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Sandwich-structured composite plates, in which high-chromium cast iron (HCCI) was cladded by low-
carbon steel (LCS), were newly prepared by a hot-rolling process at different reduction rates. The effects of
hot-rolling deformation on the microstructure and sliding wear behavior of HCCI were investigated.
Experimental results revealed that the brittle HCCI core layer exhibited good thermoplastic deformation
performance when the sandwich structure was hot-rolled at 1150 �C. The thermomechanical treatment not
only caused the fracture of Cr-carbides in HCCI, but also made the long axis of Cr-carbide rods parallel to
the wear surface. The high area fraction of Cr-carbides and precipitation of secondary carbides improved
the wear performance of HCCI. Both the hot-rolled and heat-treated specimens showed better wear
resistance than as-cast iron. However, the wear resistance of the hot-rolled specimens decreased as the
cumulative reduction rate increased, which is attributed to the synergistic effect of crack propagation and
the high area fraction of carbide cavities.
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1. Introduction

With excellent wear resistance, high-chromium cast iron
(HCCI) is commonly used to prepare equipment parts subject to
wear, such as hammers, crusher jaw plates and the roll shaft of
a rolling mill (Ref 1-3). HCCI contains a large quantity of
primary and eutectic Cr-carbides that have a hardness of 1300-
1800 HV. These Cr-carbides endow HCCI with good wear
resistance, but at the same time, increase its brittleness and
vulnerability to cracking. Recently, many scholars have made
attempts to improve the properties of HCCI through the micro-
alloying method (Ref 4, 5), heat-treatment (Ref 6), the
adjustment of cast processes (Ref 7-9), etc. Plastic deformation
is an effective way to enhance the microstructure of a material.
However, because of the inherent brittleness of HCCI, few
researchers have refined the microstructure of HCCI through
thermal deformation processes such as rolling and forging.

Laminated composite materials, which combine the advan-
tages of two metals, have attracted great attention by virtue of
their excellent mechanical properties (Ref 10, 11). Recently,
due to its good comprehensive mechanical properties, the
HCCI and low-carbon steel (LCS)-laminated composite plate
has become the focus of research. In the bimetallic composites,
HCCI functions as a wear-resistant component and LCS as a
ductile component. The common preparation method of HCCI/

LCS composites include duo-casting (Ref 12-17), hot pressing
diffusion (Ref 18, 19), powder metallurgy (Ref 20), centrifugal
casting combined with hot-rolling (Ref 21, 22), surfacing
compound (Ref 23, 24), etc.

Sallam et al. (Ref 14) fabricated an HCCI (19.2 wt.%Cr)
and AISI4140 steel composite through the duo-casting method,
and the two metals in the composite material prepared achieved
a good metallurgical bond. Eroglu et al. (Ref 18) investigated
the effects of temperature and holding time on the diffusion
bonding between HCCI and LCS. Gao et al. (Ref 19) proposed
a hot compression bonding process for the preparation of LCS
and HCCI composites. They found that the HCCI core layer
flew like a ductile material and deformed simultaneously with
the ductile LCS layer. Similarly, Xie et al. (Ref 21) and Liu
et al. (Ref 22) prepared a sandwich-structured (LCS/HCCI/
LCS) composites through the duo-casting and hot-rolling
processes. The results revealed that the soft LCS cladding
layer served as a ‘‘lubricant’’ during the hot-rolling process,
improving the thermomechanical deformation performance of
the brittle HCCI layer. Moreover, during hot-rolling deforma-
tion, Cr-carbides fractured and dissolved, showing significant
changes in morphology. However, the influence of thermome-
chanical treatment on the wear properties of hot-rolled HCCI
has not been thoroughly investigated so far.

In recent years, the preparation of laminated metal compos-
ites by the rolling process has drawn considerable attention of
researchers. Hot-rolling bonding is a typical method to prepare
the laminated bimetal composite (Ref 25, 26). Due to high
brittleness and crack sensitivity of HCCI, little is known about
the hot-rolling approach to preparing HCCI/LCS bimetallic
composites.

On the basis of the previous research, sandwich-structured
bimetal composites, in which HCCI was cladded by LCS, were
newly prepared by the hot-rolling bonding process at different
reduction rates in this study. Moreover, the effect of the
cumulative reduction rate on the microstructure of HCCI was
analyzed in detail. At the same time, the friction and sliding
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wear behavior of the hot-rolled HCCI at different cumulative
reduction rates was examined using a pin-on-disc type wear
tester.

2. Material and Experimental Procedure

The materials studied in the present work were the as-cast
HCCI and commercial LCS (Q235). The nominal chemical
compositions of the two materials in weight percentage are
summarized in Table 1.

The HCCI and LCS plates for hot rolling were cut into
specimens of 150 mm 9 100 mm 9 5 mm in dimension.
Before hot rolling, the bonding surfaces of the plates were
polished with a steel brush and cleaned with absolute ethyl
alcohol. As illustrated in Fig. 1, a sandwich structure was
created by cladding both sides of the HCCI plate with LCS
plates. Afterward, the treated plates were welded together. The
air in the bonding surfaces was pumped out from the reserve
tube. The vacuum tube was sealed by hot pressing once the
vacuum level dropped below 1.0 9 10�3 Pa. The LCS/HCCI/
LCS composite slab was preheated to 1150 �C and held at that
temperature for 30 min prior to rolling at a speed of 0.1 m s�1

and a cumulative reduction rate of 30, 40 or 50%. After hot
rolling, the slabs were air-cooled. In practice, the upper LCS
layer can be removed via machining or it may be worn out
during use. In the remaining HCCI/LCS laminated composite
plate, the HCCI layer plays a wear-resistant role and the LCS
layer acts as a ductile component.

A pin-on-disc configuration (Rtec, MFT-5000) was used in
the sliding wear tests of the slabs in the absence of lubrication.
The wear test samples were cut from the center of the hot-rolled
sheet along the rolling direction (RD) and normal direction
(ND). For each hot-rolled composite material, the wear test was
conducted on the surface of the hot-rolled HCCI layer. Thus,
the upper LCS layer was removed by the wire electrical
discharge machining process to expose the fresh surface of the
hot-rolled HCCI layer. The wear properties of as-cast, heat-
treated and hot-rolled samples were compared and analyzed.
Before the wear test, each specimen was ground and polished to
achieve a roughness level of 1 lm. A Si3N4 ball with a
diameter of 6.35 mm was used in the test as the slider ball. The
hardness of the Si3N4 ball is � 75 HRC. The normal axial load
applied was 60 N, the wear track was 4 mm, the constant
sliding speed was 8 mm s�1, and the total test time was
30 min. Figure 2 shows the schematic diagram of the pin-on-
disc configuration. The wear rate was calculated as follows (Ref
27):

W ¼ bhl

L
ðEq 1Þ

where b, h and l are the width, depth and length of the wear
track, respectively. L is the total sliding distance. The values of

b and h were the average of five different sites on the wear track
measured by a 3D surface profiler (Keyence VXH-2000). In
order to obtain more accurate values, each specimen was tested
three times in the same wear conditions. The friction coefficient
was measured by an analog to digital converter and recorded in
a computer.

An optical microscope (OM) and a scanning electron
microscope (SEM, ZEISS SIGMA-300) were utilized to
examine the microstructure of HCCI. The phase components
of HCCI were analyzed by an x-ray diffractometer (XRD). The
morphology of the wear surface and subsurface of the
specimens were observed via digital microscope (DM, Keyence
VXH-2000) and the SEM.

3. Results and Discussion

3.1 Microstructure

Figure 3(a) displays the macrograph of the bimetal material
after it was hot-rolled at a cumulative reduction rate of 30%. A
sandwich-structured composite with an HCCI core layer was
clearly observed. Macroscopically, the two metals were well
bonded without macroscopic cracks or holes at the interface.
The brittle HCCI core layer was uniformly deformed and free
of cracks. As a contrast, the monolithic HCCI plate was hot-
rolled at 1150 �C and a cumulative reduction rate of 30%. As
shown in Fig. 3(b), many macroscopic cracks were formed in
the hot-rolled monolithic HCCI plate. Owing to high crack
sensitivity and brittleness, the monolithic HCCI sheet often
exhibits poor thermal deformation performance (Ref 28, 29).

The microstructure of as-cast HCCI materials was charac-
terized by the presence of numerous hexagonal primary
carbides and finely distributed eutectic carbides (Fig. 4a).
HCCI possessed excellent wear resistance on account of the
hard Cr-carbides present in it. Nonetheless, the high volume
fraction of Cr-carbides amplified the risk of brittle fracture
under impact. The main phases in as-received HCCI were
retained austenite, martensite and M7C3 carbides (Fig. 4b). The
microstructure of the sample heat-treated at 1150 �C was
similar to that of as-cast iron. After heat treatment, the sharp
corners of Cr-carbides in HCCI were rounded. Some carbides
dissolved, and bulk carbides were irregularly distributed in the
matrix (Ref 22).

After the hot-rolling treatment, the morphology of Cr-
carbides altered evidently (Fig. 5). The eutectic and primary
carbides were fractured and broken into pieces. Partially broken
primary carbides were completely encapsulated by the ferrite
matrix and flew with it. The fractured Cr-carbides in HCCI
during hot rolling promoted the coordinated deformation of Cr-
carbides and the matrix. However, some micro-voids were
formed in partially fractured carbides, as indicated by red
circles in Fig. 5. During the thermoplastic deformation process,

Table 1 Chemical compositions (wt.%) of HCCI and LCS

Material C Si Cr Mn P S Mo Ni Fe

HCCI 2.8 1.1 28 1.0 0.02 0.02 0.5 0.4 Balance
LCS 0.12 0.2 0.1 0.5 0.01 0.002 … … Balance
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micro-cracks first occurred in the hard and brittle Cr-carbides
and then expanded with the increase in the cumulative
reduction rate, forming large crack gaps. Some crack gaps
were filled by the nearby austenite matrix or fine eutectic
carbides, but some could not be filled in time during the flow
deformation process. As a result, micro-voids were formed in
fractured Cr-carbides.

An EBSD analysis was made to further investigate the
microstructure of hot-rolled HCCI. Figure 6 shows the band
contrast maps and phase maps of hot-rolled HCCI. In the phase
maps, yellow, red and blue colors represent M7C3 carbide,
martensite and austenite, respectively. It can be seen from the
phase maps that M7C3 carbides were distributed in the matrix
as an irregular hexagon or short rod. After the hot-rolling
process, micro-cracks occurred in some primary carbides,
which were then fractured into small blocks and dispersed in
the matrix. The fragmentation degree of the carbides increased

significantly as the cumulative reduction rate was raised to
50%. In addition, the fractured primary and eutectic carbides
had a tendency to flow and align along the rolling direction. To
refine the carbides by fracturing them can reduce the shearing
effect on the matrix and improve the overall toughness of HCCI
(Ref 12)

According to Fig. 4b, the as-cast HCCI mainly contained
M7C3 carbides, retained austenite, and martensite. Figure 7
describes the effect of hot rolling on the HCCI microstructure.
The phase components of the hot-rolled HCCI were similar to
those of the as-cast one, except that the peak intensity of M23C6

type secondary carbides in the hot-rolled HCCI increased.
Moreover, the austenite peaks were also slightly intensified in
HCCI hot-rolled at 1150 �C. Tabrett et al. (Ref 30) reported that
as the destabilization temperature rose, the solubility of C
atoms in austenite increased, the temperature for austenite to
transform into martensite declined, and the driving force of

Fig. 2 Schematic diagram of the pin-on-disc apparatus

Fig. 3 Macrograph of the hot-rolled plate at 1150 �C/30% accumulated reduction rate: (a) the hot-rolled sandwich-structured composite and (b)
the monolithic HCCI plate

Fig. 1 Schematic diagram of the bimetallic assembly and the experimental process
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Fig. 4 The initial microstructure of the as-cast HCCI: (a) OM micrograph and (b) the x-ray diffraction pattern; microstructure of the sample
after heat treatment at 1150 �C: the microstructure of the heat-treated HCCI: (c) OM micrograph and (d) SEM micrograph

Fig. 5 OM and SEM micrographs of the hot-rolled HCCI with different reduction rates: (a) and (b) 30%, (c) and (d) 40%, (e) and (f) 50%
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carbide precipitation decreased. As a result, the retained
austenite content increased.

3.2 Sliding Wear Behavior

Since the specimens were rubbed with a Si3N4 ball, the wear
tracks on the surface presented a bow-shaped cross section
(Fig. 8a). The width and depth of the tracks varied among the
five specimens in the same wear conditions, which indicated
these specimens had different wear resistance. Figure 8a shows
the depth profiles of the wear tracks. The hot-rolled specimen at
the cumulative reduction rate of 30% had the smallest wear
depth, while the as-cast specimen had the largest wear depth.

The average wear rates of the five specimens are summa-
rized in Fig. 8b. Both thermomechanical and heat treatments
improved the wear resistance of HCCI. The wear rate of the as-
cast specimen was higher than that of both hot-rolled and heat-
treated HCCI. However, with the increase in the cumulative
reduction rate, the wear resistance of the hot-rolled specimen
decreased. This phenomenon is mainly ascribed to the

microstructure evolution of HCCI at different cumulative
reduction rates.

Figure 9 shows the coefficient of friction (COF) as a
function of the wear time for test specimens. The COFs of the
five specimens have a similar trend. The wear process can be
divided into two stages according to the change process of the
COF curves. The first stage is the running-in stage, during
which the COF fluctuated sharply. The second stage corre-
sponds to the steady state of the specimen, during which the
COF was stable (Ref 31, 32). At the beginning of the tests, the
contact area between the specimen and the pin was small.
Hence, the COF was small and unstable in this stage. The COF
increased with the enlarged wear area (Ref 33). During the
running-in process, the wear surface would undergo
microstructure evolution, thermal change and chemical reac-
tions, and especially oxides would produce. When the test was
run for approximately 800 s, the wear process reached a steady
state. For the specimens prepared at 30 and 40% reduction
rates, their COF maintained at � 0.5, whereas the COF of as-

Fig. 6 EBSD analysis results: (a) and (c) the band contrast maps, (b) and (d) the phase maps

Fig. 7 XRD patterns of the hot-rolled HCCI with different reduction rates: (a) 30%, (b) 40% and (c) 50%
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cast iron and the specimen prepared at the reduction rate of
50% was slightly higher.

3.3 Wear Property Analysis of HCCI

In the thermomechanical treatment process, the microstruc-
ture of HCCI underwent great changes, especially the size and
distribution morphology of carbides. Specifically, the carbides
in HCCI were fractured and defects such as micro-voids or
micro-cracks were formed (Fig. 5 and 6).

Figure 10(a) and (b) shows the OM images of the wear
surface (RD-TD section) of the as-cast specimen and the
specimen hot-rolled at the reduction rate of 50%. The
distribution morphologies of carbides on the wear surface
differed greatly before and after the hot-rolling treatment. After
hot rolling, the long axis of some carbides became parallel to
the RD-TD section, leading to a change in the area fraction of
hard carbides on the wear surface. The area fraction of Cr-
carbides in the test specimens was measured using the software
‘‘Image Pro’’. The results were obtained by 10 measurements
on micrographs magnified 200 times. The area fraction of Cr-
carbides on the wear surface of the hot-rolled specimens was
higher than that of the as-cast and heat-treated specimens

(Fig. 10d). A high area fraction of hard Cr-carbides provided
protection for the HCCI against wear and improved its wear
performance (Ref 34).

Meanwhile, the microstructure of the matrix and the
precipitation of secondary carbides also had remarkable effects
on the wear properties of HCCI. Figure 11 shows the TEM
micrograph of the secondary carbides of the HCCI hot-rolled at
the reduction of 50%. The secondary carbides were distributed
at the grain boundary of the matrix in the form of spherical
particles, with a size of about 200-600 nm. XRD pattern and
diffraction spot analysis revealed that the secondary carbide
was M23C6. The Cr-carbides in HCCI would fracture and
dissolve during thermoplastic deformation, promoting the
generation of a saturated solid solution of Cr elements in the
matrix. During the cooling process, supersaturated Cr atoms
and C atoms in the matrix precipitated to form secondary
carbides with the decrease in solubility (Ref 31). These
secondary carbides have higher hardness and play a dispersive
strengthening effect on the matrix, which effectively improves
the strength and wear properties of HCCI.

Figure 10c shows the SEM image of carbide cavities in the
specimen hot-rolled at the reduction rate of 50%. There were
cavities and micro-cracks in the fractured carbides. More
carbide cavities were formed with the increase in the cumu-
lative reduction rate (Fig. 10d). A distinctive feature of HCCI
was the high content of hard carbides embedded in the ferrite
matrix, so there were a lot of bonding interfaces between the
carbide and the matrix. At the same time, the fractured carbide
was wrapped by the matrix, forming new bonding interfaces.
When the gap in the fractured carbide was not fully filled,
defects such as carbide cavities or micro-cracks were generated,
which destroyed the microstructural of HCCI, and reduced the
effective bonding area between the hard carbide and matrix.
This would result in reduced wear properties of HCCI.

3.4 Sliding Wear Mechanism Analysis of HCCI

The wear surface morphologies of the test specimens are
displayed in Fig. 12. On the wear surface of the test specimens,
there were small grooves formed by micro-cutting and pits
formed by hard carbide spalling. During the sliding wear test,
there were alternating compressive and tensile stresses gener-
ated on the specimen surface and the ball, resulting in low-
frequency fatigue. Brittle Cr-carbides were spalled once the

Fig. 8 (a) Depth profile of the wear tracks and (b) wear rate of the as-cast HCCI, heat-treated and the hot-rolled specimens

Fig. 9 Coefficient of friction as a function of the wear time
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contact stress exceeded their strength of Cr-carbides. The
falling carbide blocks acted as abrasives, producing a three-
body abrasive wear force that accelerated the wear of the
specimen. According to Fig. 12, the as-cast specimen was more
severely worn, with many flakes of carbides exfoliating from
the wear surface. The hot-rolled specimens had better wear
resistance than the as-cast specimens. However, the hot-rolled
specimen surface was worn more severely increased with the
increase in the cumulative reduction rate. The reason is that the

carbide cavities and micro-cracks formed after hot rolling made
it easy for the carbides to flake off the matrix.

To better analyze the sliding wear mechanism of HCCI, the
subsurface of the wear track was observed under an SEM, and
the results are shown in Fig. 13. It is evident that the carbides
on the subsurface of the wear track were broken to varying
degrees, and the micro-cracks expanded in the carbides. The
carbide exfoliation on the wear surface was more serious in the
as-cast specimens (Fig. 13a). The wear surface of the specimen

Fig. 10 OM image of the wear surface: (a) as-cast, (b) 50%; (c) SEM image of carbide cavity of 50% specimen; (d) the area fraction of
carbide and carbide cavity of HCCI in different treatment states

Fig. 11 Second carbides of the 50% hot-rolled HCCI: (a) TEM micrograph of the second carbides and (b) the enlarged photograph of the red
box in figure a
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Fig. 12 Wear morphologies of the test specimens: (a) as-cast HCCI, (b) and (b1) 30%, (c) and (c1) 40%, (d) 50%

Fig. 13 SEM images of the subsurface of the sliding scar of the test specimens: (a) as-cast iron, (b) 30%, (c) the enlarged photograph of the
red box in figure b, (d) 40%, (e) the enlarged photograph of the red box in figure d and (f) 50%
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hot-rolled at the reduction rate of 30% was relatively flatter and
covered with a thin oxide film, which was formed by thermal
deformation and chemical oxidation (Ref 33). Gao et al. (Ref
34) proved that the thin oxide film was formed on the HCCI
surface during dry friction sliding, and it served as a lubricant
in the wear process. In the profile micrographs of the specimens
hot-rolled at the reduction rate of 40 and 50%, some pits were
observed in the fractured carbides on the wear surface. The gap
between carbides in the pits was large, and the carbides tended
to separate from each other and peel off the wear surface. Under
the periodic tensile stress and compressive stress applied by the
Si3N4 ball, these micro-gaps and pits were more likely to
expand, resulting in a decrease in the binding strength between
the matrix and the carbide.

Based on the above analysis, the wear mechanisms of as-
cast iron and the hot-rolled specimens were obtained (Fig. 14).
The microstructure of HCCI can be regarded as a particle-
reinforced composite composed of hard Cr-carbides and the
soft ferrite matrix. The hard carbide protected the iron matrix,
which supported the carbide in turn, greatly improving the wear
resistance of HCCI. During the sliding wear process, the ferrite
matrix was first worn away, and the hard carbide protruded
from the surface to protect the matrix. Under the action of

periodic tensile stress and compressive stress applied by the
Si3N4 ball, the protruding carbide was broken and fell, forming
some micro-cracks on the subsurface (Fig. 14a).

The high area fraction of carbides on the wear surface and
the crack-resistant ability of the matrix were the main
contributors to the good wear properties of HCCI. After hot
rolling, the carbide particles were refined and the area fraction
of carbides on the wear surface increased. Consequently, they
could effectively protect the iron matrix from abrasion. At the
same time, the precipitation of secondary carbides and the
increase in residual austenite content also played a role in
improving the wear resistance of the matrix. Therefore, the
wear properties of hot-rolled specimens were better than those
of the as-cast specimen.

However, carbide cavities or micro-gaps were also formed
after hot rolling, especially at higher reduction rates (Fig. 14b,
c). The formation of these defects weakened the support to the
hard carbide by the matrix. When the ball slid on the specimen
surface, the carbide peeled off from the wear surface earlier
under the synergistic effect of crack propagation in the carbide
and the increasing number of carbide cavities. Moreover, the
falling fine carbide particles acted as three-body abrasives,
which accelerated the wear rate (Fig. 14c). Therefore, the wear

Fig. 14 Schematic description of the wear mechanism of the as-cast HCCI and hot-rolled HCCI: (a) as-cast iron, (b) 30% and (c) 50%
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resistance of the hot-rolled specimen decreased with the
increase in the cumulative reduction rate.

4. Conclusions

A sandwich-structured composite material, in which HCCI
was cladded by LCS, was newly prepared by the hot-rolling
bonding process at different reduction rates. The microstructure
and sliding wear behavior of HCCI were investigated. The
following conclusions are drawn.

1. The brittle HCCI core layer showed good thermomechan-
ical deformation performance when the sandwich struc-
ture was hot-rolled at 1150 �C. The fractured carbides
were wrapped by the matrix and flew along the rolling
direction with the matrix. However, some defects such as
carbide cavities and micro-cracks were formed in the
fractured carbides.

2. The wear resistance of hot-rolled HCCI was better than
that of as-cast HCCI. With the increase in the cumulative
reduction rate, the wear resistance of the hot-rolled speci-
men decreased.

3. The long axis of carbide rods became parallel to the wear
surface after the hot rolling treatment, leading to an in-
creased fraction of carbides on the wear surface. A high
area fraction of carbides provided protection for the ma-
trix against wear and improved its wear performance.

4. The wear morphology of the sample were dominated by
carbides spalling, and the carbides on the subsurface of
the wear track were broken to varying degrees. The de-
fects such as carbide cavities and micro-cracks impaired
the wear resistance of HCCI.
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