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Abstract: In this work, the microstructure, hardness, tensile and yield strength, and wear
resistance of X210CrW12 steel are examined in relation to the impacts of deep cryogenic
treatment. In order to achieve this, deep cryogenic treatment at —180 °C was applied to
X210CrW12 steel samples for 12, 18, 24, and 36 h following quenching. Following the
cryogenic treatments, a tempering heat treatment was applied to the samples at 300 °C
for two hours. Experimental results showed that deep cryogenic treatment significantly
improved the mechanical properties of X210CrW12 steel. The best mechanical properties
were obtained after applying deep cryogenic treatment for 24 and 36 h. The cryogenic
treatment showed the most dominant effect on wear resistance. As a result of the wear tests
performed with the pin-on-disk method, it was determined that the wear rate of the sample
subjected to cryogenic treatment for 36 h was 59.37% less than that of the conventionally
hardened sample. The deep cryogenic treatment applied for 36 h provided the highest
hardness increase of 12.06%. Compared to the conventionally hardened sample, the tensile
and yield strength in the steel subjected to deep cryogenic treatment for 24 h is up to
11.02% and 11.35% higher. As a result of microstructural analysis, it was determined that it
provides cryogenic new carbide precipitation, increases carbide density, and provides a
more homogeneous carbide distribution.

Keywords: X210CrW12 steel; deep cryogenic treatment; holding time; microstructure;
hardness; wear resistance

1. Introduction

Cryogenic treatment is a heat treatment process that involves cooling the material and
is applied to improve the mechanical properties of materials, complementing traditional
heat treatment. Samples undergoing deep cryogenic treatment are progressively cooled to
cryogenic temperatures between —125 °C and —196 °C, maintained there for predetermined
amounts of time, and then gradually warmed back up to the surrounding temperature.
In this approach, the materials’ mechanical characteristics are enhanced and austenite is
transformed into martensite [1], fine carbide particles are formed, and the carbide particles
are distributed uniformly [2,3]. It is possible to come across two different theories in the
literature to explain carbide precipitations. The first of these can be explained as the carbon
atoms jumping from the martensite matrix to dislocations, twinning, and other defects as a
result of the contraction of the martensite matrix during deep cryogenic treatment and the
formation of new carbide nucleation regions in these regions during the tempering process.
In addition, this situation causes the tetragonality of the body-centered tetragonal structure,
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which is the crystal lattice structure of martensite, to decrease, and thus the internal stresses
of the material decrease [4,5]. The second theory can be explained as the formation of
carbides in the dislocation gaps due to the dislocation movements in the austenite and
martensite structures. The dislocation mobility in the internal structure occurs as a result of
the transformation of austenite to martensite and the local plastic deformation that occurs
due to the volume difference resulting from this phase transformation. Plastic deformation
forces the dislocations to move, bringing the carbon atoms together in the dislocation
gaps. The carbon atoms in the dislocation gaps form nucleation regions for the hard
carbide structures before tempering [5,6]. Cryogenic treatment significantly influences the
characteristics of freshly formed martensite, which, when tempering, precipitates carbide
particles, consequently increasing both toughness and wear resistance. Improved wear
resistance in steels is due to the precipitation of fine carbides during cryogenic treatment [4].
The formation of high carbide contraction will increase wear resistance, reduce friction, and
improves resistance [4,7]. A more homogeneous carbide distribution can be achieved in
the microstructure of tool steels due to the secondary carbides precipitated after cryogenic
treatment and tempering [5,7].

Cryogenic treatment has different application conditions, such as cryogenic treatment
holding temperature, holding time, and cooling rate. Chen et al. [8] reported in their
study using 51CrV4 spring steel that, considering the overall performance in hardness,
impact toughness, and wear resistance, cryogenic treatment holding time had the most
significant effect on performance, with a contribution rate of 49.01%. They found that
this was followed by cooling rate, with 27.74%, the next most prominent effect was the
number of cryogenic treatment cycles, with 18.85%, and the lowest effect was the cryogenic
treatment temperature, with a rate of less than 5%. In another study, Darwin et al. [9]
optimized the cryogenic treatment parameters applied on SR34 martensitic stainless steel
using the Taguchi method to obtain maximum wear resistance. As a result of the study, they
showed that the most important cryogenic treatment parameter is the holding temperature,
with a rate of 72%, the second most important factor is the holding time, with a rate of 24%,
and the third important factor is the cooling rate, with a rate of 10%. The wear resistance
and hardness value of AISI D5 steel that had been cryogenically treated and untreated were
examined by Yan et al. [10]. The results were interpreted as follows: cryogenic treatment
increases hardness and wear resistance by reducing residual austenite. Tool steels of types
M390 and M398 made using powder metallurgy—HIP techniques were also the subject of
Studeny et al. [11]. Compared to the M390 material, the M398 material demonstrated a wear
reduction of almost 400%. A cryogenic quench to —78 °C and a tempering temperature of
400 °C made up the optimal HT. Deep cryogenic heat treatment considerably decreased
residual austenite in AISI D2 cold tool steels, and secondary carbides exhibited precipitation
behavior, according to Das et al.’s study [12]. With cryogenic heat treatment, it was found
that the hardness rose. They concluded that cryogenic heat treatment greatly enhanced
AISI D2 cold tool steel’s wear resistance. However, the rate of increase varied according to
the applied load.

In their study on AISI M2 steel, Li et al. [13] applied cryogenic treatment for 1, 4,
12, and 24 h (—120 °C) and reported that the highest hardness increase was obtained in
the sample that was cryogenically treated for 24 h at the end of the study. Parcianello
et al. [14] applied deep cryogenic treatment on AISI M2 tool steel for 20 and 28 h. The
study reported that cryogenic treatment increased wear resistance and impact durability
simultaneously. Higher wear resistance was achieved with the cryogenic treatment applied
for 28 h. AISI H11 steel was subjected to cryogenic treatment by Katoch et al. [15] at two
distinct temperatures (—154 °C and —184 °C) and for three different holding periods (6 h,
21 h, and 36 h). The sample that underwent a 6 h deep cryogenic treatment at —184 °C had
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the highest measured hardness, but a 36 h cryogenic treatment at —154 °C produced the
highest measured toughness. The sample that underwent cryogenic treatment at —154 °C
achieved the maximum tensile strength after 21 h of treatment. The tensile strength of other
cryogenically treated samples was found to be lower than that of the untreated sample.
The impact of cryogenic treatment on the mechanical and microstructural characteristics of
AISI 430 stainless steels was investigated by Senel et al. [16]. Following conventional heat
treatment, the samples were stored for 12, 24, 36, and 48 h of deep cryogenic treatment at
—140 °C. The samples that underwent cryogenically treated conditions for 24 h and 48 h,
respectively, yielded the highest yield strength and tensile strength as a consequence of the
research. Singh and Pandey [17] applied deep cryogenic treatment on Nimonic-90 steel for
24 and 48 h and found that up to 53% higher hardness was obtained after the deep cryogenic
treatment applied for 48 h. Das et al. [18] employed cryogenic treatment at various holding
durations (1, 12, 36, 60, 84, and 132 h) at —196 °C to ascertain the ideal holding period for
AISI D2 steel that has undergone cryogenic treatment to provide maximal wear resistance.
The study’s findings showed that samples that had a 36 h cryogenic treatment had the
best wear resistance. Ti-6Al-4V alloy’s hardness and wear resistance were examined by
Gu et al. [19] in relation to the effects of cryogenic treatment. In this investigation, 3, 48,
and 72 h were dedicated to the deep cryogenic treatment. The sample subject to 72 h of
cryogenic treatment achieved the greatest levels of hardness and wear resistance.
Although it is generally reported in the literature that more advanced mechanical
properties are obtained with a longer cryogenic treatment holding time, there are also
studies reporting that cryogenic treatment improves mechanical properties up to a certain
period of time, but has no effect or causes a decrease in mechanical properties for longer
periods. It turns out that different results are obtained depending on the type of steel
used and the conditions for applying the cryogenic treatment. Tool steel, widely known
as medium- to high-carbon or alloy steel, is used to manufacture tools, dies, or molds for
cutting or shaping metal or non-metal materials due to its special characteristics of high
hardness, wear resistance, and deformation resistance. Research and development of the
tribological behavior of tool steels is of great significance [11,20-22]. While there are studies
on the mechanical and microstructural behavior of X210CrW12 tool steel under different
heat treatment conditions, no study investigates the effects of deep cryogenic treatment
holding times. This study, conducted to close this gap in the literature, is believed to
contribute significantly to the literature. This work examined the impact of holding periods
and deep cryogenic treatment on the mechanical and microstructural characteristics of
X210CrW12 steel. Following quenching treatment, deep cryogenic treatment was applied
to the steel samples at —180 °C for 12 h, 18 h, 24 h, and 36 h, and then all samples were
tempered at 300 °C for 2 h. Following these heat treatments, the steel samples were
compared by subjecting them to hardness measurement, tensile tests, and wear tests. In
addition, all samples were evaluated microstructurally, and the best cryogenic treatment
holding time was determined for X210CrW12 steel to gain superior mechanical properties.

2. Material and Methods

In this research, X210CrW12 steel, which is a cold work steel with a ledeburitic
structure and 12% chromium, was used as the material. According to the spectral analysis
result, the chemical composition of the steel is 2.28C-11.58Cr-0.14V-0.24Mo-0.4Mn-0.255i-
0.59W (w%). The dimensions of the samples prepared for microstructural and mechanical
tests are shown in Figure 1. After being maintained at 920 °C for 25 min, X210CrW12
steel samples were quenched. After quenching, the steel samples were subjected to deep
cryogenic treatment at —180 °C for 12, 18, 24, and 36 h using the device whose schematic
view and photograph are given in Figure 2. A heating and cooling rate of 2 °C/min was
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used during heat treatment. Following deep cryogenic treatment, steel samples were
exposed to a 2 h tempering heat treatment at 300 °C. The steel sample heat treatments are
shown in Figure 3. Figure 4 illustrates the experimental methodology used in this work.
The tests were performed independently on each steel sample, as the flow chart shows.
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Figure 1. Dimensions of test samples (mm), (a) tensile test, (b) microstructural analysis, (c) hardness
test, and (d) wear test.
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Figure 2. Cryogenic treatment setup: (a) schema of cryogenic setup; (b) photograph of cryogenic setup.
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Figure 3. Details of heat treatments.
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Figure 4. Overall methodology.

Samples were etched with Murakami solution (KsFe(CN)s and KOH) for microstruc-
tural investigation. A Quanta FEG 250 model (FEL, Hillsboro, OR, USA) scanning electron
microscope was used to capture pictures of the microstructure, worn surfaces, and fracture
surfaces. In addition, an image processing analysis program was used to determine the
amount of carbide in steel samples subjected to different cryogenic treatments. Microstruc-
ture SEM images and SEM images after tensile tests were taken under an acceleration
voltage of 20.00 kV, spot size of 3.0, magnification of 5000 x, and SE mode. SEM images of
worn surfaces were taken at 1000 x magnification with other conditions being the same.
X-ray diffraction (XRD) analysis was applied to determine the phase identification of the
alloys using Cu/K-alphal radiation operated at a voltage of 40 kV and a current of 30 mA.
Vickers microhardness measurements were determined on a Metkon Duroline M (Metkon
Instruments, Gebze, Turkey) device by applying a 500 g load for 20 s. The samples’ Vickers
hardness levels were ascertained by averaging five distinct measurements. Tensile tests
were carried out in three repetitions with a 50 t Besmak device (Besmak, Istanbul, Turkey)
according to ASTM E-8 standards [23]. Wear tests were performed according to the ASTM
G99 standard [24]. A computer-controlled TRD Wear pin disk device was used to conduct
the wear testing. During testing, the pin (i.e., specimen) was kept stationary and the circular
disk was rotated. The pin material was X210CrW12, and the counter-face rotating disk
was made of AISI 52100 (0.99C-0.35Mn-0.245i-0.0055-0.009P-1.42Cr-Bal.Fe, wt.%). The disk
specimen had a diameter of 100 mm and a thickness of 10 mm. The pin samples had a
diameter of 5 mm and a length of 10 mm. The revolving disk’s counter face had a wear
track diameter of 32 mm. The wear tests were performed with a 30 N force, at a speed of
0.75m/s, and over a 900 m sliding distance. There was one way for the load to go, and
no lubrication was utilized. The mass loss in samples determined the wear rate. No steps
were taken prior to the samples being weighed. Equation (1) was used to obtain the wear

rates (Ws) [25].
Am

WS:prxF

)

In this formula, Am = mass loss (gr), L = distance of sliding (m), p = density (gr/ mm?),
and F = normal load (N).
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3. Results and Discussion

The XRD analysis findings of the QT and QDCT(36)T steel samples are displayed in
Figure 5. As shown in Figure 5, both heat treatments often result in phase peaks at the same
26 degrees. The microstructure of steel samples exhibits the presence of M3C, M;C3, and
austenite phases, as shown by XRD examination.
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Figure 5. XRD analysis of heat-treated X210CrW12 steel samples.

Figure 6 shows the microstructure images of deep cryogenically treated steel samples
at different holding times. In the microstructure images taken with SEM, the carbide
grains in all samples are clearly visible in dark color. The first thing that stands out in
the images is the microstructure with a more homogeneous carbide distribution after
the cryogenic treatment. It is seen that carbide grains are more dense in certain regions
in the microstructure of the untreated sample. Temperature decreases during cryogenic
treatment, leading to lattice distortion and thermodynamic instability of martensite. Hence,
carbon and alloying elements migrate to the nearby defects and segregate, forming fine
carbides during tempering. The formation of high carbide contraction will increase wear
resistance, reduce friction, and improve resistance [4,7]. Cryogenically treated samples
had smaller sizes and higher carbide concentrations than untreated samples. Furthermore,
all cryogenically treated samples had a more uniform carbide distribution. This indicates
that the X210CrW12 steel undergoes carbide precipitation and a more uniform carbide
dispersion as a result of the cryogenic treatment. M;C3 (large grains) and M3C (small
grains) carbides are shown in the microstructure images. This was confirmed by EDS
analyses (Figure 7). The M3C carbides in the SEM photos were identified by EDS analysis
as having more Fe than Cr and a tiny amount of W and Mo. EDS analysis performed on
the bigger carbides further validated the M;C3 carbide, which includes more Cr than Fe.
Fe-rich carbide M3;C (Points 1, 3, 5, 7, and 9) has an orthorhombic crystal structure. The
crystal structure of M;C3 (Points 2, 4, 6, 8, and 10) is hexagonal. It is a Cr-rich carbide. It is
seen in steels with only modest concentrations of other carbide-forming alloying elements
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and moderate to high Cr content [26]. The carbide amount of steel samples subjected
to different cryogenic treatments was determined through the image processing analysis
program, and the results are presented in Figure 8. Figure 8 reveals that the cryogenic
process provided carbide precipitation in the microstructure of X210CrW12 steel. While the
carbide amount of the QT sample is 22.66%, it is 23.63%, 23.66%, 23.85%, and 24.50% in
the QDCT(12)T, QDCT(18)T, QDCT(24)T, and QDCT(36)T samples, respectively. A denser
amount of carbide was achieved at higher deep cryogenic treatment holding times.

Figure 6. SEM images of different heat-treated X210CrW12 steel samples, (a) QT, (b) QDCT(12)T,
(c) QDCT(18)T, (d) QDCT(24)T, and (e) QDCT(36)T.

When the graph showing the microhardness measurement results is examined, it is seen
that the deep cryogenic treatment increases the hardness of X210CrW12 steel (Figure 9). This
increase in hardness in the steel samples is because the retained austenite phase was
transformed into martensite by the cryogenic treatment [27]. The cryogenic treatment
contributes to wear resistance due to fine n-carbide precipitation rather than the transfor-
mation of retained austenite to martensite [28]. This theory describes that using cryogenic
treatment, coarse and randomly distributed carbide particles are refined into the most
suitable form, called n-carbides, which improves the hardness and wear resistance without
significantly affecting the toughness depending upon the material [29]. A dramatic increase
in the population of n-carbides takes place during cryogenic treatment. These n-carbides
precipitate in a size range up to 10 nm and are responsible for improving wear resistance
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in steel [4,30]. Microstructure images also revealed that the deep cryogenic treatment
provided a denser amount of carbide and a more homogeneous carbide distribution in
the steel samples. In the literature, in studies on 16Cr1Mo1Cu cast iron [31], TC4 titanium
alloy [32], Nimonic-90 [17], EN52 Silchrome valve steel [33], Austempered Ductile Iron [34],
6061 aluminum alloy [35], and 18NiCrMob5 steel [36], cryogenic treatment was used. It
has been shown that it has an effect on increasing hardness. The authors argued that
this situation was achieved thanks to the change in the material’s microstructure with the
cryogenic treatment.

While the hardness of the QT sample was 738.53 HYV, it increased to 827.61 HV after
deep cryogenic treatment. Compared to the QT sample, the hardness of the QDCT(12)T,
QDCT(18)T, QDCT(24)T, and QDCT(36)T samples is higher by approximately 9.22%, 9.68%,
10.56%, and 12.06%, respectively. An increase in the hardness of the steel samples was
observed with increasing cryogenic treatment holding time. A longer cryogenic treatment
holding time resulted in a higher hardness increase. This situation is thought to be related
to the increase in carbide density and more homogeneous carbide distribution as the
cryogenic treatment holding time increases, as seen in the microstructural examination. The
hardness values of the samples subjected to deep cryogenic treatment for 12, 18, and 24 h
are close. In addition, an increase in the hardness values was observed with the increase in
the cryogenic treatment waiting time, albeit slightly. The most significant increase among
the cryogenic treatment samples was obtained in the sample subjected to deep cryogenic
treatment for 36 h. The hardness of the QDCT(36)T sample is approximately 2.59% and
1.35% higher than the QDCT(12)T and QDCT(24)T samples. In the literature, Ozbek and
Ozbek [37] found in their study that after cryogenic treatment, the carbide density in the
microstructure of Sverker 21 steel increased with the increase in the cryogenic treatment
holding time, and a more homogeneous carbide distribution was achieved. It has been
observed that higher hardness is achieved by applying cryogenic treatment for longer. After
deep cryogenic treatment was applied for 2, 18, and 36 h, a hardness increase of 11.75% was
reported in 36 h. Singh and Pandey [17] applied deep cryogenic treatment on Nimonic-90
steel for 24 and 48 h and found that up to 53% higher hardness was acquired after the
deep cryogenic treatment was applied for 48 h. Yildiz and Altan Ozbek [38] applied deep
cryogenic treatment on X17CrNil6-2 steel for 12, 18, and 36 h and achieved the highest
hardness at 36 h, which is the longest holding time. Deep cryogenic treatment performed
for 12 h produced more increased hardness, according to Kumar et al.’s [39] study, in which
AISI D3 steel was subjected to the treatment for 12, 24, and 36 h. Amini et al. [40] applied
deep cryogenic treatment on 1.2080 tool steel for 24, 36, 48, 72, 96, and 120 h and found
that the hardness reached the maximum at the 36 h holding time. Hard rock cutting bits
composed of tungsten carbide—cobalt (WC-Co) were subjected to deep cryogenic treatment
by Chinnasamy et al. [41] at —196 °C for 12, 18, 24, 30, and 36 h. According to the deep
cryogenic-treated wood’s mechanical characteristics, the hardness initially strengthened
for up to 24 h (52.49%).

When the graph showing the wear rates of steel samples as a result of the wear test is
examined, it is seen that all samples with cryogenic treatment wear less than the untreated
sample (Figure 10). This is explained by the cryogenic treatment’s ability to change the
remaining austenite phase into martensite, which results in new carbide precipitation and
a more uniform carbide distribution. Temperature decreases during cryogenic treatment,
leading to lattice distortion and the thermodynamic instability of martensite. Hence, both
carbon and alloying elements migrate to the nearby defects and segregate, forming fine
carbides during tempering. The precipitated carbides reduce the internal tension of the
martensite and minimize microcrack susceptibility, while the uniform distribution of fine
carbides of high hardness enhances the wear resistance [4,7]. Generally, the harder a steel,
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the higher its wear resistance. The results presented in this study confirm this situation.
AISI M2 tool steel underwent deep cryogenic treatment by Parcianello et al. [14]. According
to the study, cryogenic treatment improved impact durability and wear resistance. Chen
et al. [8] found that cryogenic treatment significantly increased the wear resistance of
51CrV4 steel. According to them, there was a 43.32% reduction in wear mass loss after the
cryogenic treatment.

(a) E

Point 1 Point 2

keV  1.00 2.00 3.00 4.00 5.00 6.00 7.00 keV  1.00 2.00 3.00 4.00 5.00 6.00 7.00

keV 1.00 2.00 3.00 4.00 500 6.00 7.00 keV 1.00 2.00 3.00 4.00 5.00  6.00 7.00

©) Fe
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(d) A :
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F;
(e) Point 9 n

keV 1.00 200 300 4.00 500 6.00 7.00 keV 1.00 200 3.00 4.00 5.00  6.00  7.00

Figure 7. EDS analyses of different heat-treated X210CrW12 steel samples, (a) QT, (b) QDCT(12)T,
(c) QDCT(18)T, (d) QDCT(24)T, and (e) QDCT(36)T.
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Figure 10. Different heat-treated X210CrW12 steel samples” wear rate change graph.
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More wear resistance was produced by longer holding times for cryogenic treatment.
Compared to the only quenched sample, the wear rate of the samples subjected to deep
cryogenic treatment for 12 h, 18 h, 24 h, and 36 h is approximately 31.25%, 40.62%, 53.12%,
and 59.37% lower, respectively. As seen in the microstructural examination, this situation is
thought to be related to the increase in carbide density and more homogeneous carbide
distribution with longer cryogenic treatment holding time. All these changes in the mi-
crostructure increase the hardness of the steel, which in turn increases wear resistance.
It has been stated in the literature that higher carbide content may cause a decrease in
wear resistance in some cases. Kumar et al. [42] emphasized in their study that when the
abrasive Vibenite 480 (higher carbide content, less binder phase) was observed to break
down, the carbide loss became more intense under dry erosion conditions at higher speeds,
which caused a decrease in wear resistance. After a certain degree of increase in the carbide
density in the material, it may tend to decrease and cause a third body effect or, if not, a
burying effect, which can significantly change the wear mechanisms. However, in this
study, the sample with a higher carbide content was less worn. In the literature, Li et al. [13]
reported that the highest wear resistance after cryogenic treatment (—120 °C) applied to
AISI M2 steel for 1, 4, 12, and 24 h was obtained in the sample that was cryogenically treated
for 24 h. In another study, Ozbek and Ozbek [37] found that, after cryogenic treatment,
the carbide density in the microstructure of Sverker 21 steel increased with the increase
in the cryogenic treatment soaking time and a more homogeneous carbide distribution
was achieved. It has been observed that higher hardness and wear resistance are obtained
by applying cryogenic treatment for longer. After deep cryogenic treatment is applied to
Sverker 21 steel for 2, 18, and 36 h, the wear rate is 64% lower in the more extended holding
period of 36 h. In their study, Gu et al. [19] applied deep cryogenic treatment to Ti-6Al-4V
alloy for three periods, 3 h, 48 h, and 72 h, and achieved the highest wear resistance in 72 h.
Das et al. [18] carried out cryogenic treatment at —196 °C with various holding durations
(1,12, 36, 60, 84, and 132 h) to ascertain the ideal holding period for the highest level of
wear resistance in AISI D2 steels treated cryogenically. The study’s findings showed that
samples treated for 36 h at low temperatures produced the highest wear resistance.

Figure 11 shows the change in the coefficient of friction (COF) sliding distance after
cryogenic treatment. It is clear that the COF for the QT and QDCT(12)T samples exhibited
significant fluctuations. However, with longer cryogenic treatment, the COF gradually
stabilized, indicating an increase in the wear resistance of the steel sample to some extent.
The periodic fluctuations in the COF can be attributed to the oxidation of the surface due to
the heat generated during the friction process and the resulting formation of a smooth oxide
film [43]. It was observed that the non-cryogenic treated (QT) sample gave the highest
COF value, with an average friction coefficient value of 0.67. The lowest COF value was
observed in the QDCT(36)T sample, with 0.49. After this sample, the lowest COF value was
observed in the QDCT(12)T sample, which was 0.57. It was observed that the COF values
of the QDCT(18)T and QDCT(24)T samples were quite close, at 0.62 and 0.61. In general, it
is understood that cryogenic treatment causes a decrease in the friction coefficient.
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Figure 11. Different heat-treated X210CrW12 steel samples’ coefficient of friction change graph.

Following wear testing, the worn surfaces of the steel samples are depicted in SEM
pictures in Figure 12. On the worn surfaces of every sample, layers of adhesive delamination
and plastic deformation are visible. As the test sample slides across the disk, material
flakes are drawn from the surface in the adhesive delamination process. All of the samples’
worn surfaces developed oxide layers over time. The oxide layer is thought to function
as a protective layer, slowing down the rate of wear of the steel [44-46]. Kursuncu [47]
made a similar argument in his research, saying that wear resistance is positively impacted
by oxidation on the worn surface. EDS analyses performed on the worn surfaces, shown
in Figure 12, revealed the formation of oxide layers. The composition of the oxide layers
includes Fe in amounts ranging from 63.92% to 70.89% and O in amounts ranging from
11.60% to 14.84%. In addition, linear EDS analysis (Figure 13) and EDS elemental mapping
(Figure 14) performed on the worn surface of the QT sample also revealed the presence of
oxide formations on the surface. On the other hand, EDS elemental maps also revealed the
homogeneous distribution of elements on the surface. The SEM pictures demonstrate the
formation of microcracks and microcavities in the QT sample. The early-stage fractures and
voids will probably spread quickly, which will cause wear to develop even more. As a result
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of producing a more uniform and smaller carbide distribution, the cryogenic treatment
appears to be crucial in strengthening the microstructure and inhibiting the formation
of fractures. Furthermore, the transformation of leftover austenite into martensite inside
the microstructure might be the cause of this behavior [28]. Figure 15 shows 3D optical
profilometry images of worn surfaces. In the 3D images, wear marks and the depth of
worn surfaces are clearly visible. The formation of an oxidation layer on the worn surfaces
of the samples had a positive effect on wear. In general, the 3D images of the worn
surfaces of all samples (except QDCT(12)T) exhibit similar characteristics. Clear peaks
formed on the surfaces of all samples, but the highest peaks were in the sample without

cryogenic treatment.
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Figure 12. SEM pictures of several heat-treated X210CrW12 steel samples” worn surfaces, (a) QT,
(b) QDCT(12)T, (c) QDCT(18)T, (d) QDCT(24)T, and (e) QDCT(36)T.
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Figure 13. Linear EDS elemental analysis of the worn surface of the QT sample.

The most often measured and reported parameter in tension test results is tensile
strength. Tensile strength refers to the highest load ductile metals can support when
subjected to severely limited uniaxial loading conditions. There is minimal correlation
between this value and the structural members’ usable strength [48]. Figure 16 shows the
change in tensile and yield strengths of steel samples subjected to deep cryogenic treatment
for different periods. While the lowest tensile strength was seen in the QT sample, cryogenic
treatment caused an increase of approximately 11% in the tensile strength and yield strength
of X210CrW12 steel samples. Although the strength values of all deep cryogenically treated
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Figure 15. Three-dimensional optical profilometry images of worn surfaces, (a) QT, (b) QDCT(12)T,
(c) QDCT(18)T, (d) QDCT(24)T, and (e) QDCT(36)T.
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Figure 16. Tensile strength and yield strength change graphs of different heat-treated X210CrW12
steel samples.

When comparing cryogenic treatment of 815M17 steel to conventional heat treatment,
Bensely et al. [48] revealed a little drop in tensile strength following cryogenic treatment;
however, Sonia et al. [49] discovered that cryogenic treatment enhanced the tensile and
yield strength of A16082 aluminum alloy. Ozbek [50] found that deep cryogenic treatment
applied on Al 7050-T7451 alloy increased the tensile strength of the alloy by 17.36% to
43.23%. The cryogenic treatment applied for 24 h resulted in the greatest improvement in
tensile strength among the deep cryogenic treatments carried out for 6 h, 12 h, 18 h, and
24 h. Y1ldiz and Altan Ozbek [38] determined that cryogenic treatment applied for 12 h,
24 h, and 36 h increased the tensile strength of X17CRNI16-2 steel. They found that a higher
tensile strength was obtained with an increase in cryogenic treatment holding time of up
to 36 h. Kumar et al. [51] found that cryogenic treatment applied to a Bisphenol-based
Polymer Composite for 24 and 72 h increased the tensile strength, and a higher tensile
strength was obtained with a longer holding time.

To analyze the mechanisms of the tensile property change of X210CrW12 steel after
cryogenic treatment, the tensile fracture morphology was examined (Figure 17). The mor-
phology of tensile fracture of all samples indicates that intergranular ductile fracture and
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transgranular ductile fracture occurred. Red arrows indicate intergranular and transgranu-
lar cracks. Intergranular ductile fracture occurs if microvoids form at the grain boundaries
between grains. It is a high-energy fracture type. In transgranular ductile fracture, the
bond between the voids within the grains becomes thinner and breaks, and the crack
spreads. It is a high-energy fracture. The morphologies of the tensile fractures show the
formation of small holes (indicated by yellow arrows), which also indicate ductile fracture.
These surfaces have few small pits and many fracture planes and torn edges with local

plastic deformation.

Figure 17. SEM images of the fracture surfaces after tensile tests of different heat-treated X210CrW12

steel samples (red arrows: intergranular and transgranular cracks; yellow arrows, small holes
indicating ductile fracture), (a) QT, (b) QDCT(12)T, (c) QDCT(18)T, (d) QDCT(24)T, and (e) QDCT(36)T.

4. Conclusions

In this investigation, X210CrW12 steel underwent deep cryogenic treatment at —180 °C
for 12, 18, 24, and 36 h following quenching. All samples were subsequently tempered
for two hours at 300 °C. As a result of these processes, mechanical and microstructural
changes of X210CrW12 steel were examined. The following conclusions can be drawn from
the present work:
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1.  The investigation results showed that X210CrW12 steel had microstructural changes
due to deep cryogenic treatment. Both new carbide precipitation and more uniform
carbide dispersion were produced by deep cryogenic treatment. It was shown that
after the deep cryogenic treatment was administered for 36 h, a more intense carbide
content developed.

2. Compared to the quenched sample, the hardness of X210CrW12 steel increased during
deep cryogenic treatment, ranging from 9.22% to 12.06%. The sample that underwent
a 36 h deep cryogenic treatment had the maximum hardness.

3. The wear tests revealed that the deep cryogenic treatment improved X210CrWw12
steel’s wear resistance. There was less wear on the sample that was subjected to a
lengthier deep cryogenic treatment. The sample that underwent a 36 h deep cryogenic
treatment had a wear rate of 59.27% less than the quenched sample.

4.  Plastic deformation and adhesive delamination layers developed on the steel samples’
worn surfaces. Furthermore, oxide coatings formed on all of the samples” worn
surfaces over time. The QT sample developed microcracks and microvoids as a result
of the wear test.

5. Deep cryogenic treatment increased the yield and tensile strength values of X210CrW12
steel at varying rates of up to 11%. The highest tensile strength and yield strength
were obtained in samples subjected to deep cryogenic treatment for 24 h.
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