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The effect of the tempering process on the microstructure evolution and hardness of 35 wt.%Cr-4 wt.%C
Hypereutectic High Chromium Cast Iron (HHCCI) was studied by means of the scanning electron
microscope and transmission electron microscope. The results show that with the increase in tempering
temperature, the primary and eutectic carbides of HHCCI have no significant change, and the precipitation
of secondary carbides in the matrix increases at first and then decreases. From the TEM analysis results,
the secondary carbides after tempering are M23C6, which are rectangular, and with the extension of
tempering time, a small part of eutectic carbides decompose and dissolve into the matrix, and the secondary
carbides continue to precipitate and grow, and the length can reach several microns to more than 10
microns. With the increase in tempering temperature, the hardness of HHCCI increases, and the hardness
tends to decrease when it exceeds 500 �C. After tempering for 6 h, the precipitation of secondary carbides
in the matrix reaches the maximum, and the hardness of HHCCI reaches the maximum. After tempering
holding time for more than 6 h, the hardness of HHCCI decreases continuously due to the aggregation and
growth of secondary carbides.

Keywords hardness, holding time, hypereutectic high chromium
cast iron, microstructure evolution, tempering
temperature

1. Introduction

High chromium white cast iron is the third generation of
wear resistant cast iron developed on the basis of common
white cast iron and nickel hard white cast iron. In its
microstructure, the triangular system M7C3 carbides with
hardness greater than 1800 HV are fixed on the martensite or
austenite matrix, and this material has high hardness and
excellent wear resistance (Ref 1, 2). At present, High
Chromium Cast Iron (HCCI) is widely used in metallurgy,
mining, electric power, building materials, and other industries.
Its popularization and application have remarkable economic
and social benefits. In order to further improve the wear
resistance of HCCI, it is an important trend to develop
Hypereutectic High Chromium Cast Iron (HHCCI) by increas-
ing the content of Cr and C and increasing the number of

primary carbides. As-cast HHCCI is mainly composed of
austenitic matrix, eutectic and primary M7C3 carbides (Ref 3),
and the content of carbides in HHCCI is generally higher than
40%. More M7C3 carbides give the material higher hardness
and excellent wear resistance. However, higher C content will
make the material brittle and reduce toughness (Ref 4). In order
to adjust the morphology, size, quantity, and distribution of the
microstructure, heat treatment of the material is required to
obtain better hardness and wear resistance (Ref 5-7).

The common heat treatment methods are quenching and
tempering (Ref 8). The matrix microstructure of as-cast HHCCI
is mainly austenite with low hardness (Ref 9). The transfor-
mation of austenite to martensite and the simultaneous
precipitation of fine secondary carbides can be achieved by
appropriate heat treatment, which is important for improving
the mechanical properties of HHCCI (Ref 10). Zhou et al. (Ref
11) investigated the effect of tempering temperatures at 200,
400, and 500 �C on 26 wt.%Cr HCCI and found that eutectic
carbides would dissolve and lead to the size reduction with the
increase in temperature. The hardness reaches a local maxi-
mum, and then decreases. Inthidech et al. (Ref 12) found that
the hardness decreased and then increased with a successive
number of tempering cycles. The volume fraction of retained
austenite decreased gradually with increasing temperature and
repeated tempering. Alejandro et al. (Ref 13) found that 3
wt.%C-25 wt.%Cr HCCI would obtain the best wear resistance
after quenching at 1050 �C for 5 h and tempering at 400 �C for
2 h. Farah et al. (Ref 14) found that high chromium cast iron
could obtain the best wear resistance and toughness after
tempering at 450 �C and holding for 6 h, which was attributed
to the effective dissolution of carbides and a small amount of
retained austenite. Singh et al. (Ref 15) investigated different
tempering temperatures and found that tempering at 500 �C
could obtain the best combination of hardness, abrasion
resistance, and impact toughness, and the tempering tempera-
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tures above 500 �C would result in an increase in impact
toughness and a decrease in hardness and wear resistance.
However, a large amount of heat treatment studies focused on
the field of hypoeutectic high chromium cast iron, and few
studies focused on the heat treatment of HHCCI. In order to
improve the comprehensive properties of HHCCI, an in-depth
research is urgently needed on the heat treatment of HHCCI,
especially the tempering heat treatment. The research group
studied the effect of quenching heat treatment on the
microstructure and properties of HHCCI in the early stage,
and found that after quenching at 1000-1050 �C, it has high
hardness and good wear resistance (Ref 16). Based on the
previous research, the author designed the tempering temper-
ature and tempering holding time of different process param-
eters to explore the effects of temperature and holding time on
the tempering microstructure evolution and hardness of
HHCCI, looking forward to providing a reference for the
formulation of HHCCI tempering process.

2. Experimental

2.1 Sample Preparation and Heat Treatment

Hypereutectic high chromium cast iron was smelted in a
15 kg medium frequency induction furnace. Part of high-
carbon ferrochromium and scrap steel was first placed at the
bottom of the electric furnace, then ferromolybdenum and
ferromanganese were added to mix and heat to melt, and the
remaining ferrochromium was added after melting. The molten
iron was heated to 1550 �C, 0.12 wt.% Al was added as a
deoxidizer, and the molten iron was poured into the ladle
immediately after deoxidization. 0.6 wt.% rare earth magne-
sium alloy modifier was pre-added to the ladle, and the
composition of the modifier was 5 Mg, 2 RE, 40 Si, 2 Ca (wt.-
%). When the molten iron temperature dropped to 1465 �C, it
was cast into a 120 9 150 9 25 mm square test block; the
chemical composition of the material was determined by XRF,
as shown in Table 1.

Combined with the previous research results of the research
group (Ref 16), the quenching process was designed to heat the
sample to 1025 �C for 1 h and then air cooling to room
temperature. After quenching, the sample was tempered to
eliminate the internal stress generated during quenching.
Different process parameters of tempering temperature and
tempering holding time were designed. The tempering temper-
ature was set at 200, 400, 500, and 600 �C for 3 h, furnace-
cooled. The samples were recorded as QT200, QT400, QT500,
and QT600. The tempering holding time was set to 3, 6, 9, and
12 h at the tempering temperature of 500 �C, furnace-cooled,
and the samples were recorded as QT3h, QT6h, QT9h, and
QT12h.

2.2 Microstructure Observation

After rough grinding, fine grinding, and fine polishing, the
sample was etched with aqua regia for 10 s, and the
microstructure was observed by scanning electron microscope
(SEM, Gemini 300 Zeiss). Image-Pro Plus was used to count
the volume fraction of primary and eutectic carbide phases in
the HHCCI after tempering on five SEM pictures with
200 9 magnification and took the average value as the result.
The volume fraction and equivalent diameter of secondary
carbides were calculated by using 30,000 9 SEM pictures, and
the equivalent diameter of secondary carbides was calculated
by the formula 1.

D ¼ 2

ffiffiffiffiffiffiffi

A

pN

r

ðEq 1Þ

where A is the total area of secondary carbides in a field of
view, N is the total number of secondary carbides in a field of
view. The average value was calculated using five photos
randomly selected from each sample. Thin areas were obtained
by pit instrument (Gaten 651) and ion thinning instrument
(Leica EMRES 102), and transmission electron microscope
samples were prepared. The types and crystallography of
secondary carbides were investigated by JEOL-2100F trans-
mission electron microscope (TEM).

2.3 X-ray Diffraction (XRD) Analysis

The samples were analyzed by XRD with an x-ray
diffractometer (Bruker D8 ADVANCE, Germany). A Cu Ka-
ray source (k = 0.15418 nm) with a voltage of 40 kV and a
current of 30 mA was used, coupled with continuous scanning
in the 2h range of 30-100� with a step size of 0.02� and a
scanning speed of 1.5�/min.

2.4 Hardness Test

HBRV-187.5 Brauwell hardness tester was used to test the
macrohardness with 1470 N load and 5 s residence time. The
microhardness was tested using the MICROMET-5103 digital
micro-hardness tester, the test load was 1.96 N, and the
residence time was 10 s, In the microhardness and macrohard-
ness test, 7 readings were randomly selected on the sample
surface, and the average value was calculated after eliminated
the maximum and minimum values.

3. Results and Discussions

3.1 Microstructure Evolution After Tempering at Different
Temperatures

After heat treatment at different tempering temperatures, the
SEM pictures of HHCCI are shown in Fig. 1. The microstruc-
ture after tempering consists of primary M7C3 carbides, eutectic
M7C3 carbides, and matrix. The change in carbide volume
fraction after tempering at different temperatures is shown in
Fig. 2. After tempering, the volume fraction of the carbide
phase does not change obviously with the increase in tempering
temperature, primary carbides and eutectic carbides account for
more than 40% of the field of view. From the microstructure
image in Fig. 1, the morphology of primary carbides and
eutectic carbides did not change significantly with the contin-

Table 1 XRF analysis composition data of HHCCI
(wt.%)

C Cr Mn Mo Si S P Fe

4.07 35.22 0.61 1.96 0.41 0.009 0.019 Bal
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uous increase of tempering temperature. This phenomenon
shows that the main adjustment of tempering temperature is the
matrix structure, which has little effect on the adjustment of
primary carbides and eutectic carbides (Ref 17).

The high-magnification SEM observation of the matrix is
shown in Fig. 3. The diffusion of C atoms mainly occurs in the
matrix after tempering temperature at 200 �C, which can
eliminate some residual internal stress and form tempered
martensite (Ref 18). Due to the low tempering temperature and

the slow diffusion speed of Cr and C atoms, it is difficult for
alloy elements to gather together to form new carbides during
tempering. The secondary carbides precipitated by the quench-
ing treatment grow up during tempering holding time. Due to
the above reasons, the number of secondary carbides precip-
itated from the matrix structure tempered at 200 �C is less, and
the particle size is larger. Combined with the SEM images, the
volume fraction and equivalent diameter of secondary carbides
in the matrix after tempering at different temperatures were
statistically calculated by Image Pro Plus software, and the
result is shown in Fig. 4. According to the statistical data, the
volume fraction of secondary carbides in the matrix after
tempering at 200 �C is about 33%, and the average equivalent
diameter is about 160 nm.

When the tempering temperature rises to 400 �C, the
diffusion of C and alloying elements in the martensitic matrix
accelerates and begins to gather together to precipitate sec-
ondary carbides from the matrix (Ref 19). At the same time,
secondary carbides are also precipitated from the retained
austenite, which reduces the content of C and alloying
elements, and reduces the stability of the austenite, resulting
in a transformation of retained austenite to martensite. Figure 5
shows the XRD patterns of the samples at different tempering
temperatures. The phase composition of the sample was
determined by comparing the XRD spectrum of the sample
with the standard spectrum. Austenite (52-0512), martensite
(44-1290), M7C3 (05-0720), and M23C6 (78-1502) PDF cards
were used in the experiment. The XRD results show that there
is still some retained austenite in the matrix after tempering at
400 �C. As can be seen from Fig. 3(b), the secondary carbides
in the matrix can be roughly divided into two regions. The

Fig. 1 SEM images of HHCCI after reheating to 1025 �C for 1 h then air-cooling quenching and tempering at different temperatures: (a)
QT200, (b) QT400, (c) QT500, (d) QT600

Fig. 2 Effect of tempering temperature on volume fraction of
carbides in HHCCI after holding time for 3 h
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Fig. 3 High magnification SEM pictures of the matrix of HHCCI at different tempering temperatures for 3 h: (a) QT200, (b) QT400, (c)
QT500, (d) QT600
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secondary carbides near the primary and eutectic carbides are
fine and uniform. In the ‘‘central’’ region away from the
primary and eutectic carbides, the precipitated secondary
carbides are larger in size and agglomerate. This is because,
during the solidification of molten iron, the primary and
eutectic carbides take away some C and Cr atoms from the
surrounding matrix during the growth process, so that the
secondary carbides precipitated from the surrounding matrix
during subsequent quenching and tempering, and the size is
smaller than that of the central region. The ‘‘central’’ area, away
from primary and eutectic carbides, has high C and Cr content.
During the tempering process, more C and alloy elements can
dissolve from the matrix structure and combine to form
secondary carbides, which will grow up and agglomerate in
the subsequent tempering holding process.

It can be seen from Fig. 3(c) that the carbides precipitated in
the matrix further increase after tempering at 500 �C, and the
secondary carbides are fine and uniformly distributed. When
the tempering temperature is raised to 500 �C, the diffusion
speed of C and alloy elements in martensite is further
accelerated, resulting in easier to gather together to form
secondary carbides. At this time, the changes in secondary
carbides mainly have three aspects. On the one hand, the
secondary carbides were precipitated and grow up during the
tempering and holding process (Ref 20). On the other hand, the
retained austenite loses stability during tempering, and the
precipitated C atoms and Cr atoms interact to form secondary
carbides (Ref 21). It can be seen from the XRD results in Fig. 5
that when the temperature reaches above 500 �C, the retained
austenite was completely decomposed and transformed into
martensite and secondary carbides after quenching. Thirdly, as
the tempering temperature increases, the diffusion rate of each
atom is accelerated, and the secondary carbides are precipitated
while the martensite is decomposed (Ref 22). Due to the above
factors, more secondary carbides precipitated in the matrix, and
the average volume fraction of secondary carbides in the matrix
is about 47%. As the tempering temperature increases to
600 �C, more and more martensite decomposes and secondary
carbides are precipitated. At the same time, with the increase of
tempering temperature, carbides accumulate, grow and coarsen,
and gradually change from granular to thin strips (Ref 23).
Combined with Fig. 3(d) and 4(b), it can conclude that the
aggregation and growth of secondary carbides decrease the
volume fraction and increase the average particle size of
secondary carbides, which is 89 nm at 500 �C and 110 nm at
600 �C.

In order to determine the type and crystal structure of the
secondary carbides precipitated after tempering, the samples
were observed by TEM after ion thinning. From the TEM
image in Fig. 6, the secondary carbides precipitated in the
matrix after tempering are M23C6. The M23C6 precipitated at
200 �C is rectangular, with larger particles and less precipita-
tion. With the increase of the tempering temperature, the
precipitated M23C6 becomes finer, the edge gradually becomes
round, and the number increases continuously. When the
tempering temperature is 500 �C, the secondary carbide
particles are fine, the number is the largest, and the distribution
is dispersed. According to the literature(Ref 24, 25), there are
many different orientations between martensitic matrix and
M23C6 from, such as (111)M23C6i(111)a¢-Fe and
[011]M23C6i[011]a¢-Fe or (111)M23C6i(011)a¢-Fe and [011]
M23C6i[111]a¢-Fe. Figure 7 shows a high-resolution image of
the martensite and M23C6 in the QT500 sample. It can be seen

Fig. 4 Effect of holding time for 3 h at different tempering
temperature on volume fraction (a) and equivalent diameter (b) of
secondary carbides in the matrix

Fig. 5 XRD spectra of HHCCI at different tempering temperatures
for 3 h
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that the crystal plane spacing of (101)a¢-Fe and (303)M23C6 is
similar, and the atomic arrangement direction is approximately
parallel, indicating that the interface bonding relationship
between martensite and M23C6 is good. The microhardness of
martensite is about 300-900 HV, and the microhardness of
M23C6 is about 1000-1150 HV (Ref 26), so the fine dispersed
secondary carbides precipitated after tempering can play a role
in dispersion strengthening and improve the hardness of the
material.

3.2 Effect of Tempering Temperature on Hardness

The hardness change of HHCCI after tempering at different
temperatures is shown in Fig. 8. During the tempering and
holding stage at different temperatures, the diffusion speed of C
and alloy elements increases with the increase of tempering
temperature. The secondary quenching of retained austenite, the
transformation and decomposition of quenched martensite, and
the growth of precipitated carbides have a direct impact on the
microhardness and macrohardness of the materials. The

favorable microstructure transformation of microhardness is
divided into two aspects. In the first aspect, a part of retained
austenite will undergo secondary quenching and transform into
martensite, the hardness of martensite is higher than that of
austenite. In the second aspect, the continuous precipitation and
uniform distribution of secondary carbides on the matrix are
also beneficial to improve the hardness of the matrix. And there
are two aspects of adverse microstructure change. On the one
hand, the quenched martensite decomposes during the temper-
ing process, reducing the content of C and alloying elements,
and resulting in softening of the matrix microstructure. On the
other hand, with the increase of temperature, the tendency of
coarsening and aggregation of secondary carbides becomes
more obvious (Ref 27). The combination of the above favorable
and unfavorable factors makes the hardness of the material vary
depending on which factor dominates.

When tempered at 200 �C, the internal stress of the matrix
structure is eliminated. Due to the low tempering temperature,
the secondary carbides precipitated before quenching mainly
grow and segregate, which have no obvious effect on the

Fig. 6 TEM images and the corresponding SADPS of HHCCI after tempering at different temperatures for 3 h: (a) QT200, (b) QT400, (c)
QT500, (d) QT600
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microstructure and property of the matrix. When the tempering
temperature is increased to 400-500 �C, the retained austenite is
transformed into martensite, and the precipitation of fine and
dispersed secondary carbides compensates for the tempering
softening of martensite, which makes the microhardness and
macrohardness increase obviously. As the tempering tempera-
ture further increases, the decomposition of martensite and the
growth of pre-precipitated secondary carbides begin to dom-
inate, which will lead to a decrease in hardness.

3.3 Microstructure Evolution After Tempering at Different
Holding Times

SEM images of HHCCI tempered at 500 �C for different
holding times are shown in Fig. 9. Combined with the XRD
results in Fig. 10, the change in the tempering holding time

does not change the type of carbide in HHCCI. The
microstructure of HHCCI consists of primary M7C3 carbides,
eutectic M7C3 carbides, martensite, and retained austenite. With
the prolongation of the tempering holding time, the morphol-
ogy of primary M7C3 carbides changes little. The eutectic
carbides also continue to aggregate and grow. From the
statistical volume fraction results of each phase after tempering
(as shown in Fig. 11), the content of primary carbides did not
change much, and the volume fraction of eutectic carbides
gradually decreased from 17.3 to 14.5%. It shows that with the
prolongation of the tempering holding time, the eutectic
carbides begin to grow and agglomerate, and at the same time,
part of the eutectic carbides re-decompose and dissolve into the
matrix.

The high-magnification SEM observation of the matrix is
shown in Fig. 12. It can be seen from the discussion in the
previous section that during the heat treatment process of
tempering at 500 �C for 3 h and furnace cooling, the diffusion
rate of C and Cr atoms is faster, a part of retained austenite will
undergo secondary quenching and transform into tempered
martensite and partially decomposes, and the secondary
carbides (mainly M23C6) precipitate and grow, these make the
secondary carbides precipitated after tempering at 500 �C for
3 h finer and more uniform, playing the role of secondary
hardening and dispersion strengthening. The volume fraction
and equivalent diameter of secondary carbides in the matrix
after tempering at different holding times are obtained by using
Image Pro Plus software, as shown in Fig. 13. When the
holding time increases from 3 to 6 h, the precipitated secondary
carbides increase and grow up, the volume fraction of
secondary carbides in the matrix changes from 47 to 54%,
and the average equivalent diameter increases from 89 to
130 nm. Especially in the ‘‘central’’ region of the matrix away
from primary and eutectic carbides, the diameter of secondary
carbides can reach 300-400 nm. With the further extension of
holding time, the equivalent diameter of carbide increases, but
the volume fraction in the matrix decreases. After tempering for
12 h, the equivalent diameter of secondary carbides increases to
240 nm and the volume fraction decreases to 39%.

With the extension of holding time, the retained austenite
almost transforms into martensite. At the same time, martensite
decomposes continuously during tempering. Strong carbide
formers (Cr and Mo, etc.) in the quenched martensitic matrix
continue to bond with C atoms at higher temperatures. While
the secondary carbides are precipitated continuously, the
secondary carbides of the first precipitation also aggregate
and grow. As shown in Fig. 14(a), the quenched martensite
transforms into a mixture of a-Fe and secondary carbides of
about a few nm after decarburization. These secondary carbides
can act as nucleation sites to combine C and alloying elements
and grow (Fig. 14b). With the further increase in the holding
time, more alloying elements and C elements in the martensite
matrix will be desolubilized. Due to a large number of
precipitated secondary carbides, the precipitated alloying
elements are more inclined to combine with the precipitated
carbides rather than continue to precipitate new carbides,
resulting in the continuous growth of the carbides, and the
growth of the particles from initially smooth particles into long
blocks. The adjacent secondary carbides with similar orienta-
tions tend to grow up and combine together at a higher
temperature. This abnormal length means that several square
particles combine to grow large particles, which are arranged
side by side in different directions, resulting in a net distribution

Fig. 7 HRTEM images of matrix and secondary carbides in the
sample after tempering at 500 �C for 3 h

Fig. 8 Effect of holding time for 3 h at different tempering
temperatures on the hardness of HHCCI
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of some secondary carbides in the matrix. As shown in
Fig. 12(b-d), with the increase of holding time, the tendency of
long carbides to form a network in the matrix is more obvious.
After the tempering holding time reached 12 h, the carbides
precipitated in the matrix grew near the primary and eutectic
carbides, and the particles in the ‘‘center’’ region of the matrix

even grew to an equivalent diameter of 1 lm or larger, and
more secondary carbides gather together. It can be seen from
the micrograph of Fig. 12(d) that part of the large particle size
and long carbides have fallen off from the matrix under the
same etching conditions. The SEM and TEM images in Fig. 15
show the abnormal aggregation of M23C6 carbides observed

Fig. 9 SEM pictures of HHCCI after 1025 �C for 1 h then air-cooling quenching and tempering at 500 �C for different holding times: (a)
QT3h, (b) QT6h, (c) QT9h, (d) QT12h

Fig. 10 XRD spectra of HHCCI with different tempering times at
500 �C Fig. 11 Effect of tempering holding times on carbide volume

fraction of HHCCI at tempering temperature of 500 �C
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Fig. 12 High magnification SEM pictures of the matrix of HHCCI after tempering at 500 �C for different holding times: (a) QT3h, (b) QT6h,
(c) QT9h, (d) QT12h
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after tempering and holding at 500 �C for 9 and 12 h. A certain
number of M23C6 with similar orientation aggregate and grow
into a long strip-shaped secondary carbide combination, and its
length can reach several microns to more than 10 microns. The
coarsening and abnormal distribution of secondary carbides
greatly reduce their support for the matrix, which may
adversely affect the properties of the material.

3.4 Effect of Tempering Holding Time on Hardness

The microhardness and macrohardness of HHCCI after
tempering at 500 �C with different holding times are shown in
Fig. 16. After tempering at 500 �C for 3 h, the retained
austenite transforms into martensite by secondary quenching,
and is dominated by fine and dispersed secondary carbides.
With the increase of tempering holding time, the dispersion
strengthening and secondary hardening of precipitated carbides
become more obvious, which counteracts the negative effect of

martensite decomposition. After tempering for 6 h, the volume
fraction of secondary carbides in the matrix is the largest (as
shown in Fig. 13), and the distribution is dispersed with a
smaller particle size, which increases the microhardness of the
matrix. As a result, the macrohardness of HHCCI increases
from 63.5 to 66.0 HRC, reaching the peak value of hardness.
With the further increase of holding time, the trend of
coarsening growth and abnormal aggregation of secondary
carbides becomes more obvious. At the same time, the

Fig. 13 Volume fraction (a) and equivalent diameter (b) of
secondary carbides in matrix after tempering at 500 �C for different
holding times

Fig. 14 Decomposition of martensite during tempering: (a) TEM
picture of matrix after tempering at 500 �C for 6 h, (b) TEM
pictures of M23C6 and ferrite in the matrix and corresponding
SADPs after tempering at 500 �C for 9 h
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tempering softening effect of martensite decomposition is
gradually enhanced, resulting in a sharp decline in the hardness
of HHCCI. After tempering for 9 and 12 h, respectively, the
microhardness of the matrix and the macrohardness of HHCCI
are significantly lower than that of tempering for 6 h.

4. Conclusions

The present work investigates the effect of the tempering
process on the microstructure evolution and hardness of 35
wt.%Cr—4 wt.%C hypereutectic high chromium cast iron. The
main results are summarized as follows:

(1) The tempered microstructure of hypereutectic high chro-
mium cast iron consists of primary M7C3 carbides, eutec-
tic M7C3 carbides, martensitic, and retained austenite.
With the increase of tempering temperature, the changes
of primary carbides and eutectic carbides are not obvious,

Fig. 15 SEM and TEM pictures of secondary carbide M23C6 in matrix after tempering at 500 �C for different times: (a), (b) QT9h; (c), (d)
QT12h

Fig. 16 Effect of tempering holding times on the hardness of
HHCCI at tempering temperature of 500 �C
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and the precipitation of secondary carbides in the matrix
increases at first and then decreases. With the prolonga-
tion of the tempering holding time, the eutectic carbides
partially decompose into the matrix, and the secondary
carbides continue to precipitate and grow.

(2) The main sources of secondary carbides precipitation in
the matrix during the tempering process are the destabi-
lization of retained austenite and the decomposition of
martensite, and the main type is M23C6. The secondary
carbides near the primary and eutectic carbides are finer
and more uniform. The secondary carbides precipitated
in the ‘‘central’’ region far from the primary and eutectic
carbides are larger in size and tend to agglomerate.

(3) After tempering at 200-600 �C for 3 h, the hardness of
HHCCI increases with the increase of tempering temper-
ature. The highest hardness is 63.5 HRC at 500 �C.
Continuously increasing the tempering temperature will
lead to a decrease in hardness.

(4) After tempering at 500 �C for 3-12 h, the hardness of
HHCCI increases with the extension of the tempering
holding time, and the hardness reaches the highest value
of 66.0 HRC when the tempering holding time is 6 h.
Continuously prolonging the holding time will result in
a decrease in hardness.
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