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Abstract
In the present experimental research, the compo-casting process was employed to fabricate
Zn-35Al-1.2Mg-0.2Sr composite alloy reinforced with nano-SiC(p) + micro-Gr(p) particles and
the water-cooling control system casting was applied to realize the eﬀects of diﬀerent chilling
conditions on the as-synthesized material. Also, dry sliding wear experiments were performed
to study the wear behavior of Zn-35Al-1.2Mg-0.2Sr composite alloy. Moreover, the eﬀects of
nano-SiC(p) + micro-Gr(p) addition on wear behavior of the as-prepared composite at diﬀerent
wear temperatures were analyzed. It was noticed that the abrasive resistance of Zn-35Al-1.2Mg-0.2Sr composite alloy was dependent on the percentage and the dendritic arm spacing
of the wearable Al-rich α-phase as well as on the distribution of nano-SiC(p) + micro-Gr(p)
particles. With the increase in cooling rate during casting, the dendritic arm spacing of the
α-phase decreased apparently. Further, with the increase in wear temperature, the percentage
of the wearable Al-rich α-phase, especially for the specimen cooled under a full cooling mode,
started to increase signiﬁcantly. The specimen cooled under a full cooling mode manifested
excellent high-temperature abrasive resistance. Furthermore, the tensile strength of the ascast composite increased with the increase in cooling rate during casting, and it could be
attributed to the reﬁned microstructures and the distribution of nano-SiC(p) + micro-Gr(p)
particles.
K e y w o r d s : Zn-35Al-1.2Mg-0.2Sr, SiC nanoparticles, Gr microparticles, wear behavior,
compo-casting

1. Introduction
Zinc (Zn)-aluminum (Al) alloys have attracted
considerable interest in engineering application and
material science research due to their excellent mechanical and tribological properties [1, 2]. It is noticeable that energy conservation, environmental protection, and lightweight design are the main topics in
current research scenario. Thereupon, multifarious research has been conducted to replace cast iron, lead,
and bronze (used for bearings and bushes) with Zn-Al
alloys [3–5]. The Al content in Zn-Al alloys is a very
important factor, and a small amount of magnesium
(Mg) is also beneﬁcial to improve the mechanical prop-

erties and the castability of Zn-Al alloys. Yan et al.
[6] investigated the eﬀects of Al content (33 to 48 %)
on mechanical and wear properties of Zn-based alloys.
Abou El-khair et al. [7] found that with an increase
in Al content from 8 to 27 %, the mechanical and
wear properties of Zn-based alloys increased signiﬁcantly; a similar outcome was also reported by Prasad
et al. [8]. However, it has been observed that the enhanced wear properties of Zn-Al alloys by the addition
of Mg, Cu, or other rare-earth elements still do not
meet the requirements of transmission drive; therefore, the development of novel Zn-Al alloys with excellent wear properties is imperative. Ceramics are excellent reinforcing materials for metal-matrix composites
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due to their outstanding physical, mechanical, electrochemical, and wear-resisting properties; therefore, the
preparation of Zn-Al alloys with wear-resisting silicon
carbide (SiC) particles and friction-resisting graphite
(Gr) particles has been sprung up gradually in recent
years. Babic et al. [9] revealed that ZA-27 alloys reinforced with Gr particles (Gr(p) ) yielded signiﬁcantly
lower wear rates and coeﬃcients of friction than the
matrix alloy specimens in all combinations of applied
loads and sliding speeds during dry and lubricated
tests. Mondal et al. [10] used 20–40 µm SiC particles
as reinforcement and demonstrated that the wear resistance of the fabricated alloys increased rapidly with
the increasing amount of SiC particles (25 to 80 %).
To improve the comprehensive performance of matrix
alloys, diﬀerent contents of SiC(p) and Gr(p) particles
are often applied to matrix alloys [11, 12]. It was found
that the combined eﬀects of SiC(p) and Gr(p) particles on wear properties of Zn-Al alloys were superior
to their individual eﬀect. Moreover, the wear properties of Zn-Al alloys could be further improved by
microstructure controlling.
The research on the Zn-Al alloys reinforced with
SiC(p) and Gr(p) is interesting and worthwhile [13];
however, a very few studies have reported the relationship between dry wear behavior and microstructure of
Zn-35Al-1.2Mg-0.2Sr composite alloy reinforced with
nano-SiC(p) + micro-Gr(p) particles under diﬀerent
chilling conditions during compo-casting. Hence, the
main purpose of the present work was to investigate
the dry wear behavior of Zn-35Al-1.2Mg-0.2Sr alloy
reinforced with nano-SiC(p) + micro-Gr(p) particles.
The relationship between the as-cast microstructure
of the alloy and diﬀerent chilling conditions was clariﬁed. Furthermore, the mechanical properties of Zn35Al-1.2Mg-0.2Sr alloy under diﬀerent chilling conditions were analyzed. Also, the eﬀects of nano-SiC(p)
+ micro-Gr(p) addition on the wear behavior of Zn35Al-1.2Mg-0.2Sr alloy were discussed. Therefore, the
results of the present work could provide useful information for the fabrication of Zn-Al alloy composites.

2. Materials and methods
2.1. Materials preparation
10 wt.% nano-SiC powder particles (purity =
99 wt.%, particle size = 100 nm), 10 wt.% micron-sized
Gr powder particles (purity = 99 wt.%, particle size
= 2.5 µm), and 80 wt.% pure Al powder (purity =
99.9 wt.%, particle size = 35 µm) were mixed. Moreover, the total weight of the mixed powder was 100 g.
Ball-milling was performed in a QM-3SP type laboratory planetary ball mill for 4 h using hardened stainless steel balls (about 10 mm in diameter) immersed in

Fig. 1. The equipment of diﬀer-chill mold.

an alcohol solution. The weight ratio of balls and powder and the rotational speed of the ball mill were set to
20 : 1 and 400 rpm, respectively. The parameters of the
ball-milling process were adopted from earlier works
[14, 15]. Subsequently, the resultant powder mixture
and the alcohol solution were separated by ﬁlter papers and then dried in a drying oven. The obtained
powder was then cold-pressed into an intermediate
carrier bulk (in square steel die) at a constant pressure
of 100 MPa using a YES-2000 digital hydraulic pressure machine. The pure industrial zinc (99.9 wt.%)
and pure aluminum (99.9 wt.%) were then mixed in a
graphite crucible and melted at 720 ◦C for 45 min in an
electro-resistance furnace. The addition of Mg and Sr
were used to accelerate the inﬁltration process of the
nano-SiC(p) + micro-Gr(p). A stainless steel propeller
covered by ZnO coating was used to stir the melt at
500 rpm for about 2–3 min in an argon atmosphere.
The intermediate carrier bulk was added to the melt,
and the stirring was continued for about 10 min until
the bulk became completely melted [16, 17].
The slagging-oﬀ process was conducted after the
casting of the melt. Figure 1 displays the equipment
with a diﬀer-chill mold for the fabrication of the composite. The total height of the mold was 160 mm.
Three cylindrical cavities of diameters 8, 20, and
40 mm were stacked up in a ladder system. Diﬀerent
from conventional controlled directional solidiﬁcation
in the cavity with the same diameter, ladder cavities
were designed to obtain a larger discrepancy in the
cooling rate. Before casting, the mold was heated to
100 ◦C for several minutes to wipe oﬀ the moisture
vapor and then placed into the water-cooling control
equipment. Also, three k-type thermocouples were installed in the pre-designed positions to monitor the
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temperature change during casting in real-time. The
water-cooling control equipment operated under full
cooling, half cooling, and no cooling modes. The different cooling modes were achieved by the on-oﬀ of the
hoard box. For the full cooling, all hoard boxes were
opened to ensure the complete cooling of the casting liquid, while for the half cooling, only the bottom
hoard boxes were applied. For none cooling, all hoard
boxes were closed, and the casting liquid was spontaneously cooled.
2.2. Wear test
Dry sliding wear experiments were conducted to
analyze the wear behavior of Zn-35Al-1.2Mg-0.2Sr
composite alloy. The sliding velocity of the pin-ondisc friction and wear machine was set to 37 m s−1 ,
and the abrasive disc was fabricated from GCr15 steel
with Rockwell hardness (HRC) of 65. The surface of
the steel disc was ﬁrst polished and then cleaned and
degreased using water, soap, and ethanol. Moreover,
each specimen was ultrasonically cleaned and accurately weighed using a balance (with an accuracy of
0.1 mg) before the wear test. The disc was maintained
horizontal, and the pin was mounted vertically on top
of the disc along the curved edge. After designing
the sliding distance, the test specimen was removed,
cleaned with solvents, and weighed to determine the
mass loss. The wear rate (mg m−1 ) was calculated
from the slope of the plot between mass loss and sliding distance after the“running-in” stage (0 to 555 m)
[18]. Dry sliding wear experiments were performed at
room temperature, and specimen temperatures were
measured by a thermocouple inserted perpendicularly
to the pin axis at height of 3–10 mm of the contact
surface.
2.3. Examination of microstructures and
mechanical properties
To reveal the microstructures of wear surfaces,
a ZEISS optical microscope was employed. Polished
specimens were etched by a solution of 5 g chromium
trioxide (CrO3 ), 0.5 g sodium sulfate (Na2 SO4 ), and
100 mL H2 O. The specimens for optical microscopy
were rinsed by a solution of 20 g CrO3 and 100 mL
H2 O. The Vickers hardness of the specimens was measured by a hard meter under a load of 50 gf. The
hardness of each specimen was determined by taking an average of 10 hardness acquisitions on the
marked points. Also, tensile tests were conducted at
room temperature according to ASTM standards using a UTM-4503 electronic universal tensile machine
[19]. Repeated tensile tests were performed for each
specimen to ensure the accuracy of the measurement.

Fig. 2. Transient cooling temperatures with a time of the
diﬀerent cooling castings.

3. Results and discussion
3.1. Microstructures and mechanical
properties
Figure 2 reveals the relationship between transient
cooling temperature and time for diﬀerent cooling
castings. During the preparation of composite, the
temperature of the mixed billet matrix melted in the
resistance furnace and the casting temperature were
measured as 680 and 625 ◦C, respectively. It is observable from Fig. 2b (a local magniﬁcation image
of Fig. 2a) and the binary phase diagram of Zn and
Al that the solid-liquid transition temperature of Zn35Al-1.2Mg-0.2Sr composite alloy was 518.5 ◦C. The
cooling rate of the specimen under the full cooling
mode (S1) was higher than those under half (S2) and
no cooling modes (S3). It took less than 5 s for the S1
specimen to reach the solid-liquid transition temperature, whereas the values were ∼ 22.5 s and ∼ 45 s for
the S2 and S3 specimens, respectively.
The microstructures of the as-cast specimens under diﬀerent chilling conditions are displayed in Fig. 3.
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Fig. 4. Tensile strengths of the specimens in diﬀerent cooling modes.

Fig. 3. Microstructures of the as-cast specimens in diﬀerent
chilling conditions: (a) full cooling, (b) half cooling, and (c)
none cooling.

It is noticeable that the microstructures of all three
specimens were composed of white dendritic Al-rich αphase, dark Zn-rich η-phase, and nano-SiC(p) + microGr(p) . The Al-rich α-phase manifested the properties
of a face-centered cubic crystal, and it was the main
wear-resisting structure under the heavy load, longrange, and high-speed condition. However, the Zn-rich
η-phase was composed of hexagonal crystals, and it
was the latent antifriction structure (called as a solid

lubricant) for the as-prepared composite alloy. NanoSiC(p) + micro-Gr(p) were mainly distributed in the
α-phase of the S1 and S2 specimens and were located
at the boundaries of the α-phase of the S3 specimen.
Also, with the decreasing cooling rate, the dimension
of the dendritic structure for the Al-rich α-phase became coarse. The morphology diﬀerence was caused by
diﬀerent cooling rates during casting. The full cooling
mode accelerated the solidiﬁcation of the α- and the
η-phases and hindered the sostenuto growth of these
phases.
Figure 4 depicts the tensile strength of the specimens under diﬀerent cooling modes. It is evident that
the values of tensile strength started to decrease from
the full cooling mode to the no cooling mode. The
S1 specimen yielded the highest tensile strength of
824.0 MPa, whereas the values for the S2 and S3 specimens were measured as ∼ 776.3 and ∼ 752.4 MPa,
respectively. Therefore, it can be inferred that the
change in tensile strength was closely related to cooling rates of the specimens. During solidiﬁcation, the
liquid composite melt ﬁrst contacted with the steel
mold and the core liquid composite melt then solidiﬁed
gradually. The eﬀect of nano-SiC(p) and micro-Gr(p)
particles (added to the composite melt) on the solidiﬁcation process was inordinate. When the cooling rate
was slow (S3), nano-SiC(p) and micro-Gr(p) particles
were pushed aside by the growing grains and then engulfed by grain boundaries, thus they were mainly
distributed in the core contraction area in the form
of inclusions, which formed innumerable micro-cracks
and deteriorated the strength of Zn-35Al-1.2Mg-0.2Sr
composite alloy. On contrary, when the cooling rate
was fast enough (S1), nano-SiC(p) and micro-Gr(p)
particles were not pushed aside by the liquid composite melt, thereby they existed as the second phase
in the grain internal, introduced more or less interfacial reactions, and improved the strength of Zn-35Al-
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Fig. 5. Wear rate curves with the sliding distance of the
three specimens in diﬀerent cooling modes.

Fig. 6. Relationship between the wear temperature and
sliding distance of specimens.

-1.2Mg-0.2Sr composite alloy. Figure 3 presents the
distributions of nano-SiC(p) and micro-Gr(p) particles
in the specimens under diﬀerent cooling conditions.

composite alloy increased from 0.824 km (no cooling mode) to 1.895 km (full cooling mode) and the
maximum wear temperature decreased from 237 ◦C to
226 ◦C. The abrasive resistance of the S1 specimen was
nearly double than that of the S3 sample, which can be
attributed to the longest sliding distance and the lowest wear temperature of the S1 specimen. Nano-SiC(p)
was a hard phase and was composed of space regular
tetrahedron structure. Thus its excellent strength and
hardness ensured an outstanding abrasive resistance
property. Also, during a wear process, the temperature of the wear surface increased rapidly. Due to the
remarkable thermal diﬀusivity and thermal stability
of nano-SiC(p), partial energy was transferred quickly,
thus resulting in a signiﬁcant reduction of wear temperature of the wear surface of the S1 specimen. Micro-Gr(p) was a soft phase and was composed of space
hexagonal crystal structure. During the wear process,
some wear-oﬀ micro-Gr(p) particles acted as the solid
lubricant on the wear surface between the specimen
and the abrasive disc, thus decreased the wear eﬀect
and increased the abrasive resistance of the S1 specimen.
To characterize the abrasive resistance properties
of the specimens at diﬀerent wear temperatures, the
hardness of the friction contact surface was systematically measured. During the measurement, circles
of the same radius were applied to obtain multiple
hardness values along the radial direction. Moreover,
wear temperatures were controlled by the proceeding
of the sliding distance. At the beginning of the wear
test, wear temperature was measured as 20 ◦C. With
the increasing sliding distance, the temperature of the
friction contact surface increased rapidly from 20 to
100, 160, and 230 ◦C. The distributions of the hardness
of the three specimens at diﬀerent wear temperatures
are displayed in Fig. 7. The hardness of the friction
contact surface varied profoundly at diﬀerent wear

3.2. Wear behavior
Tribological properties, such as friction and wear,
are the important performance index for Zn-35Al-1.2Mg-0.2Sr composite alloy. Figure 5 presents the
wear rate curves against sliding distance for the specimens under diﬀerent cooling modes, and a severe disparity was noticed in their abrasive resistance properties. To establish a uniﬁed evaluation standard for the
wear behavior of Zn-35Al-1.2Mg-0.2Sr composite alloy, abrasion loss in the unit, the sliding distance was
used to measure wear rate (mg m−1 ). It is obvious
from Fig. 5 that the wear rates of all three specimens
started to increase with the increasing sliding distance.
The wear rate of the S1 specimen was lowest among all
three specimens; thus, its wear-resisting behavior was
found to be most viable for engineering applications.
Also, the wear rate of the S1 specimen increased very
slowly and tended to be smooth before and after a sliding distance of 10 km; hence, it indicates that the S1
specimen had an outstanding abrasive resistance with
sliding distance. The changes in wear rate for the S2
and S3 specimens were consistent; wear rate increased
sharply in the ﬁrst 1 km and then a relatively slow and
an almost linear increase was noticed. However, the
wear rate of the S2 specimen was found to be slightly
superior to that of the S3 sample. Therefore, the tribological properties of Zn-35Al-1.2Mg-0.2Sr composite
alloy were improved signiﬁcantly with the increased
cooling rate during casting.
The relationship between wear temperature and
sliding distance for all three specimens is presented
in Fig. 6. It is observable that under the same friction
condition, the sliding distance of Zn-35Al-1.2Mg-0.2Sr
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Fig. 7. Microhardness of the friction contact surface at diﬀerent friction temperatures: (a) 20 ◦C, (b) 100 ◦C, (c) 160 ◦C,
and (d) 230 ◦C.

temperatures. When the wear temperature at the initial wear stage was 20 ◦C, representing an initial wear
stage, the mean micro-hardness of the S1, S2, and S3
specimens reached 180 HV, 155 HV, and 148 HV, respectively. When the wear temperature increased to
100 ◦C, the values decreased to 154 HV, 146 HV, and
137 HV, respectively. With the increase in wear temperature, the values of mean micro-hardness continued to decrease. Therefore, it can be inferred that the
mean micro-hardness of the S1 specimen was higher
than those of the S2 and the S3 samples. It also reﬂects that as compared to the S2 and the S3 samples,
the S1 specimen manifested an outstanding abrasive
resistance at higher wear temperatures. Furthermore,
with the increase in wear temperature, the diﬀerences
in mean micro-hardness among the specimens were
gradually diminished.
Figure 8 exhibits the wear morphologies of the
specimens under diﬀerent cooling modes. An apparent diﬀerence was noticed in wear morphologies of the
specimens. The wear morphology of the S1 specimen
was relatively vague; hence, no prominent scratches
were found. Also, bright and dark peeled debris ap-

peared alternately in the microstructure of the S1
sample. In the case of the S3 specimen, long grinding
marks, furrows, and scratches were observed on the
wear surface. The wear morphology of the S2 specimen lies between those of the S1 and S3 samples. Some
relatively vague wear area, scratches, and furrows existed on the wear surface of the S2 sample; however,
its scratches and furrows were inconspicuous as compared to those of the S3 sample. The main reason for
diﬀerent wear morphologies can be attributed to the
superimposed eﬀects of nano-SiC(p) and micro-Gr(p)
particles and as-cast microstructures under diﬀerent
chilling conditions.
The microstructures of the specimens after the
wear test are displayed in Fig. 9. As compared to the
as-cast morphologies, the three identical phases were
noticed in the specimens after the wear test. However,
the volume fractions of the Al-rich α-phase and the
Zn-rich η-phase, respectively, increased and decreased
signiﬁcantly in all three specimens. It happened because the non-wearable Zn-rich η-phase was easily
desquamated after the wear test, and consequently,
the wearable Al-rich α-phase was obtained.
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Fig. 8. Wear morphologies of the three specimens in different cooling modes: (a) full cooling, (b) half cooling, and
(c) no cooling.

Fig. 9. Microstructures after the wear test of the three
specimens in diﬀerent cooling modes: (a) full cooling, (b)
half cooling, and (c) no cooling.

The abrasive resistance property of the Al-rich
α-phase was also related to its content and dendritic
arm spacing. Figure 10 presents the percentages of the
wearable Al-rich α-phase in the specimens at diﬀerent
wear temperatures. Image-Pro Plus, an image processing software, was employed to measure the percentages of the wearable Al-rich α-phase in the samples
based on the automatic color diﬀerence recognition
function [20, 21]. To ensure the accuracy of the mea-

surement, ten images at the same magniﬁcation were
captured for each specimen [22, 23]. It is detectable
from the histogram that the content of the wearable
Al-rich α-phase was found to be the largest in the
S1 specimen at diﬀerent wear temperatures except for
20 ◦C and increased signiﬁcantly with the rise in wear
temperature. When the wear temperature was 20 ◦C,
the amount of the wearable Al-rich α-phase in the S1
specimen was considerably lower than that in the S3

S. Liu et al. / Kovove Mater. 58 2020 49–57

56

Fig. 10. Percentages of wearable Al-rich α-phase in the
three specimens at diﬀerent wear temperatures.

sample. It happened because the dendritic structure
of the Al-rich α-phase was limited to spread at a fast
cooling rate. Also, a fast cooling rate led to larger
internal stresses between each phase during solidiﬁcation, thus impeded the growth of the Al-rich α-phase.
The increase in the content of the wearable Al-rich
α-phase for the S1 specimen was more profound as
compared to those of the other two specimens, thus
resulting in an excellent abrasive resistance property.
It should be noted that the variations in the contents of the wearable Al-rich α-phase were not consistent with those of the mean micro-hardness. It
happened because the dendritic arm spacing of the
α-phase at diﬀerent wear temperatures played a crucial role. Grain reﬁnement caused dislocation stacking
and strain hardening. Also, shear strength started to
increase with the decrease in dendritic arm spacing of
the α-phase under dry sliding friction condition. Thus
the abrasive resistance property was signiﬁcantly improved. Figure 11 presents the measured dendritic arm
spacing of the α-phase. To ensure the accuracy of the
measurement, about 100 dendritic arm spacings were
measured for each specimen based on the chord line
method. With the increasing wear temperature, the
dendritic arm spacing increased gradually and then
became stable. Moreover, the dendritic arm spacing
of the S1 specimen was found to be the least among
all three specimens, and the S2 and S3 samples yielded
almost the same dendritic arm spacing. Therefore, the
higher mean micro-hardness of the S1 specimen can be
attributed to the duplicate eﬀect of content and dendritic arm spacing of the α-phase.
4. Conclusions
In the present study, Zn-35Al-1.2Mg-0.2Sr com-

Fig. 11. Measured dendritic arm spacing of α-phase in the
three specimens at diﬀerent wear temperatures.

posite alloy reinforced with nano-SiC(p) + micro-Gr(p) particles was fabricated by water-cooling control system casting. Dry sliding wear experiments
were performed to study the wear behavior of the assynthesized composite under diﬀerent chilling conditions. The eﬀects of nano-SiC(p) + micro-Gr(p) addition on wear behavior of the prepared composite at
diﬀerent wear temperatures were analyzed. The main
inferences are depicted below.
(1) The abrasive resistance of Zn-35Al-1.2Mg-0.2Sr
composite alloy was dependent on content and dendritic arm spacing of the wearable Al-rich α-phase as
well as on the distribution of nano-SiC(p) + micro-Gr(p) particles. With the increase in cooling rate during casting, the dendritic arm spacing of the α-phase
decreased signiﬁcantly.
(2) With the increase in wear temperature, the percentage of the wearable Al-rich α-phase increased remarkably, and the specimen cooled under the full cooling mode manifested an excellent high-temperature
abrasive resistance property.
(3) Tensile strength increased rapidly with the increase in cooling rate during casting, and it could be
attributed to the reﬁned microstructures and the distribution of nano-SiC(p) + micro-Gr(p) particles.
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