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Abstract: Cryogenic treatment as a process that can effectively improve the performance of steel
materials is widely used because of its simplicity and speed. This paper investigates the effects of
different low temperature treatments on the microstructure and properties of 17Cr2Ni2MoVNb steel.
The low temperature treatment range is divided into cryogenic treatment (CT-80), shallow cryogenic
treatment (SCT-150) and deep cryogenic treatment (DCT-196), all with a duration of 1 h. The retained
austenite content and the change in carbide volume fraction at 0.2 mm in the carburised layer are
studied. The microhardness gradient of the carburised layer, as well as the friction coefficient and
wear scar morphology at 0.2 mm, was investigated. The results show that the low temperature
treatment is effective in reducing the retained austenite content and increasing the volume fraction of
carbide. The lowest retained austenite content and highest carbide volume fraction were obtained for
DCT-196 specimens at the same holding time. Due to the further transformation of martensite and
the diffuse distribution of carbides, the microhardness and frictional wear properties of DCT-196 are
optimal. Therefore, low temperature treatment can change the microstructure of the case layer of
17Cr2Ni2MoVNb steel and effectively improve the mechanical properties of materials.

Keywords: cryogenic treatment; 17Cr2Ni2MoVNb; wear; gear steel; carbide; retained austenite

1. Introduction

The 17Cr2Ni2MoVNb steel developed from 18CrNiMo7-6 steel undergoes low dis-
tortion during carburizing heat treatment. The carburised layer presents a very complex
microstructure due to the carbon concentration gradient distribution. It is composed of high
carbon tempered martensite, retained austenite and carbides close to the surface, which
provide high hardness and good wear resistance. The matrix is composed of low carbon tem-
pered martensite, which supports sufficient toughness and strength. The 17Cr2Ni2MoVNb
steel exhibits high strength, toughness, and fatigue properties, making it the potential
material for high-strength carburizing steel. However, 17Cr2Ni2MoVNb steel contains a
considerable amount of Ni, which enhances the stability of austenite. After carburizing,
a substantial amount of carbon and alloying elements is dissolved in the matrix, which
significantly reduces the start temperature of martensite transformation (Ms point). A large
amount of austenite is retained in the carburized layer after carburizing and air cooling.
Reheating and quenching cannot reduce the content of retained austenite, and the hardness
cannot be further improved to meet the design requirements. In addition, the retained
austenite is heated or transformed under strain during use, causing dimensional changes
and redistribution of stress, which may also cause cracks during grinding and finishing. At
present, the main ways to reduce the amount of retained austenite are high-temperature
tempering and cryogenic treatment [1–4]. Cryogenic treatment has been widely used for
tools, bearings, gears, and other workpieces made of high speed-steel, hard alloys and
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other materials. As an example, the effect of cryogenic treatment on the wear resistance of
20CrNi2Mo steel was studied by Preciado and co-workers [5]. Their results showed that
the wear resistance of the carburized sample was, respectively, improved by 17% and 25.5%
after cryogenic treatment at −80 and −196 ◦C compared to conventional heat treatment.

Meanwhile, Kara’s team has been systematically studying the application of deep
cooling treatment to tools, tool steels and bearing steels [6–9]. Çiçek [6] found that cryogenic
treatment with tempering treatment increases the average size of α-phase and forms η-
phase in WC-CO tools, thus increasing the microhardness of the tools. Gunes [7] studied
the wear behaviour of bearing steel AISI 52100 held at −145 ◦C for different times. It
was shown that 36 h is the optimum holding time. At this holding time, the wear rate
and friction coefficient decrease and the hardness reaches its maximum. Kara [8] applied
cryogenic treatment to AISI D2 tool steel and ceramic tools. Artificial intelligence methods
called artificial neural networks (ANNs) are used to estimate surface roughness based
on cutting speed, cutting tool, workpiece, depth of cut, and feed rate. It was shown that
the samples subjected to the DCTT-36 process gave the best results in terms of surface
roughness and tool wear. The effect of cryogenic treatment on the surface roughness and
wear of AB2010 tools was significantly improved. The highest micro and macro hardness
values were obtained under the DCT-36 process. The secondary carbide formation of the
samples was more uniform in the DCTT-36 process. Kara [9] used the L18 orthogonal
experimental table to determine the best surface roughness (Ra) worth control factors for
AISI 5140 steel. By using in the cylindrical grinding process of AISI 5140 steel and identified
optimum grinding conditions via the Taguchi optimization method.

Current research on 17Cr2Ni2MoVNb steel has mainly focused on the study of the
influence of process parameters such as the carburizing, quenching and tempering temper-
ature on the structure and properties of the steel. The effect of the quenching temperature
on the microstructure and rolling contact fatigue behaviour of 17Cr2Ni2MoVNb steel was
investigated by Zhang and Qu [10,11]. The results showed that failure mode of the sample
quenched at 900 ◦C is delamination, whereas the failure mode after quenching at 1100 ◦C is
pitting corrosion. The effects of the tempering temperature on the tensile properties and
rotary bending fatigue behaviour of this steel were also investigated, demonstrating that
the tensile strength and fatigue strength were the highest at 180 ◦C, reaching 1456 and
730 MPa, respectively. At present, however, there are few reports on the effect of cryogenic
treatment on the structure and mechanical properties of 17Cr2Ni2MoVNb steel after car-
burization. In this study, the changes in the microstructure and mechanical properties of
17Cr2Ni2MoVNb steel subjected to cryogenic treatment at three different temperatures are
discussed and compared with those of the sample without cryogenic treatment.

2. Experiment
2.1. Materials and Heat Treatment

The experimental materials used in the present study were provided by the Central
Iron and Steel Research Institute. The chemical composition of this steel was tabulated
in Table 1.

Table 1. Chemical composition of 17Cr2Ni2MoVNb (wt.%).

C Si Mn Cr Ni Mo Nb V Fe

0.17 ≤0.4 0.77 1.68 1.60 0.29 0.04 0.10 Bal.

Carburizing and tempering are important means of obtaining high hardness and high
wear resistance on the surface while ensuring that the matrix has high toughness [12].
Therefore, all samples investigated in this work were first subjected to conventional heat
treatment, followed by cryogenic treatment.

Conventional heat treatment consists of normalizing, thermal refining, carburizing,
quenching in oil, and tempering. Round steel of diameter of 120 mm was forged into a ring
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sample with an inner diameter of 70 mm, an outer diameter of 211 mm and a height of
40 mm. The ring samples were normalized, quenched, tempered, and then cut into samples
of dimensions 20 mm × 20 mm × 20 mm. The cubic samples were prepared using the
process shown in Figure 1. The continuous BH gas carburizing temperature was 930 ◦C and
the total carburizing time was 10 h, then carburizing was followed by high-temperature
tempering at 620 ◦C for 4 h. The samples were held at 800 ◦C for 1 h, then quenched in
oil. After quenching, the low temperature tempering at 150 ◦C was carried out for 4 h.
The carbon content of the sample from the matrix to the surface increased from 0.17% to
approximately 1% after carburizing. The increased carbon content leads to the changes
in the composition and microstructure of the carburized layer. Cryogenic treatment is
employed to eliminate the retained austenite and improve the hardness and wear resistance
of the carburized layer [12–16].
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Figure 1. Schematic illustration of the carburizing and heat treatment processes of the experimental
steel. Cp denotes the carbon potential during the carburizing process.

Liquid nitrogen was used as the cooling medium. The liquid nitrogen immersion
method used in traditional cryogenic treatment easily leads to the formation of the cracks.
Therefore, the equipment developed based on the aerosol method, (GL-150 cryogenic
treatment experimental furnace produced by Shanghai GaoLe Machinery Equipment Co.,
Ltd. (Shanghai, China)) shown in Figure 2 was used to avoid the formation of the cracks.
The samples for cryogenic treatment were suspended using a wire. The entire experiment
was equipped with a real-time temperature sensor for temperature control. The three
cryogenic treatment temperatures were designated as −80, −150 and −196 ◦C as shown
in Table 2, and the corresponding samples are denoted as CT-80, SCT-150 and DCT-196,
respectively. After each cryogenic heat treatment process, the samples were subjected to
low-temperature tempering at 150 ◦C for 2 h.

Table 2. Process name and description.

Process Name Process Description

Conventional Heat Treatment (CHT) -
Cryogenic treatment (CT-80) Hold at −80 ◦C for 1 h

Shallow cryogenic treatment (SCT-150) Hold at −150 ◦C for 1 h
Deep cryogenic treatment (DCT-196) Hold at −196 ◦C for 1 h
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Figure 2. (a) Cryogenic treatment chamber, and (b) cryogenic treatment real time display interface.

2.2. Microstructural Characterization

The scanning technology can provide an important basis for explaining the influ-
ence of cryogenic treatment on the wear resistance of materials from the microstructure
change [12,14,16]. The samples were cut into 10 mm × 10 mm × 10 mm cubes using an
electric spark wire, and then polished with 400, 600 and 800 mesh sandpaper after inlay.
Etching was performed using 4% nitric solution for a period of 10 s followed by rinsing
with water and drying using a blower. The microstructures of the samples before and after
cryogenic treatment were evaluated using a Zeiss EVO MA-10 metallographic microscope
(Carl Zeiss, Jena, Germany), scanning electron microscope in bright field (SEM, Carl Zeiss,
Jena, Germany)) and energy disperse spectroscopy (EDS, Carl Zeiss, Jena, Germany)).

The content of retained austenite affects the short fatigue crack growth, fatigue perfor-
mance and wear resistance of carburized steel [5,12]. The content of retained austenite was
determined using an X-ray diffractometer (Rigaku, D/MAX-2500/PC (Tokyo, Japan)) with
a Cu X-rays source at a power of 18 kW, using a scanning speed for 1◦/min. Data were
acquired at diffraction angles of 40◦–90◦.

2.3. Microhardness and Wear Resistance Tests

The microhardness of all the specimens was measured using a Vickers hardness
testing machine (HUAYIN, HVT-1000A, Laizhou Huayin, Laizhou, China) with a dia-
mond indenter. The microhardness was measured according to Chinese National Standard
GB/T9451-2005 “Determination and Calibration of the depth of the carburizing and quench-
ing hardened layer of steel parts”. A load of 9.8 N was applied for a time-period of 10 s.
To improve the accuracy, the hardness was determined at five distinct points in different
regions of the specimen and the average value was taken. Friction and wear experiments
were carried out using a CFT-1 comprehensive tester (Zhongke Kaihua, Lanzhou, China)
to evaluate the material surface as shown for Figure 3. The wear mode was reciprocating,
the friction surface of the sample was a carburized surface, and the dimensional area is
10 mm × 10 mm. The friction pair was Si3N4 ceramic balls, the friction conditions were:
20 ◦C, dry friction, load of 30 N, reciprocating speed of 500 times/minute, and reciprocating
distance of 5 mm. The wear mark depth and wear volume were measured using a probe
sensor, and tested after manual zero setting. The measurement method involved taking
the upper, middle and lower three points of a wear mark, and the experimental data were
acquired three times at one point.
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3. Results and Discussion
3.1. Effect of Cryogenic Treatment on Microstructure

The changes in the microstructure including changes in the martensite structure,
retained austenite and carbides after cryogenic treatment were investigated by SEM and
X-ray Diffraction (XRD). Figure 4a,b shows the SEM images of the carburized layer at
0.2 mm from the surface in the four samples, indicating that the microstructure of the
17Cr2Ni2MoVNb steel is mainly composed of plate martensite (gray), retained austenite
(concave) and finely dispersed precipitates of carbides (small white grains), the same as
that of other carburized steels [5]. As shown in Figure 4a, the sample subjected to the
CHT process contained a small amount of carbide precipitations, large areas of carbide
accumulation were not detected. During the three cryogenic treatment processes, the
amount of carbide precipitated along the grain boundary increased, and the carbide grew
to form discontinuous networks, as shown in Figure 4b–d. An EDS point of the local
enlargement of Figure 4d was performed to analyse the elemental composition of carbide
and matrix, and the results are shown in Table 3. At least 10 regions were analysed for each
specimen. The content of C and Cr elements at points P1 and P2 is higher than that in the
matrix, thus it is speculated that Cr-rich carbide is present in the carburized layer.

The carbide content and the carbide distribution with relative frequency (the number
of carbides per area) were correlated with the size of carbides 0.2 mm below the surface
using the Image-Pro Plus software (version 6.0) [17]. The images were first processed with
Photoshop (PS) to obtain Figure 4e–h and then processed with area statistics of Image-Pro.
The calculated data is converted into µm units by scale. The obtained data were processed
using origin software [17] using a built-in Gaussian function to fit the histogram data. The
final volume fraction and carbide size distribution graph were obtained. The results are
shown in Figure 4i–l. The calculated carbide content is 6.15%, 8.3%, 8.7% and 8.9% for
the CHT, CT-80, SCT-150 and DCT-196 samples, respectively. The size of the majority of
the carbides in the four samples was below 0.6 µm, whereas less carbides with a particle
size of over 0.4 µm was detected. The relative frequency of the 0–0.2 µm carbides particles
and 1.4–1.6 µm particles in DCT-196 was higher than that in the other samples. It can be
seen that the number of carbides increased after cryogenic treatment. As the cryogenic
treatment causes the lattice constant of iron to tend to contract, this increases the lattice
distortion caused by supersaturated carbon atoms, which enhances the thermodynamic
driving force for carbon atom precipitation. As a result, the solubility of carbon atoms
decreases. In addition, the diffusion of carbons becomes more difficult at low temperatures
and the diffusion distance becomes shorter. As a result, a large number of dispersed
ultrafine carbides precipitate on the martensite. Huang and Kelkar used M2 steel as the
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experimental object and concluded that cryogenic treatment promoted carbide precipitation
and also contributed to a more diffuse carbide distribution [18,19].
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Figure 4. SEM images of the samples at 0.2 mm from the surface: (a) CHT, (b) CT-80, (c) SCT-150,
and (d) DCT-196; Pictures after PS processing: (e) CHT, (f) CT-80, (g) SCT-150, and (h) DCT-196; and
histogram of carbide calculation results: (i) CHT, (j) CT-80, (k) SCT-150, and (l) DCT-196.

Table 3. EDS results of points P1, P2, and P3.

Sample Point
at.%

C Ni Cr Mn V Si Fe

DCT-196
P1 46.21 0.51 2.68 0.55 - 0.22 49.83
P2 47.91 0.71 3.85 0.65 0.06 0.24 46.58
P3 29.60 1.02 1.35 0.25 0.12 0.27 67.37

The SEM microstructure of the core of the sample under different temperatures of
cryogenic treatment is shown in Figure 5. As can be seen from Figure 5, the core microstruc-
ture of all samples consisted of slatted martensite with carbide. Compared with the CHT
samples, the martensite slats of the DCT-196 samples are finer and more nanoscale carbides
are dispersed in the martensite slat bundles. The presence of large particles of carbide
precipitated on the matrix was also found on CT-80. This phenomenon is attributed to the
deflection of carbon atoms and the change in vacancy concentration during the cryogenic
process [20,21]. The interstitial carbon atoms and vacancies are transformed into a new
grain boundary, and the equilibrium concentration of vacancies is reduced during tem-
pering. During tempering, the vacancy equilibrium concentration rises with temperature,
resulting in the addition of new grain boundary to the martensitic structure, leading to the
martensite slats refining.
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Figure 5. SEM images show the microstructure of the core of (a) CHT, (b) CT-80, (c) SCT-150 and
(d) DCT-196 specimens.

The XRD patterns of the samples at a distance of 0.2 mm below the surface subjected to
the different treatment taken are presented in Figure 6. From Figure 6a, compared with the
standard diffraction patterns of matensite and retained austenite, the diffraction patterns of
the retained austenite in the tested samples are shifted towards smaller angles, and that of
matensite shifted towards smaller angles then towards bigger angles. With the decrease
of the cryogenic treatment temperature, the shifting of diffraction patterns of the retained
austenite becomes weaken. The standard diffraction patterns of matensite is 06-0696 with
cubic structure a = 2.8664, while that of retained austenite is 52-0512 with cubic structure
a = 3.618. The lattice parameter was calculated by Jade 6.5 software and the results are
shown in Table 4. With the decrease of cryogenic treatment temperature, the lattice constant
of martensite gradually increased, and the lattice constant of retained austenite remained
basically unchanged after decreasing. The fraction of austenite differed for the various
samples, and could be calculated from the XRD results using Equation (1) [22].

Vγ =
1.4Iγ

Iα + 1.4Iγ
(1)

where Vγ is the volume fraction of retained austenite, Iγ is the mean integrated intensity
of the austenite peaks, including the γ (111), γ (200) and γ (220) peaks; and Iα is the mean
integrated intensity of the martensite peaks, including the M/α (110), M/α (200) and M/α
(211) peaks. To reduce the error, the lower angle peaks of γ (111) and M/α (110) were
neglected [23]. The calculated retained austenite is 18.15%, 12.92%, 10.37% and 9.45% for
the CHT, CT-80, SCT-150 and DCT-196 samples, respectively. From the results, it can be
seen that cryogenic treatment can significantly reduce the content of retained austenite,
but not eliminate it completely. Cryogenic treatment is not only effective in reducing the
retained austenite content; it also affects the shape of the retained austenite. After the
cryogenic treatment, the retained austenite will change from massive to thin film [24]. The
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film-like austenite distribution in the steel can effectively relieve the stress concentration in
the material during service. This improves the toughness of the material [25].
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Figure 6. XRD patterns and retained austenite content of 17Cr2Ni2MoVNb steel under different
cryogenic treatment processes: (a) XRD patterns, and (b) retained austenite content.

Table 4. The lattice parameters of the phases in 17Cr2Ni2MoVNb steel under different cryogenic
treatment processes.

Sample Phase Real Lattice Parameter Standard Lattice Parameter

CH
Martensite 2.8648 2.8664

Retained austenite 3.6231 3.618

CT-80
Martensite 2.8745 2.8664

Retained austenite 3.600 3.618

SCT-150
Martensite 2.8803 2.8664

Retained austenite 3.600 3.618

DCT-196
Martensite 2.8804 2.8664

Retained austenite 3.601 3.618

3.2. Effect of Cryogenic Treatment on Mechanical Properties

To reveal the effect of the cryogenic treatment on the mechanical properties of alloy
steel, the microhardness and wear resistance were measured. Figure 7 shows the micro-
hardness depth profiles of the carburized alloy steel subjected to CHT, CT-80, SCT-150 and
DCT-196. Figure 7 clearly shows that the microhardness of the carburized samples sub-
jected to cryogenic treatment was higher near the surface than that of the sample without
cryogenic treatment. The carbon concentration on the surface of the specimen is increased
after the carburizing process, followed by high temperature tempering and quenching
process. At high temperatures, the carbon element undergoes a redox reaction with the
oxygen, which leads to a decrease in the carbon concentration on the surface of the sample
and forms an internal oxide layer in the carburized layer [26]. There is a small difference
between the depth of the hardened layer (at 550 HV) as cryogenic treatment increased
the depth of the hardened layer. Owing to the transformation of retained austenite into
martensite and the precipitation of carbide in the carburized layer during the cryogenic
treatment, the microhardness of the carburized layer is higher than that of the sample
without cryogenic treatment. The DCT-196 sample exhibited the highest microhardness.
As the cryogenic treatment temperature decreased, the content of retained austenite close
to the surface decreased, and the microhardness increased accordingly. However, as the
distance increased and the carbon content in the matrix decreased, the content of retained
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austenite in the sample decreased, and the change in the hardness became less pronounced,
owing to the transformation of retained austenite during the cryogenic treatment.
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Figure 7. Microhardness of 17Cr2Ni2MoVNb alloys steel under different heat treatments.

Figure 8a shows the relationship between the friction coefficient and time for which
17Cr2Ni2MoVNb steel was subjected to the CHT, CT-80, SCT-150 and DCT-196 processes.
At the beginning of the application of friction, the friction coefficients of all the samples
increased rapidly. The friction coefficient of the CHT and CT-80 samples increased with
time. The friction coefficient of the DCT-196 and SCT-150 samples fluctuated slightly in
the first 2 min, and then remained stable at 0.64 and 0.65, respectively. The hardness of the
sample is improved due to the reduction of the retained austenite content on the surface
after cryogenic treatment. The increase in hardness helps to prevent the frictional substrate
from embedding in the substrate and the degree of damage to the substrate is reduced. At
the same time, the fine carbides are more uniformly dispersed on the substrate, and the
dispersed carbides can effectively impede the dislocation movement of the substrate and
increase the wear resistance of the substrate material [27,28].
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In addition, the depth of the wear scar and the wear volume were tested, subjected
to wear for 30 min. The depths of the wear scar were 22.73, 21.85, 19.01 and 18.65 µm for
CHT, CT-80, SCT-150 and DCT-196, respectively. The wear volumes were 0.086, 0.073, 0.070
and 0.055 mm3 for CHT, CT-80, SCT-150 and DCT-196, respectively. The wear rate was
calculated to be 0.0576, 0.0487, 0.0470 and 0.0370 × 10−2 mm3/m for CHT, CT-80, SCT-150
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and DCT-196 sample, respectively, as shown in Figure 8b and Table 5. The wear resistance
of the samples improved after cryogenic treatment. The wear resistance of the carburized
steel improved by 15.37%, 18.47% and 35.68% after cryogenic treatment at −80, −150 and
−196 ◦C, respectively, compared to that of the sample subjected to CHT. The DCT-196
sample had the most stable and lowest friction coefficient, with no significant fluctuation.
Here, the wear behaviour of the counterparts to the cryogenic treated samples can be
explained by the enhanced amounts of carbides in the latter, which confers good wear
resistance compared to the intensive wear experienced by the counterparts. Conversely,
this can also be explained by the fact that the matrix of the material has higher hardness,
leading to more intensive wear on the counterpart’s side.

Table 5. The friction and wear test results of the samples.

Frictional Wear Test
Results/Sample CHT CT-80 SCT-150 DCT-196

wear scar/µm 22.73 21.85 19.01 18.65
wear volumes/mm3 0.086 0.073 0.070 0.055

wear rate/×10−2 mm3/m 0.0576 0.0487 0.0470 0.0370
growth rate 0 15.37% 18.47% 35.68%

Figure 9 shows the SEM images of the wear surfaces of the 17Cr2Ni2MoVNb alloy
steel subjected to the CHT, CT-80, SCT-150 and DCT-196 processes. The image of the wear
surface shows irregular lumpy areas of different contrast and a larger number of grooves
parallel to the wear direction. From EDS analysis, the Si and O contents in the dark irregular
block areas were 2.09 at.% and 28.01 at.% in the CHT sample, and 1.65 at.% and 26.59 at.%
in the CT-80 sample. The change in the friction coefficient and wear morphology is related
to the surface state of the alloy steel and the transformation of the wear mechanism. At
the initial stage of sliding friction, micro-convex bodies on the alloy steel surface interact
first with the opposite Si3N4 ball causing a sharp increase in the friction coefficient. As the
friction distance increases, some micro-convex bodies are deformed or even worn away.
Some of them will remain on the wear surface, resulting in a high level of friction coefficient
and the formation of furrows. As more friction is applied, the wear surface of the alloy steel
begins to oxidize to form oxide because of the increase in the surface temperature caused
by the accumulated frictional heat. It is generally believed that the oxide film formed on
the wear surface acts as a solid lubricant with an anti-friction effect. Therefore, the friction
coefficient starts to decrease when a certain area of oxide layer is formed on the wear
surface. Under the repeated action of frictional force, the oxide film cracks and partially
spalls owing to fatigue, after which oxide growth continues in the exposed area [29–31].

The SEM image of the CHT sample shows a larger number of dark irregularities,
whereas that of the SCT-150 has a small number of dark irregularities, and the furrows are
clearly defined. Crushing and peeling of the oxide layer were clearly seen in the locally
enlarged images in Figure 9a,d. Therefore, the friction and wear behaviour of the samples
were classified as abrasive wear and oxidation wear.

Combined with the friction coefficient curve in Figure 8a and the wear trace mor-
phology in Figure 7, a correlation between the friction products and the friction coefficient
was observed. When the oxidation and spalling processes are in dynamic equilibrium,
the friction coefficient remains stable. The friction coefficient should be reduced if the
surface hardness increases. The main reasons are as follows: on one hand, the load-bearing
capacity and resistance to deformation of the micro-convex bodies are improved, leading
to a decrease in the tendency toward adhesion and consequently in the friction coefficient.
On the other hand, the stress per unit area increases (the actual contact area decreases),
resulting in a higher local temperature and faster oxidation rate [32].
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4. Conclusions

The effects of three different temperature (CT-80, SCT-150, DCT-196) cryogenic treat-
ments on the microstructural evolution and mechanical properties of 17Cr2Ni2MoVNb
heavy-duty gear steel were investigated. The main conclusions can be drawn as follows:

(1) When the CHT samples were cryogenic treated at three different temperatures, the
retained austenite content was significantly reduced. It is reduced from 18.15%
for CHT samples to 12.92% for CT-80, 10.37% for SCT-150 and 9.45% for DCT-196,
respectively.

(2) The cryogenic treatment can increase the degree of carbide precipitation and disper-
sion. The volume fraction of carbides was calculated to increase from 6.15% in CHT
samples to 8.3% in CT-80, 8.7% in SCT-150 and 8.9% in DCT-196, respectively.

(3) The cryogenic treatment effectively increases the microhardness. The microhardness
of each sample increased from 740 HV for CHT samples to 780 HV for CT-80, 780 HV
for SCT-150, and 783 HV for DCT-196,respectively.
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(4) The wear resistance of the samples improved after the cryogenic treatment. Compared
with sample CHT, the wear resistance of CT-80, SCT-150 and DCT-196 increased to
15.37%, 18.47% and 35.68%, respectively. The main wear mechanisms for the samples
were abrasive and oxidative wear.
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