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Honeycomb-structured high-chromium cast iron (HCCI) composites reinforced with ZrO2-toughened
Al2O3 (ZTA) particles were prepared through centrifugal casting. Centrifugal speeds had a significant
impact on the microstructure and the performance of the composites during the centrifugal casting process.
As the centrifugal speeds (600, 700, 800, 900 r/min) increased, the austenitic microstructure and eutectic
carbides of the composites were obviously refined as a result of nucleation area increase caused by dendrite
fragmentation. Meanwhile, with a change in centrifugal speed, the hardness of the composites increased by
5 HRC. The results of three-body abrasive wear under high-stress load showed that the wear volume loss of
the composites decreased with the centrifugal speeds. The wear resistance of the composites at 900 r/min
was 1.45 times higher than that at 600 r/min. A reasonable centrifugal speed, therefore, is recommended in
this study to prepare the ZTA/HCCI composites with better microstructure and mechanical properties.

Keywords centrifugal casting, high-chromium cast iron, iron
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1. Introduction

With good thermal stability, better fracture toughness, and
thermal expansion coefficient closer to the iron matrix, ZTA
ceramic particles are considered as the most suitable material
for reinforcing iron matrix composites (Ref 1, 2). Iron matrix
composites with ZTA particles are used in many fields,
including mineral processing and industrial applications
because of their mature preparation technology, relatively low
cost, and good wear resistance (Ref 3-5). When making rotary
parts such as grinding rollers with ceramic particles on the
external surface, traditional gravity casting technology encoun-
ters some difficulties (Ref 6, 7). Currently, centrifugal casting is
mostly used in the preparation of partially reinforced rotary
parts, which enjoys better filling performance, denser
microstructure, finer carbides, and a simple casting process
(Ref 8-10). During centrifugal casting, the centrifugal speeds
have a great influence on the microstructure and properties of
the composites. The effect of mold rotation speeds on the
gradient microstructure and properties of WC/Fe-C composites

was investigated by Song et al. (Ref 11). The results showed
that the hardness and impact toughness of the working layer in
the composites changed with the increase in the mold rotation
speed. Yang et al. (Ref 12) studied the effect of centrifugal
casting speeds on the forming pattern of castings. It was found
that the increase in centrifugal speeds could bring finer micro
grains and higher hardness. Niu et al. (Ref 13) studied in situ
particle-reinforced iron matrix composites prepared by using
centrifugal casting. The results showed that the composites
containing a high volume fraction of hard WC had higher wear
resistance than gray cast iron without any enforcement.

Centrifugal speeds can significantly affect the movement of
particles, with inappropriate speeds leading uneven particle
distribution and casting defects (Ref 14). But only a few reports
on the relationship between centrifugal casting speeds and the
microstructure and wear resistance of high-chromium cast iron
(HCCI) matrix composites reinforced with ZTA particles have
been conducted. This paper, therefore, focuses on the effect of
centrifugal speeds on the microstructure, mechanical properties,
and wear resistance in ZTA/HCCI composites prepared by
using centrifugal casting.

2. Experimental Procedure

2.1 Materials

In this study, HCCI was selected as the matrix, and its
chemical composition is presented in Table 1. ZTA particles
with a 2 mm diameter were selected as the reinforcement
material, and they consisted of 56% Al2O3, 40% ZrO2, 3%
TiO2, and 1% Fe2O3 (wt.%). They had 1500-1600 HV in
microhardness, 4.3 gÆ cm�3 in density, 1890 �C in melting
point, and 8.5 9 10–6/ �C in thermal expansion coefficient. The
SEM micrograph and x-ray diffraction results of the ZTA
particles are shown in Fig. 1.
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2.2 Composites Preparation

The HCCI composites refined with ZTA particles were
prepared by using centrifugal casting. The J-517 horizontal
centrifugal casting machine used is produced by Jinan Haomai
Casting Machinery Co., Ltd., and the casting process is shown
in Fig. 2. To obtain the preforms for the experiment, the ZTA
particles were coated with ceramic powder to improve the
wettability of the HCCI matrix, and then, they were mixed with
Na2SiO3 solution to make the bonding agent fixed in the mold.
The preforms have 120 mm inner diameter, 30 mm thickness,
and 300 mm height, and its honeycomb structure is shaped like
a regular hexagon with a 10 mm wall thickness and 12.5 mm
hole diameter. In the first step, the preforms were fixed in the
inner cavity of the mold and preheated to 150 � 250 �C. Then,
a melting furnace with medium frequency was used to melt the
HCCI melt with a pouring temperature of 1600 �C, and four
different sets of parameters (600 r/min, 700 r/min, 800 r/min,
and 900 r/min) were used in the empirical formula of gravity

centrifugation: n = 299
ffiffiffi

G
R

q

(G: gravity coefficient, cast

iron = 30 � 70) (Ref 15). This was gained from the equation
(Ref 16, 17). G = x2R

g ¼ N2p2
900g R (G, x, N, R, and g represent

gravity coefficient, angular velocity (rad/s), the rotating speed
of the centrifugal (r/min), the distance from the centrifugal axis
to the center of sample (m), and normal-gravitational acceler-
ation, respectively.) In the last step, the melt was cooled to
room temperature, and the honeycomb-structured iron matrix
composites refined with ZTA particles were made.

2.3 Three-Body Abrasive Wear Test

Three-body abrasive wear tests were conducted on an MFG-
800SQ abrasive wear tester produced by Jinan Siernuo
Machinery Equipment Co., LTD. Each wear sample was 30
9 20 9 20 mm with a 45� angle and was fixed by clamps. The
wear direction in the experiment was parallel to that of the wear
surface of the sample. Silica sands with a size of 0.6 mm were
used as the abrasive. The load was 600 N and the speed was
1500 mm/min. In addition, to ensure accuracy, the abrasive
particles were replaced every one hour. The sample was pre-
worn for 1 h before experiencing 12 grinding processes, each
of which lasted for 1 h. The remaining other steps and the
method used to calculate the volume loss of the composite were
the same as those in these two papers (Ref 18, 19).

2.4 Characterization

The surfaces of the sample were polished and etched in
nitrates with 4 vol.% alcohol to reveal their microstructure. The
microstructure and wear morphology of the composites were
observed through a metallographic microscope (Nikon-M300),
scanning electron microscope (SEM, ZEISS-EVO18), and
energy-disperse spectroscopy (EDS). The phase composition
of the sample was identified through x-ray diffraction (XRD,
D/max-2500). The overall mechanical properties of the ZTA/
HCCI composites were tested in a compression tester (SHT-
4305), and the compression samples were 15 9 15 9 25 mm

Table 1 Chemical composition of high-chromium white cast iron matrix (wt.%)

Element C Si Cr Mn S P Mo Ni Fe

Content, wt.% 2.5-2.9 0.4-0.6 19-22 0.7-0.8 £ 0.01 £ 0.04 0.3-0.5 0.3-0.5 Bal.

Fig. 1 (a) SEM micrograph and (b) x-ray diffraction result of ZTA particles
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Fig. 2 Flowchart of ZTA/HCCI composite prepared by using centrifugal casting: (a) ZTA image; (b) preparation of preforms; (c) fixed
preforms; (d) casting process; (e) composites sample

Fig. 3 Surface and cross section morphology view of the rotating parts in the composites: (a) Schematic of the rotating parts, (b) local sample
of the composites, (c) macroscopic morphology of composites surface, (d) top macroscopic morphology view of the composites
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Fig. 4 Distribution of ZTA particles throughout the HCCI matrix, the microstructure and interface bonding microstructure of the composites at
600 r/min (a-c) and 900 r/min (d-f)

Fig. 5 X-ray diffraction analysis of composites at 600 r/min and 900 r/min
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in size and 0.5 mm/min in speed, which was based on the GB/
T7314-2005 Chinese standard.

3. Results and Discussion

3.1 The Morphology Surface Microstructure
of the Composites

Figure 3 shows the schematic and sectional view of the
ZTA/HCCI composites prepared by using centrifugal casting.
The composites are mainly composed of the HCCI matrix and
ZTA/HCCI compound. The 12-mm-thick compound area is on
the outer surface, and the matrix area is 18 mm thick. As can be
seen from Fig. 3(b), the ZTA particles were uniformly dis-
tributed in HCCI, and no pores or significant inclusions were
found in the interior of the rotary parts in the composites. In

addition, from Fig. 3(c), it can be observed that the surface
layer of the composites had a honeycomb structure. The image
can also prove the completeness of such a structure and the
absence of obvious defects on the surface. The middle part of
the composites was selected for the analysis of their
microstructure and mechanical properties, as shown in the
yellow box in Fig. 3(b).

The ZTA ceramic particles were distributed in the HCCI
matrix, whose microstructure and the interfacial bonding of the
composite are shown in Fig. 4. When the centrifugal speeds
were at 600 r/min and 900 r/min, the distribution of the ZTA
particles in the HCCI matrix was relatively uniform, and only a
few particles gathering together, which might be caused by the
uneven coating of the bonding agent during the preform
preparation. As seen in Fig. 4(b), the austenite microstructure at
900 r/min was refiner than that at 600 r/min, and the M7C3-type
carbides were distributed around it. In addition, it can be seen

Fig. 6 Metallographic micrographs of the centrifugal casting composites at different casting speeds: (a) 600 r/min, (b) 700 r/min, (c) 800 r/min,
(d) 900 r/min
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from Fig. 4(c) that at a speed of 600 r/min the interfacial
transition layer had obvious defects, which were discontinuous
and non-uniform, while at the speed of 900 r/min the centrifu-
gal pressure increased due to the increase in the centrifugal
speed. As the centrifugal pressure increases, the cast infiltration
pressure will rise, which brings a better bonding effect and
excellent interfacial transition layers between the ZTA particles
and the HCCI matrix(Ref 20). The existence of good interfacial
transition layers not only improves the interfacial bonding
effect but also provides good stress relief, between the ZTA
particles and the HCCI matrix, and brings transferring loads
and other advantages, which improves the overall mechanical
properties of the composites (Ref 21).

Analysis was made to determine the phase composition of
the ZTA/HCCI composites by suing XRD. From the x-ray
diffraction results shown in Fig. 5, the phases composition was
mainly austenite (c-Fe), M7C3 carbides, Al2O3, and ZrO2. This
result is consistent with the microstructure shown in Fig. 4,

with the large white area in the HCCI matrix being the
austenite, the gray part being M7C3 carbides, and the white
ZrO2 in the ZTA particles distributed in the Al2O3. It was found
that the change of centrifugal speeds alone did not cause the
change of phase composition under the same other conditions
for preparation. The phase composition of the ZTA/HCCI
composites, therefore, is the same under different centrifugal
speeds.

Figure 6 shows the microstructure of the composites at four
centrifugal speeds, and it can be seen that with the increase in
the centrifugal speeds, the microstructure was significantly
refined, and the thick dendrites gradually became cellular
crystals. The sizes of austenite grains at different speeds were
compared by using Image-Pro Plus, as shown in Fig. 8(a), in
which the austenite was reduced from 46 to 20 lm. This is
because the increase in centrifugal speeds brought higher
centrifugal force which increased the possibility of dendritic
fracture that would lead to an increase in the number of

Fig. 7 SEM of carbide morphology of the centrifugally casting composites at different casting speeds: (a) 600 r/min, (b) 700 r/min, (c) 800 r/
min, (d) 900 r/min
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nucleation points, thus reducing the size of austenite grains (Ref
22). Meanwhile, the broken dendrites would be transformed
into cellular crystals (Ref 23, 24). In addition, as the centrifugal
speed went up, the movement of ZTA particles increased, and
the austenite dendrites at the early stage of solidification collide
with each other and became broken and refined (Ref 25, 26).

As can be seen in Fig. 7, the areas in dark gray are carbides,
and the gray–white parts are austenite. Mostly, the morphology
of carbides is hexagonal, dotted, C-shaped, and rod-shaped.

With the increase in the centrifugal speeds, the carbide
morphology changed significantly. At 600 r/min, the carbides
looked hexagonal, short-rod alike and coarse with different
sizes, and had a strong cutting effect on the matrix. At 900 r/
min, however, the coarse rod-like carbides became fine and
diffuse. In addition, as can be seen from Fig. 8(b), as the
centrifugal speed increased, the size of the carbide decreased
from 3.9 to 2.1 lm, and their volume fraction rose from 29.7 to
36.5%. The change in the carbide morphology was due to the

Fig. 8 (a) Grain size versus centrifugal speed for austenite of the composites, (b) Size and volume fraction of eutectic carbides of the
composites at different centrifugal speeds

Fig. 9 Effect of different centrifugal speeds on the distribution spacing of ZTA particles
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possible destabilization of the solid–liquid solidification inter-
face as a result of the centrifugal speed increase, which had
some effect on its growth pattern (Ref 27). Meanwhile, as the
centrifugal speed increased, it was easier for carbides to be
nucleated because of the decrease in ZTA particle spacing and
the increase in undercooling caused by tighter casting. This
made the nucleation growth diffuse Fe, Cr, and C elements

slower, bringing fine and uniformly distributed carbides (Ref
28, 29). In addition, it was also related to the refinement of
austenite. As generally carbides are in austenite dendrites
during their growth, carbides could only be nucleated in the fine
eutectic austenite when the coarse dendrites disappeared, which
brought more areas for nucleation and smaller sizes of carbides
(Ref 30).

Fig. 10 EDS mapping of the ZTA/HCCI composite: (a) SEM image, (b-h) maps of different elements

Table 2 EDS analysis results for the point in Fig. 10 (at.%)

Point Cr Fe Si Al O Ni Mo Zr Mn

1 57.2 40.2 0.4 0.6 0.8 0 0.2 2.08 0.6
2 15.7 78.2 4.1 0.3 0.8 0.3 0 0 0.6
3 1.5 0.3 14.8 19.7 63.0 0 0 0 0.8
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Changes in the centrifugal speeds had a great influence on
the distribution of ZTA particles. As the centrifugal speeds rose,
the increase in centrifugal force produced less dense ZTA
particles moving toward the inner surface of the casting, as
shown in Fig. 9. At 600 r/min, the ZTA particles moved slowly
and the particles were dispersedly distributed before solidifica-
tion. At 900 r/min, however, the ZTA particles moved faster,
and they were closely distributed before solidification, and most
of them were 100-300 lm in size. This phenomenon shows that
centrifugal speed changes would bring an obvious gradient in
terms of the distribution of ZTA particles. This was because as
the centrifugal speed increased, the centrifugal force became
bigger, making the ZTA particles gather faster toward the inner

surface of the casting under the centrifugal force, thus making
the ZTA particles more closely distributed.

Figure 10 shows the morphology and elemental mapping
results of EDS of the ZTA/HCCI composites. The transition
layers between ZTA particles and the HCCI matrix are
continuous, complete, and homogeneous, with good interfacial
bonding ability between ZTA particles and the HCCI matrix. In
Fig. 10(a), (f) (position 1), and Table 2 (points 1), the rectangle
box represents the carbides, which maintained a tight contact
with the HCCI matrix. It can be proved that it is the HCCI
matrix from Fig. 10(a), (g) (position 2) and Table 2 (points 2).
The HCCI matrix was found to be closely bonded with the
transition layer. Position 3 in Fig. 10(a) is the transition layer

Fig. 11 (a) Effect of different speeds on hardness in the matrix and the centrifugal casting composites, (b) radial Rockwell hardness of the
inner surface at different casting speeds

Fig. 12 (a) Stress–strain curves, (b) compression strength values
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area, and the distribution of elements around the transition layer
had significant changes when compared with that in Table 2. It
can be seen that elements distribution is significantly different.

3.2 Mechanical Properties Test Results of the Composites

Based on the analysis results above, it can be seen that the
microstructure and refinement degree of grains, as well as the
size and distribution of carbides, are important factors in
determining the hardness of the composite (Ref 27). The
hardness of composites and eutectic carbide increased signif-
icantly with the centrifugal speed, as shown in Fig. 11(a).
Figure 11(b) is the changed curve of Rockwell hardness from
the radially inner surface to the outer surface of the composites
at different centrifugal speeds. It can be seen that the Rockwell
hardness of the composites reached its maximum at 900 r/min.
This is in line with the previous conclusion about microstruc-
ture changes (Ref 31).

As seen in Fig. 12, the compressive strength of the
composites increased with the centrifugal speed. At 900 r/
min, the compressive strength was 1266 MPa. As the speed
decreased to 600 r/min, the compressive strength was
1067 MPa. This was because, at 900 r/min the microstructure
and carbide refinement of the composites were obvious, and its
cutting effect on HCCI was smaller, thus their mechanical
properties were improved under the synergistic effect of the
matrix and carbides. From the morphology of compression
fracture in Fig. 13, which changes with speeds, it can be seen
that it had a brittle destructive fracture. At lower speeds,
obviously the fracture was river pattern, with the fracture
surface relatively smooth and flat, and it was mainly perme-
ability fracture with coarse carbides. With the increase in
centrifugal speed, the microstructure was refined and fine
carbides were diffusely distributed, bringing better protection to
the matrix, as a result of which the fracture started not from the

Fig. 13 Morphology of compression fracture at the speeds of (a) 600 r/min, (b) 700 r/min, (c) 800 r/min, (d) 900 r/min
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carbides but from junctions between the HCCI matrix and the
ZTA ceramic particles. The compressive strength of the
composites, therefore, rose with the centrifugal speed (Ref 32).

3.3 Three-Body Abrasion Wear Test results
of the Composites

From Fig. 14, it can be seen that the volume wear loss of the
composites decreased with the centrifugal speed, while the
wear slowly decreased with wear time and tended to be stable.
By comparison, the volume loss at 600 r/min was 1.45 times
bigger than that at 900 r/min, so the wear resistance at 900 r/
min was 1.45 times bigger than that at 600 r/min.

The wear morphology of the composites at different speeds
was analyzed by using SEM, as shown in Fig. 15. At 600 r/
min, there were pits as a result of spalling, deep plow grooves,
and a few abrasives embedded in the HCCI matrix, and the
ZTA particles were worn to a greater extent by rupture,
accompanied by spalling in a small part of areas. When the
speed was 900 r/min, the HCCI matrix looked flat with few pits
and the ZTA particles were relatively intact, indicating that the
hardness of the HCCI matrix became higher and the ZTA
particles played a role in resisting wear at such a speed.
However, the wear was severe near the area without ZTA
particles, as shown in Fig. 15(c), and the step phenomenon was
serious in these areas, which significantly highlighted the role
of ZTA particles in promoting the wear resistance of the
material. Thus with the increase in the centrifugal speed, the
pits in the composites were found to gradually decrease, the
plow grooves also decrease and become shallow, the ZTA
particles fall off, and ruptures be reduced, which was because
of the protection from the high-hardness HCCI matrix and ZTA
particles, greatly reducing the wear loss of the composites. At
the same time, it can be seen that the bond between ZTA
particles and the HCCI matrix was still quite tight after the
wear, and no cracks or defects were seen, which indicated that

the composites enjoy excellent bonding ability in their inter-
face.

The schematic of the three-body abrasive wear mechanism
of the ZTA/HCCI composites is shown in Fig. 16. At low
centrifugal speeds, the HCCI matrix between ZTA particles had
low hardness and poor wear resistance, and as the abrasive kept
grinding and pressing back and forth under load, ‘‘grooves’’
were formed, which led to the lower support of the matrix, and
some particles fell off to form pits, and the particles underwent
severe wear. When the centrifugal speeds were high, the matrix
had higher hardness and good wear resistance, producing
stronger support and protection for ZTA particles, thus reducing
significantly the wear of the composites. This is in line with the
above microstructure analysis: the carbide microstructure at
low centrifugal speeds was coarse, with poor fracture toughness
and a strong cutting effect on the HCCI matrix. These
abscission fragments acted as secondary abrasive, increasing
wear rates during the wear process (Ref 33-35). This led to a
decrease in the wear resistance of the composites (Ref 36, 37).
At the same time, the larger size of austenite and its uneven
distribution also contributed to the increase in wear. In contrast,
when the centrifugal speed increased, austenite was refined and
distributed continuously and uniformly, and fine carbides were
diffusely distributed on the matrix, protecting it and reducing
the areas undergoing wear. This is consistent with the results
gained by Chang et. al (Ref 38).

In addition, during the wear process, the HCCI matrix with
relatively low hardness was worn at the beginning, and later on
the ZTA particles slowly protruded to become the main part
receiving wear to protect the HCCI matrix from the abrasive
particles cutting into it, which is called the ‘‘shadow protection
effect.’’ Similarly, the HCCI matrix between the ZTA particles
could provide good support for these particles, and both
coordinated with each other to improve the wear resistance of
the composites (Ref 39).

Fig. 14 (a) Relationship between the volume loss and periods of the wear tests at different speeds, (b) relationship between wear time and wear
volume loss at different speeds
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4. Conclusions

In this study, the honeycomb-structured HCCI composites
reinforced with ZTA particles were prepared by using centrifu-
gal casting. Based on the investigation of the effect of speeds
on the microstructure, mechanical properties, and wear resis-
tance of the composites, the following conclusions can be
drawn:

(1) The centrifugal speed is a very important parameter dur-
ing the centrifugal casting process and has a significant ef-
fect on the microstructure of the composites. As the speed
increased, the size of the primary austenite in the compos-

ites was reduced from 46 to 20 lm, the carbide size from
3.9 to 2.1 lm, and the volume fraction rose from 29.7 to
36.5%.

(2) As the centrifugal speed rose from 600 r/min to 900 r/
min, the Rockwell hardness of ZTA/HCCI composites in-
creased significantly, from 52 to 57 HRC, and their com-
pressive strength increased from 1067 to 1266 MPa.

(3) As the speed increased, the composites experienced the
least volume loss at the speed of 900 r/min, and their wear
resistance at 900 r/min was 1.45 times bigger than at
600 r/min. The composite, therefore, enjoys the best wear
resistance at 900 r/min.

Fig. 15 The wear morphology of the sample at the speeds of (a) 600 r/min, (b) 700 r/min, (c) 800 r/min, (d) 900 r/min
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