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The present study investigated the influence of deep cryogenic treatment (DCT) on the microstructure
evolution and wear resistance of Cr12MoV die steel. Four types of heat treatments (quenching + tempering
(QT), quenching + DCT (QC), quenching + DCT + tempering (QCT) and quenching + tempering + DCT
(QTC)) were utilized to obtain different microstructure and mechanical properties. The hardness, impact
toughness, weight loss, frictional coefficient, volume fraction of retained austenite (RA), secondary nano-
metric carbides (SNC) and worn surface morphology were investigated in detail to discuss the relation
between microstructure evolution and wear mechanism changes induced by DCT. The results show that the
precipitation of SNC has less effect on hardness than the decrease of carbon content in martensite that
caused by DCT and tempering. The principal reason for the high hardness and low toughness without
tempering is the high carbon content in martensite. The RA volume fraction has greater effect on the
hardness and toughness in condition of tempering. Four types of wear cracks (matrix cracks, boundary
cracks, extension cracks and carbide cracks) were identified for the analysis of worn surface morphology.
When the matrix hardness is high and RA volume fraction is relatively low, the wear cracks were mainly
carbide cracks and extension cracks, accompanied by a few of boundary cracks. When the matrix hardness
is low and the RA volume fraction is relatively high, the wear cracks were mainly matrix cracks, accom-
panied by some boundary cracks and extension cracks. DCT affects the wear mechanism of Cr12MoV die

steel by facilitating the transformation of RA and the precipitation of SNC.

Keywords deep cryogenic treatment, hardness, impact toughness,

wear resistance

1. Introduction

Cr12MoV die steel is widely used in the field of mechanical
manufacturing (Ref 1). In high carbon content steels, the finish
temperature of martensite is below 0 °C, which means some
austenite named ‘‘retained austenite” is retained after the
conventional heat treatment (Ref 2). Some problems could be
appeared during the service process as the RA could be
transformed into martensite which is more brittle than the
tempered one (Ref 3). DCT is a form of heat treatment
technology (Ref 4, 5) with simple application (Ref 6), cost-
effective (Ref 7) and positive effect on the reduction of RA (Ref
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8-10), hardness (Ref 11-15) and wear resistance (Ref 16-18).
DCT is so important for a lot of fields, such as materials science
(Ref 19, 20), medicine (Ref 21), the fuel and energy sectors
(Ref 22) and steel industries (Ref 23, 24). The microstructural
evolution that caused by DCT is considered as: a more
homogenous microstructure (Ref 25, 26), precipitation of finer
carbides (Ref 27, 28), transformation of RA into martensite
(Ref 29, 30), the specific orientation of newly formed
martensite laths (Ref 31), formation of finer martensite laths
(Ref 32), various oxidation dynamics (Ref 33) and chemical
shifts of alloying elements on the surface (Ref 27). However,
despite extensive researches conducted by lots of scholars in
the past few years, the mechanisms for the powerful impact by
DCT, especially the significant improvement in wear resistance,
are still not fully understood.

Some theories were proposed to explain the effect of DCT
on microstructure and mechanical properties. The most popular
theory claims that the structure contraction that caused by the
low temperature induces the precipitation of small secondary
carbides. Due to the contraction coefficients of martensite and
RA are different, the carbon atoms would jump to the adjacent
dislocations under the state of high contraction and act as a
nucleation site for the future carbide during tempering (Ref 34).
A newer theory claims that the transformation of RA is caused
by the plastic deformation of original martensite. The plastic
deformation leads to dislocations that can capture immovable
carbon atoms, forming carbon clusters that serve as nucleation
points during subsequent tempering processes to form carbides
(Ref 35, 36). Another theory was postulated by some
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researchers (Ref 26, 37) that DCT improves the driving force of
carbide nucleation by reducing the lattice energy and promoting
the transformation of RA to form finer martensite, which jointly
leads to the finer carbides and increased precipitation. On the
contrary, Gavriljuk et al. (Ref 38) considered that the nucleation
of carbide occurs as the direct plastic deformation of martensite
during DCT. Antony et al. (Ref 39) explained that the
supersaturation of martensite improves the thermodynamic
instability and lattice distortion during DCT, which facilitates
the migration of alloying and carbon atoms toward adjacent
crystal defects.

As outlined above, researches about DCT mainly concen-
trated on the microstructure changes correspondence with
mechanical properties. The changes in wear mechanism caused
by DCT are not fully understood yet. Changing the duration
time of DCT or the sequence of DCT and tempering is an
effective method to obtain different microstructures and wear
resistance (Ref 40-45). For the first time, four different heat
treatments (QT, QC, QCT, and QTC) were used to obtain
various microstructure and mechanical properties of Cr12MoV
die steel in this work. The microstructure and worn surface
morphology was investigated in detail by Zeiss Lsm700 laser
scanning confocal microscope (LSCM) and Zeiss Ultra 55
scanning electron microscopes (SEM) to discuss the relation
between wear mechanism changes and the microstructure
evolution caused by DCT. Our findings reveal the wear failure
mechanism of Cr12MoV die steel under different microstruc-
tures, which provides a necessary understanding for the
efficient using of DCT on tool steels.

2. Experimental Procedure

The chemical composition of Cr12MoV die steel was
presented in Table 1. DCT was performed by gradually cooling
the samples to — 196 °C and holding them at that temperature
for 6h, then ““air heating” to room temperature. The sequences
and characteristics of the applied treatments were shown in
Table 2.

The hardness, impact toughness and wear resistance tests
were measured at room temperature. The samples for optical
metallography (OM) observation were polished up to 1000
mesh and etching with 4% nital. The Brinell hardness (HB) was
tested by Wilson BH3000 hardness tester at the scale of
HBW10/3000. Five points were tested for each sample to get
the average value. Zwick/Roell 450 J impact tester was used to
measure the impact toughness. The size of the impact specimen
was 10 x 10 x 55 mm with a V-notch and tested at room
temperature. Three parallel samples were measured and the
mean values were taken as the impact absorption energy. The
contents of the RA were tested by PANalytical Empyrean x-ray
diffraction instrument. The relative proportion of martensite
and austenite was calculated by the equation provided in Ref.
(Ref 46). The effect of DCT on friction and wear resistance was

studied by UMT TriboLab friction and wear tester. The
parameter settings of friction and wear test were listed in
Table 3. LSCM and SEM were utilized to characterize the worn
surface morphology. The elemental contents of various phases
were measured by the energy dispersive x-ray spectroscopy
(EDS) system of SEM.

3. Results and Discussion

3.1 Microstructure Evaluation

Figure 1 depicts the OM maps of HT1-4 samples subjected
to different heat treatment sequences. It is obvious that three
phases (martensite, RA and carbides) are presented in the
samples, as described by Yildiz (Ref 47). The implementation
of DCT had a noticeable influence on the microstructure,
promoting the transformation of RA into martensite. Figure 2
shows the x-ray diffraction of HT1-4 samples. The volume
fraction of RA was estimated based on ASTM standard, taking
into account the diffraction crystal planes (1 1 1), (2 00), (2 2
0) of austenite and (0 1 1), (0 0 2), (1 1 2) of martensite (Ref
48). The results of the measured RA volume fraction were listed
in Table 4. Any form of DCT reduces the RA volume fraction
of Crl2MoV die steel. These results are consistent with
previous studies, as the decrease of RA volume fraction
typically reported when applying DCT (Ref 35, 49-52). It was
found that tempering was a good method for the transformation
of RA into martensite after DCT by comparing the results of
HT2 and HT3. The type of QCT leads to the least RA volume
fraction (2%) in this study. The method of DCT has an obvious
effect on the RA volume fraction. For HT2 and HT3 samples,
which were subjected to cryogenic treatment directly after
quenched, a higher volume of retained austenite (RA) was
observed in comparison to HT4 sample which was tempered
first. This phenomenon is due to the stabilization of austenite
during the tempering process (Ref 53). Austenite stabilization
reduces the volume fraction of RA that can be transformed by
DCT. These remaining RA still cannot be fully transformed,
even after second tempering. It indicates that Cr12MoV die
steel has a minimum inherent RA content, which cannot be
converted through traditional heat treatment. This is consistent
with the viewpoint of Li et al. (Ref 52) who also expressed the
inherent RA content after tempered. Cryogenic treatment not
only promotes the reduction of RA (Ref 54) and the increase of
martensite, but also increases the amounts of fine secondary
carbides. As mentioned above, microstructure of HTI1-4
samples consists of martensite, RA, and carbides, shown as
Fig. 1. The x-ray diffraction patterns (Fig. 2) show that the
carbides present in matrix are M,Cs;. The EDS analysis of
carbides and the matrix is illustrated in Fig. 3. The results
suggest that the identified carbides are chromium carbides.
There are three kinds of chromium carbides with different
morphologies: quite large primary carbides (red circle), sec-
ondary micrometric carbides (green circle) and SNC (blue

Table 1 Chemical compositions of the Cr12MoV die steel used in this study

Elements C Si Mn Cr

Mo \% P S Fe

wt, % 1.51 0.28 0.37 12.0

0.53 0.29 0.008 0.005 Bal.
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Table 2 Heat treatment sequences of Cr12MoV die steel used in this study

Sample Processing sequences

HT1 Austenitizing at 1030 °C for 20min, followed by air quench Tempering at 200 °C for 2h

HT2 Austenitizing at 1030 °C for 20min, followed by air quench DCT at — 196 °C for 6h

HT3 Austenitizing at 1030 °C for 20min, followed by air quench DCT at — 196 °C for 6h Tempering at 200 °C for 2h
HT4 Austenitizing at 1030 °C for 20min, followed by air quench Tempering at 200 °C for 2h DCT at — 196 °C for 6h

Table 3 Parameter settings of the friction and wear experiment in this study

Friction pair Friction pair Friction Friction Test Test
Test standard Test form material size velocity frequency time Temperature
ASTM G133-  Reciprocating Si3Ny 9.525mm 24 mm/s 3Hz 3600s 26 °C
02

Fig. 1 OM maps of the Cr12MoV die steel after different heat treatment: (a) HT1 sample (b) HT2 sample (c) HT3 sample (d) HT4 sample

circle) distributed in the matrix of the HT1-4 samples (Fig. 1).
Figure 4 shows the EBSD maps of the HT2 samples. Two types
of carbides (Cr,C; and Cry3C4) were existed in the matrix.
Compared with Fig. 1, it is obvious that the type of quite large
primary carbides and secondary micrometric carbides is Cr;Cs.
The type of the SNC is Cry;Cq. The amount and volume
fraction of the SNC in HT3 (Fig. 1c) and HT4 (Fig. 1d) samples
increased significantly compared with HT1 (Fig. 1a) samples.
In addition, the HT3 (Fig. 1c) and HT4 (Fig. 1d) samples show
a more uniform distribution of the SNC than HT1 (Fig. la)
sample. The results are consistent with previous studies (Ref
10, 55) about the influence of DCT on SNC: DCT leads to a
finer, homogeneous and intensive carbide network. Further-
more, compared with HT4 (Fig. 1d) samples, the HT3 (Fig. 1c)
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samples have a higher number of SNC and a more uniform
distribution. However, the volume fraction of the SNC in HT2
(Fig. 1b) samples is less than HT1 (Fig. la) samples. The
morphology and particle size of the large primary carbides and
the secondary micrometric carbides in the HT1-4 samples are
very similar. This is related to the forming mechanism of
carbides. The primary carbides are precipitated from the liquid
phase during the solidification process. The morphology and
volume fraction of primary carbides remain largely unaffected
by subsequent quenching and heat treatment. The secondary
micrometric carbides are precipitated from matrix during
quenching and cooling. Their morphology and volume fraction
are almost only affected by quenching temperature and cooling
rate. Therefore, the morphology and volume fraction of the
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Fig. 2 The x-ray diffraction of the HT1-4 samples after different
heat treatment

Table 4 The volume fraction of RA, hardness and
impact toughness of the test steel

RA volume fraction, Hardness, Impact
Sample % HBW toughness, J
HTI 13 677 4.8
HT2 7 773 2.4
HT3 2 712 39
HT4 9 688 4.1

primary and secondary micrometric carbides of HT1-4 samples
are almost the same.

The precipitation of SNC is influenced by the tempering and
DCT processes. Martensite is a supersaturation solid solution of
carbon atoms in o-Fe. Carbon atoms bear great compressive
stress in the lattice. During the quenching process, due to the
thermal stress and the transformation of austenite to martensite,
a strong internal stress state is generated. The thermal stresses
cause a great amount of structural defects and make carbon
supersaturated martensite unstable. Under the thermal stresses,
carbon atoms move toward structural defects through two
mechanisms to form clusters: short-range diffusion mechanism
(Ref 56, 57), or moving with dislocations that capture and
transport carbon atoms (Ref 35). In any case, martensite
decomposition and SNC precipitation occurs during tempering
(Ref 58, 59). Thus, an obvious precipitation of SNC arose on
the multitudinous defects during the first tempering stage, as
shown in Fig. 1a. Compared with HT1 samples, HT2 samples
was subjected to DCT directly after quenching, resulting in
martensite lattice contraction. The lattice shrinkage of marten-
site at cryogenic temperatures was along with plastic deforma-
tion, which captures stationary carbon atoms by the movement
of dislocations (Ref 35). During the DCT, the forced diffusion
of carbon atoms, contributing to the formation of new carbide
clusters, could provide nucleation sites for SNC during the
warming up process.

New carbide clusters acting as nuclear sites for SNC during
the warming up process were formed by the the forced
diffusion of carbon atoms during DCT (Ref 15). As mentioned
before, DCT can decrease the RA volume fraction of Cr12MoV
die steel. The transformation of RA to martensite during DCT

causes additional compressive stress in the lattice, which can
act as a carbide nucleus. Therefore, a small amount of SNC
exists in HT2 samples even without tempering, as shown in
Fig. 1b. Due to the low temperature during DCT, the movement
of dislocations and the diffusion of carbon atoms are difficult.
That is why the number of SNC in HT2 samples is significantly
less than that in tempered samples. The extra carbon clusters
that induced by DCT can also serve as nuclear sites for SNC
during tempering in HT3 samples, leading to the higher volume
fraction of SNC compared with HT1 and HT2 samples. With
the precipitation of SNC and the decomposition of martensite
during tempering, the compressive stress that caused by
quenching and the transformation of RA was released. When
DCT was applied after tempering (HT4), the precipitation of
SNC during DCT was mainly induced by the lattice contraction
and the transformation of RA. Since the existence of tempering
stability, there was more RA in HT4 samples, resulting in lower
amount of SNC than that of HT3 samples.

3.2 Hardness and Impact Toughness

The Brinell hardness results were listed in Table 4. DCT
enhanced the hardness by providing more martensite and
secondary carbides, which is consistent with previous research
(Ref 60). Under the traditional heat treatment conditions, the
hardness of HT1 samples was 677HB. When DCT was applied
instead of tempering after quenching, the hardness of HT2
samples reached 773HB, which was 14.2% higher than that of
HT1 samples. In the case of QCT, the hardness of HT3
saFmples was 712HB, indicating a 7.9% reduction compared
with HT2 samples, but a 5.2% increase when compared with
HT1 samples. Reversing the order of DCT and tempering, the
hardness of HT4 samples was 688HB, which was reduced by
3.4% when compared with HT3 samples and increased by 1.6%
when compared with HT1 samples.

In addition, the DCT samples (HT2-4) of Cr12MoV die steel
showed significant lower impact toughness than the traditional
heat treatment samples (HT1), shown as Table 4. Under the
traditional heat treatment processes, the impact toughness of
HT1 samples was 4.8]. When DCT was applied instead of
tempering after quenching, the impact toughness of HT2
samples decreased to 2.4J, which was reduced by 50%
compared with HT1 samples. In the case of QCT, the impact
toughness of HT3 samples was 3.9J, which was 1.5J higher
than that of HT2 samples and 18.8% lower than that of HT1
samples. Reversing the sequence of DCT and tempering, the
impact toughness of HT4 samples was 4.1J, which was
increased by 0.2J compared with HT3 samples and decreased
by 14.6% compared with HT1 samples. Obviously, the type of
DCT has a significant effect on the enhancement in hardness
and the reduction in impact toughness of Cr12MoV die steel.

The influence of DCT on hardness and impact toughness of
Cr12MoV die steel is the interactive effect of martensite
decomposition and the transformation of RA. Any form of
DCT can lead the transformation of RA into martensite, as
shown in Fig. 2 and Table 4. RA is a kind of soft phase with
face-centered cubic structure, which can alleviate the structural
stress and deformation stress caused by martensite transforma-
tion and improve the toughness of steel (Ref 53). Figure 4(b)
shows the distribution of martensite and RA. It can be seen
from Fig. 4(b) that the RA is distributed around the martensite
uniformly. Since the low stacking fault energy of RA, the
shrinkage of lattice caused by rapid cooling and the structural
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Fig. 4 EBSD maps of HT2 sample
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stress and deformation stress generated by martensite transfor-
mation makes the lattice of RA slip on the stacking surface,
forming micro twin substructure to release the stress. These RA
with twin substructure exist around martensite in the form of
broken films after DCT (Fig. 5), which can slow down the
initiation and expansion of cracks. This is also one of the
reasons that why HT2 samples has certain degree of impact
toughness. The lattice shrinkage caused by DCT leads to the
precipitation of carbon atoms from the martensitic matrix,
forming SNC as depicted in Fig. 5. Consequently, this process
reduces the carbon content within the martensite matrix,
weakening the impact of solid solution strengthening. There-
fore, DCT lead to the reduction of hardness and the enhance-
ment of toughness from the perspective of carbon content in
martensite. The SNC precipitated and dispered from martensite
will interact with dislocations through the precipitate shearing
mechanism and Orowan looping mechanism (Ref 61, 62) and
then decrease the number of dislocations that can move to the
dislocation pileup group. The SNC with high number density
and uniform distribution not only play a dispersion strength-
ening role, but also inhibit crack initiation at the matrix-
precipitation interface by relaxing the stress concentration (Ref
63, 64), thereby enhance the hardness and toughness. There-
fore, DCT can strengthen the hardness and toughness simul-
taneously from the view of SNC. Tempering treatment also
promotes the precipitation of SNC and the decomposition of
martensite. The influence of tempering treatment on hardness
and toughness is similar to that of DCT (Ref 65).

As the SNC are precipitated from the matrix, more SNCs
suggest a lower carbon content in martensite. The amount of
SNC in HT2 samples is much fewer than that in other samples
(Fig. 1). Then it can be inferred that the carbon content in
martensite of HT2 samples is the highest of the four samples.
The hardness of HT2 samples is higher than HT3 samples,
which can be analyzed from the three factors that affect the
hardness of steel mentioned above. The RA volume fraction of
HT?2 samples (7%) is higher than HT3 samples (2%), leading to
a lower hardness of HT2 samples compared with HT3 samples.
The amount of SNC in HT2 samples is much lower than HT3
samples, resulting in the hardness of HT2 samples is lower than
HT3 samples. The carbon content of martensite in HT2 samples
is higher than HT3 samples, resulting in the hardness of HT2
samples higher than HT3 samples. Therefore, the primary
reason for the higher hardness in HT2 samples compared with
HT3 samples is the high carbon content in the martensite of

~~ Retained’
austenite’

Fig. 5 SEM image of HT2 sample

HT2 samples. At the same time, it can be inferred that the
precipitation of SNC has less effect on the hardness than the
reduction of carbon content in martensite. The hardness of HT3
samples is higher than HT4 samples. The RA volume fraction
of HT3 samples (2%) is lower than HT4 samples (9%),
resulting in the hardness of HT3 samples is higher than HT4
samples. The amount of SNC in HT3 samples is a little higher
than that in HT4 samples, resulting in the hardness of HT3
samples is a little higher than HT4 samples. The carbon content
in martensite of HT3 samples is a little lower than HT4
samples, resulting in the hardness of HT3 samples is a little
lower than HT3 samples. Therefore, the low RA volume
fraction of HT3 samples is the main reason that HT3 samples
have higher hardness than HT4 samples. This is also the
principal consideration that the hardness of HT4 samples is
higher than HT1 samples.

The toughness of HT2 samples is lower than HT3 samples,
which can also be analyzed from the three factors (RA, SNC,
and the carbon content in martensite). The higher the RA
content, the lesser the SNC, and the higher the carbon content
in martensite. The content of RA is positively correlated with
toughness. From the perspective of RA volume fraction, it is
expected that the toughness of HT2 samples wolud be higher
than that of HT3 samples. However, the toughness of HT2
samples is lower than HT3 samples, which may be attributed to
the less SNC and the high carbon content of martensite in HT2
samples. Therefore, compared with HT4, it could be concluded
that the principal consideration for the lower toughness of HT3
is the less RA volume fraction, using the same analysis method.
Similarly, compared with HT1 samples, the less RA volume
fraction of HT4 samples plays a main role in leading to the
lower toughness.

As a summary, compared with the reduction in carbon
content in martensite, SNC contributes less to the hardness
value. The primary factor contributing to the high hardness and
low toughness of Crl2MoV die steel in the absence of
tempering is the high carbon content present in the martensite
phase. The volume fraction of RA plays a more significant role
in influencing the hardness and toughness of the steel during
the tempering process.

3.3 Wear Resistance

The weight loss results of HT1-4 samples were listed in
Table 5. It is evident that DCT significantly enhances the wear
resistance. Under the traditional heat treatment conditions, the
weight loss of HT1 samples was 0.0009g. When DCT was
applied instead of tempering after quenching, the weight loss of
HT2 samples reduced to 0.0002g, which had improvement of
77.8% weight loss than HT1 samples. As the type of QCT, the
weight loss of HT3 samples was 0.0004g, which was 0.0002g
more than HT2 samples and 55.6% less than HT1 samples.

Table S The weight loss and frictional coefficient of the
test steel

Sample Weight loss, g Average frictional coefficient
HT1 0.0009 0.83
HT2 0.0002 0.79
HT3 0.0004 0.81
HT4 0.0008 0.82
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Reversing the sequence of DCT and tempering, the weight loss
of HT4 samples was 0.0008g, which was 0.0004g higher than
HT3 samples and only 11.1% less than HT1 samples. The
lowest weight loss was achieved in the cryogenic and no
tempered samples (HT2) as tempering process caused the
decomposition of martensite (Ref 66).

Figure 6 shows the variation curve of the friction coefficient
with sliding time of Cr12MoV die steel. The HT1 sample is
denoted by the black line, HT2 by the red line, HT3 by the blue
line, and HT4 by the green line. After sliding for 900s, most of
the samples run to a steady-state state due to the low stick-slip
effect (Ref 67). The oxide layers on contact surfaces could
block the stick-slip motion at the beginning to make the
frictional coefficient unstable. The oscillation in frictional
coefficient of the samples may be caused by the delimitation of
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Fig. 6 The sliding time-dependent frictional coefficient curves of
HT1 (black line), HT2 (red line), HT3 (blue line), and HT4 (green
line) (Color figure online)

thin oxide layers that cannot reach the critical thickness (Ref
68).

The average frictional coefficients of HT1-4 samples were
shown in Table 5. The DCT samples (HT2-4) of Cr12MoV die
steel showed significant lower average frictional coefficient
than the traditional heat treatment samples (HT1). Under
traditional heat treatment conditions, the average frictional
coefficient of HT1 samples was 0.83. When DCT was applied
instead of tempering after quenching, the average frictional
coefficient of HT2 samples decreased to 0.79, which was 4.8%
lower than HT1 samples. As the type of QCT, the average
frictional coefficient of HT3 samples was 0.81, which was 0.02
higher than HT2 samples and 2.4% lower than HT1 samples.
Reversing the sequence of DCT and tempering, the average
frictional coefficient of HT4 samples was 0.82, which was 0.01
higher than HT3 samples and 1.2% lower than HT1 samples.
The lowest average frictional coefficient was obtained in the
HT2 samples, due to the highest hardness of the four samples
(Ref 40, 69, 70). Obviously, the type of DCT has a significant
influence on the average frictional coefficient of Cr12MoV die
steel. According to the weight loss and frictional coefficient
results, no tempering may be recommend instead of tempering
treatment to obtain better wear behavior.

Figure 7 shows the SEM images of the full field worn
surface of the four samples. The HT1-4 samples exhibit similar
worn surface morphology, which mainly consisted of scratch
lines and micro-plowing. The wear mechanisms of the four
samples were micro-plowing and micro-cutting.

The worn surface morphologies of the four samples were
observed by LSCM, as shown in Fig. 8. The most noticeable
thing in Fig. 8 is the change of groove depths from top to
bottom. The DCT samples (HT2-4) showed significant shal-
lower grooves than the traditional heat treatment samples
(HT1). Considering all tests were performed at the same
condition, the reduction in the groove depths can be a symbol
of better wear resistance. Under the traditional heat treatment
conditions, the maximum groove depth of HTI1 samples

Fig. 7 SEM images of the full field worn surface of HT1-4 samples: (a) HT1 sample (b) HT2 sample (c) HT3 sample (d) HT4 sample
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Fig. 8 LSCM images of the worn surface of HT1-4 samples: (a) HT1 sample (b) HT2 sample (c) HT3 sample (d) HT4 sample

(Fig. 8a) was 0.36mm. When DCT was applied instead of
tempering after quenching, the maximum groove depth of HT2
samples (Fig. 8b) decreased to 0.26mm, which was 27.8%
shallower than HT1 samples. As the type of QCT, the
maximum groove depth of HT3 samples (Fig. 8c) was
0.3 mm, which was 0.04 mm deeper than HT2 samples and
16.7% shallower than HT1 samples. Reversing the sequence of
DCT and tempering, the maximum groove depth of HT4
samples (Fig. 8d) was 0.35 mm, which was 0.05 mm deeper
than HT3 samples and 2.8% shallower than HT1 samples. At
the same time, it can be observed that the amount of large deep
grooves in HT1 samples was significantly higher than that of
other samples. The enhancement in wear resistance may be
related to the transformation of RA into martensite, the
precipitation of SNC and the change of carbon content in
martensite that caused by DCT.

To better comprehend the wear mechanism, the worn
surface morphologies of the HT1-4 samples were characterized
by SEM with the signal of AsB, as shown in Fig. 9. It can be
seen from Fig. 9 that a lot of cracks exist on the worn surface of
the samples. According to the location of cracks and their
relationship with carbides, these cracks can be divided into four
categories that marked with yellow, green, blue, and black
arrows in Fig. 9. The cracks marked with yellow arrows (matrix
cracks) exist on the matrix and do not intersect with the primary
carbides significantly. The cracks marked with green arrows

(boundary cracks) are located at the junction of the matrix and
the primary carbides. The type of cracks marked with the blue
arrows (extension cracks) is a crack where the primary carbide
breaks and extends to the substrate. The type of cracks marked
with the black arrows (carbide cracks) exists on the primary
carbide and does not extend to the substrate.

In HT1 (Fig. 9a) and HT4 (Fig. 9d) samples, the cracks are
mainly matrix cracks, accompanied by a small number of
boundary cracks and extension cracks, and carbide cracks were
not observed. The amount of matrix cracks in HT1 samples is
higher than that in HT4 samples. The cracks are mainly
extension cracks and carbide cracks, and matrix cracks or
boundary cracks were note observed in HT2 samples (Fig. 9b).
In HT3 samples (Fig. 9c), the cracks are mainly boundary
cracks, extension cracks, and carbide cracks, and matrix cracks
were not observed.

As mentioned above, the hardness (773HB) and carbon
content in martensite of HT2 samples are the highest of the four
samples. The number of SNC is the lowest. Therefore, it can be
considered that the matrix structure of HT2 samples has the
highest hardness. Higher hardness provides higher resistance to
sliding contact applications, as expected from the usually
effective relationship between hardness and wear resistance
(Ref 40, 71, 72). At the same time, a certain amount of RA was
contained in HT2 samples, leading to the relatively higher
toughness than the primary carbides. Therefore, the primary
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Fig. 9 SEM images of the worn surface morphology with the signal of AsB of HT1-4 samples: (a) HT1 sample (b) HT2 sample (c) HT3

sample (d) HT4 sample

carbides with almost no toughness were broken and the carbide
cracks were formed. Only part of the carbide cracks can extend
to the matrix to form extension cracks since the matrix strength
of HT2 sample is high. Then, the cracks of HT2 samples are
mainly carbide cracks and extension cracks, and the frictional
coefficient and weight loss are the smallest of the four samples.

The hardness of HT3 (712HB) samples is second only to
HT2 sample due to the most SNC, the least carbon content in
martensite, and the minimum RA volume fraction (2%). Since
the RA plays a main role in the hardness and toughness of the
steel in condition of tempering mentioned above, the matrix
hardness of HT3 samples is also second only to HT2 samples.
Under the wear load conditions, the soft RA is prone to
deteriorated, which may lead to crack initiation caused by
subsurface deformation, leading to plastic flow and delaminat-
ing (Ref 73). HT3 samples suffered less of crack formation due
to lower austenite content. Therefore, compared with HT2
samples, extension cracks of HT3 samples were significantly
increased, and boundary cracks appeared.

The frictional resistance is positively correlated with the
number of cracks. In addition, the SNC are plowed out by
friction pair material Si;Ny together with matrix material during
wear. The EDS maps of the HT3 samples were exhibited in
Fig. 10. In addition to chromium carbides, some silicon
elements were also noticeable in the samples, indicating the
potential presence of silicon material that may have peeled off
from the friction pair. These SNCs can serve as rolling third
bodies between SizN, and Cr12MoV matrices, which means
that the sliding friction between the two mating surfaces
changes to rolling friction, thereby reducing the weight loss and
friction coefficient (Ref 54, 74, 75). The large number of SNC
in HT3 samples reduces the friction resistance, making the
weight loss and friction coefficient second only to HT2
samples.
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The hardness of HT4 samples (688HB) is lower than that of
HT3 samples with significantly higher RA volume fraction
(9%) and slightly lower SNC than HT3 samples, resulting in
the lower matrix hardness than HT3 samples. The high RA
volume fraction further promoted the initiation of cracks in the
matrix leading to lots of matrix cracks appeared in HT4
samples. Due to the low matrix strength, the cracks of primary
carbides can extend to the matrix easily. Therefore, compared
with HT3 samples, the number of extension cracks and
boundary cracks in HT4 samples significantly increases, and
carbide cracks disappeared. At the same time, the lower number
of SNC compared with HT2 and HT3 samples result in the
greatly increased friction resistance of HT4 samples, which is
one of the reason for higher weight loss and friction coefficient
of HT4 samples than that of HT3 samples.

The hardness of HT1 samples (677HB) is the lowest with
highest RA volume fraction of the four samples and slightly
more SNC than HT2 samples, leading to the lowest matrix
hardness of the four samples. Therefore, the amount of matrix
cracks in HT1 samples is higher than that in the HT4 samples.
At the same time, the weight loss and friction coefficient of
HT1 sample are the largest of the four samples.

Therefore, it can be inferred that the wear mechanism of
Cr12MoV die steel is related to the hardness of the matrix
structure, RA volume fraction and the amount of SNC. When
the matrix hardness is high and the RA volume fraction is
relatively low, the wear cracks are mainly carbide cracks and
extension cracks, accompanied by a small number of boundary
cracks. When the matrix hardness is low and the RA volume
fraction is relatively high, the wear cracks are mainly matrix
cracks, accompanied by some boundary cracks and extension
cracks. DCT affects the wear mechanism of Cr12MoV die steel
by facilitating the transformation of RA and the precipitation of
SNC.
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Fig. 10 EDS maps of HT3 sample

4. Conclusions

This research studied the microstructure evolution and wear
resistance of Cr12MoV die steel during DCT. The following
conclusions can be drawn:

1. DCT can contribute the transformation of RA into
martensite and the precipitation of SNC from martensite,
resulting in the improvement of hardness and wear resis-
tance, and the reduction of toughness.

2. The method of DCT has an obvious influence on the
microstructure of Cr12MoV die steel. Under the type of
QCT, the lowest RA volume fraction was obtained,
reaching 2%, which decreased by 84.6% compared with
that of QT type. At the same time, the most homoge-
neous microstructure and the maximum amount of SNC
was obtained under the type of QCT.

3. The method of DCT has an obvious effect on the
mechanical properties of Crl2MoV die steel. Under the
type of QC, the highest hardness was obtained, reaching
773HB, which was 14.2% higher than that of QT type.
According to the weight loss, frictional coefficient and
worn surface morphology results, the type of QC was
recommended to achieve better wear resistance.

4. The precipitation of SNC has less effect on hardness than
the reduction of carbon content in martensite that caused
by DCT and tempering. The principal consideration for
the high hardness and low toughness of the Cr12MoV
die steel without tempering is the high carbon content in
martensite. The RA volume fraction has greater effect on
the hardness and toughness of the steel in condition of
tempering.

5. Four types of wear cracks were observed in this study.
When the matrix hardness is high and the RA volume

fraction is relatively low, the wear cracks are mainly car-
bide cracks and extension cracks, accompanied by a
small number of boundary cracks. When the matrix hard-
ness is low and the RA volume fraction is relatively low,
the wear cracks are mainly matrix cracks, accompanied
by some boundary cracks and extension cracks. DCT af-
fects the wear mechanism of Cr12MoV die steel by facil-
itating the transformation of RA and the precipitation of
SNC.
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