and rock-like pattern. When tempered at
300 °C, the sample exhibits a mixed tough-brittle fracture, and
some ductile fracture characteristics were observed after
tempering, with some small-sized dimples and tearing ridges.

300 400

According to Fig. 12(b), (d) and (f), when the quenching
temperature does not exceed 900 °C, the toughness of the
material can be improved by tempering, and the characteristics
of intergranular fracture on the impact fracture are weakened. If
the temperature for quenching reaches or exceeds 950 °C, the
austenite grains become excessively coarse, rendering impact
samples unable to improve in toughness by tempering. Obvious
rock sugar-like grains can be observed in the impact fracture
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Fig. 12 Impact fracture morphology under different heat treatment conditions: (a) 800 °C quenched and untempered, (b) 800 °C quenched and
300 °C tempered, (c) 850 °C quenched and untempered, (d) 850 °C quenched and 300 °C tempered, (e) 900 °C quenched and untempered, (f)
900 °C quenched and 300 °C tempered, (g) 950 °C quenched and untempered, (h) 950 °C quenched and 300 °C tempered, (i) 1000 °C

quenched and untempered, and (j) 1000 °C quenched and 300 °C tempered

before and after tempering, which can lead to the decline in
comprehensive mechanical performance of the material, as well
as a reduction in wear resistance, accuracy retention and service
life.

Considering the hardness, tensile strength, impact tough-
ness, and fracture morphology of tensile and impact samples, to
ensure the high strength and toughness of the material, the
optimal induction quenching temperature was finally deter-
mined to be 850-900 °C, in which the grain size is moderate,
the hardness value is higher, and the comprehensive mechanical
performance of the material is better. The optimal tempering
temperature was determined to be 300 °C. The tensile strength
of the 300 °C tempered sample is the highest, the toughness is
relatively good, and the hardness value can meet the technical
requirements of the actual production for linear guides.

4. Conclusions

(1) As the quenching temperature remains constant, the
hardness of untempered and 200 °C tempered samples
are higher, while the hardness values of 300 and 400 °C
tempered samples decrease with increasing tempering
temperature.

(2) Tensile strength values of untempered and 200 °C tem-
pered samples are lower and the difference is not signifi-
cant, increasing significantly after being tempered at
300 °C, which is approximately 2 to 3 times those of
untempered samples, and then decreasing slightly after
being tempered at 400 °C.
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(3) As the tempering temperature remains constant, the im-
pact toughness values steadily decline as the quenching
temperature rises, whereas when the quenching tempera-
ture remains constant, the impact toughness increases as
the tempering temperature rises.

(4) The optimum induction quenching temperature was fi-
nally determined to be 850-900 °C, and the optimum
tempering temperature was 300 °C, in which the com-
prehensive mechanical performance of the material is
excellent and can meet the technical requirements of the
actual production for linear guides.
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