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Cyclic cryogenic treatment, a major cycle accompanied by zero or more subsidiary cycles, was conducted on the hardened
42CrMo steel using orthogonal design method to investigate the effect of different parameters (cryogenic temperature, holding
time, and cycles number) of cryogenic treatment on wear resistance and impact toughness of the steel. Range analysis was
performed to obtain the influencing order of the three parameters and their optimum values..e results show that after cryogenic
treatment, the steel exhibits higher wear resistance and impact toughness, whereas no significant change in hardness. For wear
resistance, the influencing order of parameters is cryogenic temperature, holding time, and cycles number, and the optimum
values of the parameters are −160°C, 24 h and two cycles, respectively. For impact toughness, the influencing order of parameters is
cryogenic temperature, cycles number, and holding time, and the optimum values are −120°C, 24 h and three cycles, respectively.
.e wear topography and fracture topography were examined using scanning electronic microscopy (SEM) to investigate the wear
mechanism and fracture mechanism of the steel after cryogenic treatment, respectively. .e results show that after cryogenic
treatment, the wear mechanism is the combination of abrasive wear and adhesive wear with oxidative wear, and the fracture
mechanism is a quasicleavage fracture..emicrostructure was also examined by SEM to investigate the influencingmechanism of
cryogenic treatment for improving wear resistance and impact toughness of the steel. It suggests that more precipitation of fine
carbides dispersively distributed in the matrix is responsible for the beneficial effect of cryogenic treatment on wear resistance and
impact toughness of the steel.

1. Introduction

As a type of medium carbon low-alloy structural steel,
42CrMo steel (approximately equivalent to AISI/SAE 4140
steel [1]) has high strength, ductility, and hardenability,
coupled with good toughness, impact strength, repeated
impact resistance, and fatigue resistance after proper
quenching and tempering. For its good combination of
mechanical properties and relatively low cost, the steel is
extensively used in the manufacturing of conical pick bodies
in the mining industry in China, as well as important parts
and components in the machinery manufacturing industry,
such as gears, shafts, high strength bolts, and so on [2]. In
these applications, although the steel can obtain necessary

mechanical properties by proper heat treatment, there is still
a need for improving its mechanical properties to further
enhance performance and prolong its service life.

Cryogenic treatment (CT), also called cryogenic pro-
cessing, is generally regarded to be supplementary to con-
ventional heat treatment [3], which is performed after
quenching and usually before tempering or sometimes after
tempering [4]. .e purpose of applying cryogenic treatment
is to improve some mechanical properties of materials by
changing microstructure so as to enhance service perfor-
mance or extend the service life of tools or parts [5]. In
cryogenic treatment, materials are cooled down to a cryo-
genic temperature usually below −80°C, then held at the
temperature for hours or days, and finally warmed up to
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ambient temperature [6]. Liquid nitrogen is usually used as a
refrigerant agent because of its extremely low boiling point,
inertness, and low cost, and accordingly, the cryogenic
temperature can be as low as −196°C [7]..is technology has
been widely studied on a broad range of materials by nu-
merous researchers in recent years, such as various steels
[8–10], nonferrous alloys [11, 12], metallic glass [13],
polymers [14], etc. Considerable research has demonstrated
that cryogenic treatment can improve mechanical properties
of steels, such as hardness [15], wear resistance [9, 16],
toughness [17, 18], or relieving residual stress [19]. .ere-
fore, it has been proved to be an effective and promising
technology to improve certain mechanical properties of
steel. In addition, as green manufacturing technology, it has
a good application prospect in manufacturing industries.

Apparently, there aremainly four parameters involved in
cryogenic treatment, which are cooling rate, cryogenic
temperature, holding time, and warming rate. Cooling rate
and warming rate are commonly controlled at a low value to
avoid the thermal shock that may result in cracks in steels.
Cryogenic temperature or holding time with different values
is mostly considered in the cryogenic treatment of steel in
literature. Menderes et al. [20] investigated the effect of
cryogenic treatment for different holding times (12 h, 24 h,
36 h, and 48 h) at −140°C on mechanical properties of AISI
4140 steel and found that tensile strength improved by 10%
and hardness by 5% after cryogenic treatment and the
optimum holding time of cryogenic treatment was 36 h.
Senthilkumar et al. [21–23] found that cryogenic treatment
improved hardness and wear resistance of AISI 4140 steel as
well as compressive residual stress, and wear resistance of the
steel improved more after cryogenic treatment at −196°C for
24 h than for 12 h and 18 h. HÖKE et al. [24] reported that
SAE 4140 steel had an improvement in microhardness and
toughness after cryogenic treatment at −140°C for 24 h.
Sahin et al. [25] studied the effect of different cryogenic
temperatures (−140°C and −196°C) for 24 h on SAE 4140
steel and found that hardness slightly increased, which was
attributed to the transformation of retained austenite to
martensite. Jamali et al. [26] showed that cryogenic treat-
ment could increase hardness, tensile strength, and impact
toughness of AISI 4140 steel, and transformation of retained
austenite to martensite and carbide precipitations were
responsible for the improvement.

However, research on the effect of cryogenic treatment of
42CrMo or 4140 steel is limited and confined to either cryo-
genic temperature or holding time individually instead of both
parameters together. Besides, only one cycle of cryogenic
treatment was concerned in these studies. In this work, cyclic
cryogenic treatment with different cryogenic temperatures,
holding time, and cycles number fully considered was studied
using orthogonal design method to investigate their effect on
hardness, wear resistance, and impact toughness of 42CrMo
steel. Range analysis was done to get the influencing order and
optimum values of these parameters for improving wear re-
sistance and impact toughness. In addition, microstructure,
wear topography, and fracture topography were examined by
SEM to investigate the influencing mechanism of cryogenic
treatment on the steel.

2. Materials and Methods

2.1. Preparation of Materials. .e raw material used in the
experiments was a commercial bar of 42CrMo steel, which
contains medium carbon content and low content of
chromium, molybdenum, and manganese composition. Its
chemical composition determined with a spark emission
spectrometer (OBLF QSN 750-II) was listed in Table 1,
according to GB/T 3077–2015 standard.

Specimens prepared from the steel bar were first hardened
by austenitizing at 870°C for 20min and quenching in oil.
.en, the cyclic cryogenic treatment was performed on the
hardened specimens in a program-controlled cryptoprocessor
(FAWIP SLX-30), followed by tempering in a resistance box
furnace (SX2-8-10). To be specific, every cycle of cryogenic
treatment except the last one was followed by tempering at
150°C for 20min to relieve thermal stress, whereas the last cycle
was followed by tempering at 360°C for 2 hours to improve
toughness. .e details of cyclic cryogenic treatment with dif-
ferent parameters and their values were explained in the next
subsection. .e overall treatment process consisting of hard-
ening, cyclic cryogenic treatment, and tempering is illustrated
in Figure 1.

2.2. Cryogenic Treatment. Cryogenic treatment consists of
the following parameters: cooling rate, cryogenic treat-
ment or soaking temperature, holding time, warming rate,
and cycles number. In this work, the cooling rate, along
with the warming rate, was set at as low as 2°C/min in
order to prevent thermal shock from occurring in the
specimens being treated. Taking cryogenic temperature,
holding time, and cycles number as main influencing
factors, cyclic cryogenic treatment was conducted by
employing the orthogonal design method. Levels of each
factor were selected equally as shown in Table 2, and
therefore, the L9 (34) orthogonal array was utilized to
design the experiment, ignoring interactions of the main
factors, as shown in Table 3. Each cycle of CT had the same
cryogenic temperature, but the holding time of the first
cycle (main cycle) was set as in Table 3, whereas that of the
second and third cycles (subsidiary cycles) was set to
20min. .e conventional heat treatment (CHT) was taken
as the comparative one, which included no cryogenic
treatment.

2.3. Mechanical Properties Test. After surfaces of each
specimen were ground to remove the oxide layer resulting
from heat treatment, hardness was measured on the
Rockwell C scale with a Rockwell hardness tester (HR-
150A). At least five measurements for each specimen were
carried out to get the average hardness.

Dry sliding wear test was run at room temperature using
a multifunctional tribometer (Zhongke Kaihua CFT-I)
configured with ball-on-disc components, as shown in
Figure 2, where a ceramic ball (Si3N4) with a diameter of
5mm was applied with a normal load of 60N and slid at a
radius of 8mm against a specimen rotating at a speed of
300 rpm for 90min. During sliding, the coefficient of friction
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(COF) was au tomatically measured in the step of 0.1 s by the
tribometer.

Wear test specimens were cleaned with absolute ethanol
and precisely weighed before and after the wear test on an
analytical balance (BSM-220.4). Subsequently, wear mass
loss (Δm) was determined from the measured mass. Fur-
thermore, wear rate was also calculated in terms of wear
mass loss per sliding distance, and relative wear rate was
calculated as the ratio of wear rate of CT to wear rate of CHT
[27].

Charpy impact test was performed at room temperature
to determine impact toughness with an impact testing
machine (JB-300B) according to GB/T 229–2007 standard.
Each impact specimen was in dimensions of
10mm× 10mm× 55mm with a U-notch. .e amount of
energy absorbed (Ak) by specimens was measured during
fracture. For each experiment, three impact specimens were
tested to obtain the average absorbed energy. .e impact
toughness was represented as the absorbed energy per unit
of area of cross-section at the U-notch location, symbolized
by αk.

2.4. Topography and Microstructure Characterization.
Specimens without wear scar were prepared in size of
10mm× 10mm× 5mm from the wear test specimens for
microstructure test. Surfaces of the specimens were coarsely
and finely ground with a succession of finer-grained me-
tallographic abrasive papers, polished with Cr2O3 polishing
power, and cleaned with acetone solution. .en the

Table 1: Chemical composition of raw 42CrMo steel.

Element C Cr Mn Si Mo Ni Cu S P Fe
Content/wt.% 0.4 0.99 0.63 0.21 0.19 0.0098 0.0088 0.0046 0.018 Balanced
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Figure 1: Schematic illustration of the treatment process of 42CrMo steel.

Table 2: Levels of factors in cryogenic treatment.

Levels
Factors (j) 1 2 3
Cryogenic temperature (A)/°C −120 −160 −196
Holding time (B)/h 2 12 24
Cycles number (C) 1 2 3

Table 3: .e L9 (34) orthogonal array of cryogenic treatment.

Exp.
no.

Cryogenic temperature/
(°C)

Holding time/
(h)

Cycles
number

CT1 −120 2 1
CT2 −120 12 2
CT3 −120 24 3
CT4 −160 2 2
CT5 −160 12 3
CT6 −160 24 1
CT7 −196 2 3
CT8 −196 12 1
CT9 −196 24 2

Normal load

Ball holder

Ceramic ball
Specimen

Wear track

Figure 2: Schematic of the ball-on-disc wear test.
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specimens were etched in 4% Nital solution, cleaned with
distilled water and absolute ethanol, and blown dry. Im-
mediately afterwards, SEM test was carried out in a scanning
electron microscope (TESCAN VEGA3) to examine the
microstructure. .e number of precipitated carbides was
analyzed on SEM micrographs using an image analysis
software (ImageJ). Specimens with a piece of wear scar were
prepared in dimensions of 10mm× 10mm× 5mm from the
wear test specimens for wear topography observation. .e
specimens were then cleaned with acetone solution and
dried with a hair drier. Surface topography of wear scar was
then observed with the SEM test apparatus to investigate the
wear mechanism of CT specimens compared with CHT
specimens. Fractography of fracture specimens prepared in
the height of about 5mm from impact specimens was ob-
served by the SEM test apparatus at a magnification of 1000×

so as to investigate the fracture mechanism influenced by
cryogenic treatment. X-ray diffraction (XRD) analysis was
performed on a polished hardened specimen in an XRD
apparatus (Rigaku MiniFlex 600) with monochromatic Cu-
Kα radiation to identify phases of the steel after quenching.

3. Results

3.1. Hardness. .e average hardness of specimens is illus-
trated in Figure 3..e result shows that the average hardness
of specimens of CT has slight changes (−1.7 HRC to 1.8
HRC) compared with the specimen of CHT. However,
seeing the errors of average hardness, hardness can be
considered to have an insignificant change after cryogenic
treatment.

3.2. Wear Resistance. Wear test results of CHT and CT
specimens were listed in Table 4, where relative wear rates of
CTs are less than 1, showing that the wear rates of CT
specimens are less than that of CHT specimen, which means
that after cryogenic treatment, wear resistance of the steel
improved.

Range analysis was performed from the wear test results
to find the influencing order of the parameters of cryogenic
treatment, along with the optimum parameters of cryogenic
treatment. .e results of the range analysis were shown in
Table 5, where Kjm is the average of relative wear rates of
factor j at level m, and Rj is the range of relative wear rate of
factor j. Furthermore, the average relative wear rates cal-
culated from the range analysis were plotted against cryo-
genic temperature, holding time, and cycles number,
respectively, in Figure 4.

.e rank order of factors in Table 5 suggests that the
influencing order of the factors on decreasing wear rate
is cryogenic temperature, holding time, and cycles
number, which means the cryogenic temperature has the
largest effect, and holding time has a medium effect,
followed by cycles number with the least effect. .e
values of Kjm and the trends in Figure 4 indicate that the
optimum parameters are −160°C for cryogenic tem-
perature, 24 hours for soaking time, and two cycles for
cycles number.

Figure 4 shows that the relative wear rate decreases more
at −160°C and −196°C than that at −120°C, specifically by
13.46% and 13.17%, respectively. Relative wear rate also
decreases with extending holding time, and it obtains the
maximum decrement of 12.81% when holding time is 24
hours. As for cycles number, the relative wear rate of two
cycles of CT decreases by 11.16%, more than that of one or
three cycles. Figure 5 shows the relationship between average
COF and wear mass loss. .e average COF shares nearly the
same change trend with the wear mass loss.

3.3. Impact Toughness. .e impact toughness of specimens
after the Charpy impact test was plotted in Figure 6. It shows
that the impact toughness of CT specimens is higher than
that of CHT, which indicates that after cryogenic treatment
impact toughness of the steel improved.

In order to determine the rank order of cryogenic
treatment parameters affecting impact toughness and to
obtain the optimum values of the parameters, range analysis
was performed. .e results of range analysis of impact
toughness were listed in Table 6, where Kjm is mean of
impact toughness of for factor j at levelm and Rj is the range
of impact toughness for factor j. .e effect trends of the
major factors on impact toughness were illustrated in
Figure 7.

.e result of B>C>A indicates that the influencing
order of the factors on improving impact toughness is as
follows: holding time, cycles number, and cryogenic tem-
perature. .e optimum levels of A1B3C3 indicate that for
improving impact toughness, the optimum parameters of
cryogenic treatment are −120°C for cryogenic temperature,
24 hours for holding time, and three cycles for cycles
number, with the corresponding improvement of impact
toughness of 50.5%.

3.4. Wear Topography. In view of the largest influence of
cryogenic temperature on wear resistance, wear topography
of CT specimens treated at different cryogenic temperature
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Figure 3: Average hardness with errors of specimens.
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was examined. Considering that CT of 24 h has a greater
impact on lowering wear rate than that of 12 h and 2 h,
specimens of CT3, CT6, and CT9 were taken to examine the
wear topography at −120°C, −160°C, and −196°C, respec-
tively, neglecting the influence of cycles number because of
its least effect. .e SEM micrographs of worn surfaces of
CHT and the selected CTspecimens were shown in Figure 8.

It can be seen in Figure 8(a) that the worn surface of the
CHT specimen is coarse with many craters, some of which
have embedded particles, but little microcutting on it, in-
dicating that the wear mechanism of CHT specimens is
dominantly adhesive wear with insignificant abrasive wear.
Instead, as shown in Figures 8(b)–8(d), the worn surfaces of

CT specimens are smooth with many craters and a few
obvious microcuttings or ploughing grooves as well as
plastic deformation, showing the occurrence of decreased
adhesive wear and increased abrasive wear compared with
that of CT specimen. In addition, there is also slight oxi-
dation on the worn surfaces in Figures 8(b)–8(d). .us, the
wear mechanism of CT specimens is mainly abrasive wear
and adhesive wear together with slight oxidative wear.

3.5. Fracture Topography. In consideration of the influ-
encing order of the tree cryogenic treatment parameters,
fracture topography of CT specimens treated for different

Table 4: Wear test results of CHT and CT specimens.

Exp. no. Wear loss (mg) Wear rate (10−3mgm−1) Relative wear rate (%)
CHT 46.3 34.1152 1.00
CT1 43.6 32.1257 0.94
CT2 45.7 33.6731 0.99
CT3 42.6 31.3889 0.92
CT4 40.4 29.7679 0.87
CT5 38.6 28.4416 0.83
CT6 41.2 30.3573 0.89
CT7 43.2 31.8310 0.93
CT8 40.1 29.5468 0.87
CT9 37.3 27.4837 0.81

Table 5: Range analysis results of relative wear rates.

Factor (j) A B C
Kj1 0.950 0.916 0.899
Kj2 0.865 0.896 0.888
Kj3 0.868 0.872 0.896
Range (Rj) 0.084 0.044 0.011
Rank order of factors A>B>C
Optimum levels A2 B3 C2
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holding times was focused on. .us, CT7, CT5, and CT3
were taken to represent CTs for 2 h, 12 h, and 24 h, re-
spectively, along with CHT as a comparison. .e SEM

micrographs of fracture surfaces of their specimens were
shown in Figure 9. .e fracture surfaces of all these spec-
imens exhibit characteristics of cleavage facets and river
patterns, accompanied by a small number of dimples and
tear ridges, implying a typical quasicleavage fracture.

In Figures 9(b) and 9(d), cleavage facets become smaller,
with shorter and more curved river pattern, and meanwhile
tear ridges get more compared with those in Figures 9(a) and
9(c), meaning the characteristics of cleavage fracture de-
creases and the characteristics of quasicleavage fracture
increases. .at is why the impact toughness of CTs at 24 h
and 2 h was much higher than that of CT for 12 h and CHT.

3.6. Microstructure Analysis. .e microstructure of speci-
mens of CHT and CTs at different cryogenic temperatures
for 24 h and for different holding times at −196°C was shown
in Figures 10 and 11, respectively, and the corresponding
quantitative analysis of precipitated carbides on the mi-
crostructure was illustrated in Figures 12 and 13, respec-
tively. It can be seen in the micrographs that the
microstructure of CHT and CT specimens both consists of
dominant tempered troostite (dark areas) with fine partic-
ular carbides (white spots) distributed on the troostite
matrix. But there are more carbides dispersively distributed
on a matrix in CT specimens than in CHT specimens, in-
dicating that cryogenic treatment can significantly promote
fine carbide precipitation and dispersive distribution. Fur-
thermore, as either lowering the cryogenic treatment or
decreasing holding time, the number of carbides precipi-
tated in the troostite matrix exhibits a roughly increasing
trend, which indicates that both lowering cryogenic treat-
ment and extending holding time are almost favorable to
carbide precipitation. .e XRD pattern of the hardened
specimen was presented in Figure 14, where martensite (α′)
peaks indicate the predominant martensite phase of the steel
after quenching, whereas no obvious austenite peak indi-
cates the volume fraction of the undetected retained aus-
tenite is less than the detection limit of the XRD apparatus
(∼5%) [28].

4. Discussion

Extensive research has shown that the influencing mecha-
nism of cryogenic treatment lies in microstructure changes
induced by the cryogenic treatment that are mainly mar-
tensitic transformation of retained austenite and precipi-
tation of carbides in the martensite matrix [29–31].

.e effect of cryogenic treatment on the hardness of
steels subjected to cryogenic treatment largely depends on
the martensitic transformation of retained austenite but little
on carbide precipitation [32–34]. So the transformation
amount of retained austenite to martensite during cryogenic
treatment determines the degree to which hardness can be
improved. Specifically, the distinct presence of retained
austenite after quenching in steels leads to a considerable
transformation of austenite to martensite in cryogenic
treatment, resulting in a significant increase in hardness, as
shown in high speed steels with high carbon content [35, 36],
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Table 6: Range analysis results of impact toughness.

Factor (j) A B C
Kj1 40.4 38.2 39.5
Kj2 38.6 36.6 38.1
Kj3 39.3 43.6 40.8
Range (Rj) 1.767 7.067 2.767
Rank order of factors B>C>A
Optimum levels A1 B3 C3
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Figure 8: SEM micrographs of worn surfaces of (a) CHT specimens and CT specimens treated at (b) −120°C, (c) −160°C, and (d) −196°C.
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whereas, in this work, a low amount of retained austenite
after quenching of the steel as shown in the XRD analysis
results and the findings of Zhao et al. [37], along with the
incapability of complete transformation of retained aus-
tenite into martensite during cryogenic treatment
[22, 34, 38], may result in the limited change in hardness of
the steel after cryogenic treatment. Notably, the lowered
carbon content inmartensite matrix because of more carbide
precipitation in cryogenic treatment may adversely affect the
hardness [39], which could offset the beneficial effect of
martensitic transformation of retained austenite on hard-
ness. Overall, the combination of these two contrary effects
results in an insignificant change in hardness.

As suggested in this work, the cryogenic treatment can
improve the wear resistance of the steel, which is consistent
with the findings of the literature, but a different parameter
of cryogenic treatment impacts to a different degree. Be-
tween the cryogenic temperature and holding time, the
cryogenic temperature is the most influencing parameter,
followed by holding time as the second influencing pa-
rameter, which agrees with the findings of Darwin et al. [40].
Many researchers have found that lowering cryogenic
temperature could obtain more improvement in wear

resistance of steels, and the optimum value of cryogenic
temperature was −196°C [9, 25, 41, 42]. Similarly but slightly
different in this work, cryogenic treatment at −160°C ob-
tained more improvement of wear resistance than −120°C,
and wear resistance at −196°C improved almost the same as
−160°C, only higher by 0.29%, which may be due to the
introduction of multiple cycles of cryogenic treatment.
Likewise, improvement of wear resistance increases with
extending holding time, as reported in recent research
[43–46], which was demonstrated in this work as well. And
the optimum holding time was 24 h in this work, which was
identical to the findings of Senthilkumar et al. [21]. But when
holding time extends beyond the optimum value, further
extending holding time will not continue to take effect. .e
optimum holding time changes with types of steels, sub-
stantially at 12 h [47], even 24 h [48], or 36 h [49]. Besides
cryogenic temperature and holding time, cycles number,
which was not involved in literature, to the author’s
knowledge, was demonstrated to be the third influencing
parameter in this work, and the optimum value was two
cycles, namely a major cycle followed by a subsidiary one.

In view of the limited transformation of retained aus-
tenite, the main reason that cryogenic treatment can
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Figure 9: SEM micrographs of fracture surfaces of (a) CHT specimens and CT specimens treated for (b) 2 h, (c) 12 h, and (d) 24 h.
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Figure 10: SEMmicrographs of (a) CHTspecimen and CTspecimens treated at (b) −120°C (CT3), (c) −160°C (CT6), and (d) −196°C (CT9)
for 24 h.
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Figure 11: Continued.
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improve wear resistance of the steel can be carbide pre-
cipitation, as shown by the microstructure test results in this
work. Specifically, when the steel was cooling down the
cryogenic temperature, the microstructure shrank causing
more supersaturation of martensite in the microstructure
[34]. Under shrinking strain energy, interstitial carbon
atoms in the supersaturated martensite likely segregated to
nearby dislocations, grain boundaries, or other crystal de-
fects, forming carbon clusters [50, 51]. In the subsequent
tempering, because of temperature rising, carbon clusters
grew up into nuclei and carbides precipitated at the nuclei
from the supersaturated martensite [52–54], which

meanwhile transformed into troostite. .e hard carbides
embedded in thematrix are beneficial to wear resistance, and
the amount of the carbides, in addition to their fineness and
distribution in the matrix, can significantly influence the
wear resistance of the steel. So more precipitation of fine
carbides induced by cryogenic treatment and dispersively
distributed in the matrix of troostite finally results in the
improvement of wear resistance of the steel. In addition, the
fine carbides can reduce the adhesion friction in the steel/
ceramic friction pair as shown by the wear topography,
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(d)

Figure 11: SEM micrographs of fracture surfaces of (a) CHTspecimen and CT specimens treated for (b) 2 h (CT7), (c) 12h (CT8), and (d)
24 h (CT9) at −196°C.

8000 12

10

A
re

a f
ra

ct
io

n 
(%

)8

6

4

2

0

7000

6000

5000

Co
un

t

4000

3000

2000
CHT –120°C –160°C

Cryogenic temperature (°C)
–196°C

Carbides count
Carbides area fraction

Figure 12: .e number of precipitated carbides of CHT and CTs
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which is advantageous to decrease in COF, and therefore
more precipitated carbides promoted by cryogenic treat-
ment can also improve COF of the steel.

Besides improving wear resistance, as demonstrated in
this work, cryogenic treatment can also improve impact
toughness of the steel, which is similar to findings in the
literature [55, 56], where cryogenic treatment was conducted
at constant cryogenic temperatures, such as −180°C or
−196°C. For holding time, 24 h has a better effect on im-
proving impact toughness than 2 h, which is in accordance
with the findings of Israel et al. [55]. During tempering after
cryogenic treatment of the steel, more precipitation of fine
carbides leads to more reduction in carbon content in the
matrix, making the matrix more ductile. In addition, dis-
persive distribution of fine particular carbides may reduce
the adverse impact of carbides on the toughness of the
matrix by weakening the formation and propagation of
microcracks during fracture. As a result of the combined
impact, the impact toughness of the steel improved after
cryogenic treatment.

.e results of wear topography show that cryogenic
treatment can reduce adhesive wear, which has been re-
ported in some research [9, 57]. In the research, the re-
duction of adhesive wear was attributed to increased
hardness. In contrast, in this work, with an insignificant
increase in hardness, the reduction of adhesive wear and
increase of abrasive wear may be owed to the high hardness
of more precipitated carbides induced by cryogenic treat-
ment. Moreover, the presence of oxidative wear after
cryogenic treatment may be due to formation of oxide films
at localized risen temperature caused by frictional heat
during dry sliding [58].

Although cryogenic treatment can improve both wear
resistance and impact toughness of 42CrMo steel, the effect
of parameters of cryogenic treatment on wear resistance is
different from that on impact toughness. In order to obtain a
good combination of improvements of these twomechanical
properties, multiobjective optimization can be conducted
using traditional or intelligent optimization algorithms in a
future study.

5. Conclusions

.is work investigated the effect of cyclic cryogenic treat-
ment with different parameters on wear resistance and
impact toughness of 42CrMo steel and optimization of the
parameters by using the orthogonal design method and
range analysis. Wear mechanism and fracture mechanism
were analyzed by examining wear topography and fracture
topography using SEM. Moreover, the influencing mecha-
nism of cryogenic treatment on wear resistance and impact
toughness was also studied by analyzing microstructures
with SEM. .e main conclusions obtained from these an-
alyses are as follows:

(1) Cryogenic treatment has insignificant effect on
hardness of hardened 42CrMo steel, which can be
ascribed to combination of little transformation of
retained austenite into martensite and the adverse
impact of lowered carbon content in martensite.

(2) Cryogenic treatment can significantly improve wear
resistance of 42CrMo steel, whose changing trend is
consistent with that of COF. For improving the wear
resistance of the steel, the most influential parameter
is cryogenic temperature, followed by holding time
and cycles number. .e optimum values of these
parameters are −160°C, 24 h and two cycles. .e
influencing mechanism is the increased precipitation
of carbides induced by cryogenic treatment, and the
carbide precipitation increases with lowering cryo-
genic temperature or extending holding time.

(3) Cryogenic treatment can also significantly improve
the impact toughness of 42CrMo steel. .e most
influential parameter for improving the impact
toughness of the steel is holding time, followed by
cycles number and cryogenic temperature. .e op-
timum values of the parameters for improving im-
pact toughness are −120°C, 24 h and three cycles..e
influencing mechanism may be the increased pre-
cipitation of carbides induced by cryogenic
treatment.

(4) .e wear mechanism of CT is the combination of
abrasive wear and adhesive wear with oxidative wear,
whereas the dominant wear mechanism of CHT is
adhesive wear..e adhesive wear is reduced after CT
compared with CHT.

(5) .e fracture mechanism of CT and CHT is quasi-
cleavage fracture, and quasicleavage fracture in-
creases after CT compared with CHT, which is in
accordance with the increase in impact toughness
after cryogenic treatment.

Data Availability

.e data used to support the findings of this work are in-
cluded within the article.
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