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A direct-melt reaction was used to successfully synthesize A356/3 wt.% Al3Zr composites at 750 °C, 770 °C
and 790 °C from the Al-K2ZrF6 system. The friction and wear characteristics of composites synthesized at
750℃ were determined by carrying out dry sliding tests of varying loads and sliding speeds. Polarized light
microscopy, metallurgical microscopy, x-ray diffraction, scanning electron microscopy and confocal laser
scanning microscopy were applied to identify the phase compositions and observe the microstructure and
morphology of the worn surfaces. Finally, the wear mechanism of composites and matrix was analyzed by
observing the SEM pictures of the wear surfaces. The results indicate that Al3Zr particles are successfully
formed in the matrix. At 750℃, the particles were the smallest and dispersed well in the matrix. The size of
the reinforced particles increases with increasing reaction temperature. The hardness of the composites is
greatly improved compared to that of the matrix, and the highest hardness reaches 245.6 HV. The
experiments show that the friction coefficient of the composites is lower than that of the matrix, and the
smallest average friction coefficient is 0.367. The volume wear loss of the composites is less than that of the
matrix. The wear mechanism of composites is mainly adhesive wear and is accompanied by abrasive wear
and fatigue wear because of the change in experimental parameters. Eventually, delamination wear occurs,
and the wear resistance is better than that of the matrix.
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1. Introduction

Particle-reinforced aluminum matrix composites (PRAMCs)
have attracted appreciable interest for their applications in the
military, aerospace and automobile industries by virtue of their
unique properties, such as low density, good thermal stability,
high wear resistance and better economic viability than steel
and aluminum alloys (Ref 1-5). Ceramic particles such as
Al2O3, SiC, B4C, Al3Zr, TiB2 and ZrB2 are commonly used to
enhance their performance (Ref 6-9). Among them, Al3Zr
particles were proven to be an ideal reinforcement that can
hinder the recrystallization process and refine the crystal
structure and can also change the primary α-Al crystal from
coarse branches to fine equiaxed crystals (Ref 10,11). There are
many methods for the fabrication of PRAMCs, including stir
casting, powder metallurgy, squeeze casting and direct-melt
reactions (Ref 12-15). The direct-melt reaction (DMR) is a
potential method for fabricating PRAMCs because it can
incorporate the particles into semisolid aluminum, be used in
casting and also transform the dendritic phase into a spherical
phase such that micro- and nanoparticles can be stirred in a

highly viscous melt (Ref 15). The in situ AMCs synthesized by
DMRs have superior clean interfaces, strong interfacial bond-
ing, good thermodynamic stability and better economic feasi-
bility than ex situ AMCs (Ref 16-19).

Friction and wear properties are important performance
indicators of composite materials (Ref 20). In addition, many
studies have been done. CHEN Deng-bin et al. found that the
wear loss of composites was significantly reduced under the
same experimental conditions. As the volume fraction of
particles increases, the wear resistance of the composites
gradually increases (Ref 21). Moreover, Abhishek Kumar et al.
found that the addition of TiC particles to the composites made
them more wear resistant than pure aluminum (Ref 22).
Furthermore, Fei Chang et al. studied the effect of SiC particle
size on in situ (Al4SiC4+SiC)/Al composites and found that
fine particles improved the wettability of the reinforcement to
the matrix. Compared to materials reinforced with coarse SiC
particles, fine SiC particles reduced the friction coefficient by
19% and the wear rate by 66% (Ref 23). TENG Jie et al. found
that the wear rate of Al-Si/SiC composites increases with
increasing load and decreases with increasing Si content in the
matrix (Ref 24). In addition, Jiao Lei et al. found that as the
amount of forging deformation increases, the friction coeffi-
cient of the composite material increases first and then
decreases, the worn surface roughness decreases, the width of
the wear scar becomes wider and the depth becomes shallower
(Ref 25).

Previous studies have studied the effect of particle content,
particle size, applied loads and forging on the friction and wear
properties of composites. However, there are few studies on the
effect of the reaction temperature on composite materials.
Based on this, in this study, A356/3 wt.% Al3Zr composites
were successfully synthesized at different reaction temperatures

Hui Li, ShengBo Lu, YuanPeng Qiao, and ChuYing Li, School of
Materials Science and Engineering, Jiangsu University of Science and
Technology, Mengxi street, Zhenjiang 212003, People’s Republic of
China; Lei Jiao, Rui Xu, Fan Li, and Pei Zhang, School of Material
Science and Engineering, Jiangsu University, Xiangshan street,
Zhenjiang 212013, People’s Republic of China. Contact e-„mails:
jiaolei@ujs.edu.cn and 973170727@qq.com.

JMEPEG (2021) 16:3892–3902 ©ASM International
https://doi.org/10.1007/s11665-021-05707-2 1059-9495/$19.00

3892—Volume 30(5) May 2021 Journal of Materials Engineering and Performance



(750 °C, 770 °C, 790 °C) from the Al-K2ZrF6 system by a
direct-melt reaction. Based on the microstructure and morphol-
ogy of the three different composites, the composites synthe-
sized at 750℃ were selected for friction and wear performance
comparison with A356.

2. Experimental Procedures

2.1 Material Preparation

Commercial A356 aluminum alloy ingots were taken as the
matrix alloy, and their composition is shown in Table 1. Pure
potassium fluorozirconate (K2ZrF6) powder was selected as the
reactant source to synthesize A356/3 wt.% Al3Zr composites at
different reaction temperatures (750℃, 770℃, 790℃) by
reaction Eq 1:

3K2ZrF6 þ 13Al ¼ 3Al3Zr þ 3KAlF4 þ K3AlF6 ðEq 1Þ

First, experimental inorganic salt K2ZrF6 powder was
dehydrated at 200 °C for 3 hours in an electric furnace and
wrapped in aluminum foil. Then, 1200 g of A356 aluminum
alloy and 40.6 g of K2ZrF6 powder were weighed according to
the mass of the added Al3Zr particles to achieve a content of 3
wt.% after calculation. When the temperature of the aluminum
melt was set to 750 °C, 770 °C and 790 °C, aluminum foils
with dried powers were added. A campanulate graphite plunge
was used to introduce the salt mixture into the aluminum melt
to avoid salt floatation, and a graphite rod was used for
mechanical stirring. After 10 minutes of reaction, the mechan-
ical stirring device was removed, a refining agent was added,
the slag was refined for 5 minutes, and the slag was scraped.
After cooling to 720 °C, the melt was poured into the prepared
copper mold and cooled to room temperature.

2.2 Tests and Analysis

The dry sliding wear test was conducted using a UMT-2
wear tester, and the friction pair was Al3O2 hard balls with a
diameter of 10 mm. For the friction and wear test, the A356/3wt
% Al3Zr composites prepared at 750 °C were selected and
compared with the A356 aluminum alloy. The shape of the test
samples is a 1591593 block, and the wear surface is a 15915
plane that was mechanically polished (unit: mm). There are two
experimental groups in total, one of which applies the same
sliding speed (250 rev/min) and different loads (samples 1, 2, 3
and 4) and the other applies the same load (5 N) and different
sliding speeds (samples 5, 2, 6 and 7). The wear scar diameter
of the samples was 6 mm, and the test time was 30 minutes.
Other experimental parameters are shown in Table 2.

After the friction and wear experiments, a confocal laser
scanning microscope (model LEXT OLS4000) was used to
observe the microstructure of the worn surfaces and determine
their cross-sectional area simultaneously. Then, the average of
the measured cross-sectional area results was taken, and the
volume wear loss (mm3) was calculated by Eq 2:

Volume wear loss ¼ C � S ðEq 2Þ
where C is the wear circumference (mm) and S is the wear
cross-sectional area (mm2).

The microstructure and morphology of the materials and
their worn surfaces were observed by metallurgical microscopy
(model HAL1000) and polarized light microscopy (model
Leica750P) and SEM (model ZEISS Merlin Compact). The
compositions of the prepared composites were analyzed using
XRD (model XRD-6000) and EDS. A Vickers hardness tester
(model KB30S) was used to test the hardness of the materials.

3. Results and Discussion

3.1 XRD Analysis

The XRD patterns of the A356/3 wt.% Al3Zr composites
obtained by the methods described before are shown in Fig. 1.
This indicates that the Al3Zr reinforcement phase is success-
fully obtained. The diffraction peak shifted slightly to the left.
This is because the volume of the reinforced particles increases,
which means that the hybrid becomes more serious for the
matrix, and the lattice constant and the interplanar spacing
increase simultaneously as the reaction temperature increases.
In addition, as the temperature rises, the intensity of the Al
diffraction peak gradually weakens because Al is continuously
consumed as a reactant in the reaction system.

Combining reaction Eq 1 of the reaction system in this
experiment with the second law of thermodynamics gives
following Eq 3:

DG ¼ DH � TDS ðEq 3Þ

The reaction can proceed spontaneously only when the
Gibbs free energy of the reaction system decreases. Substituting
each data point (Ref 26) into the formula of Gibbs free energy
gives △G of 2508.779 J/mol at 750℃, which is negative,
indicating that the reaction used in this experiment can proceed
spontaneously and confirming the formation of the Al3Zr
reinforcement phase again from the perspective of thermody-
namics.

3.2 Microstructures

The microstructures of the prepared composites observed by
polarized light microscopy are shown in Fig. 2(a–d). The grains
are uniformly distributed in the composites. Furthermore, with
increasing reaction temperature, the growth trend of grains is
obvious. The difference in the grain size of different materials
will lead to different performances. The average grain sizes and
standard deviations of the composite material at 750°C, 770°C
and 790°C and A356 are 130±20, 190±25, 180±20 and 204
±25 μm, respectively. The minimum value is that of the
composites prepared at 750℃, 130±20 μm.

Table 1 Nominal composition of the A356 ingots/wt.%

Elements Si Mg Fe Mn Zn Ti Cu Pb Al

Weight% 6.5–7.5 0.2–0.4 ≤0.2 ≤0.1 ≤0.1 ≤0.2 ≤0.05 ≤0.0.05 Bal
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Figure 3(a–c) shows the metallographs of the three com-
posites. From Fig. 3(a–c), the Al3Zr particles are mostly
distributed at the grain boundaries and rarely appear inside the
grains, and a small number of them agglomerate. When the
reaction temperature is 750 °C, the Al3Zr particles are granular
and exhibit short rod shapes with a size of approximately 15
μm; when the temperature rises to 770℃, a long slat-shaped
distribution occurs. Compared with the 750 °C sample, the
extent of the aggregation phenomenon is reduced, and particle
growth is obvious. Afterward, when the temperature continued
to rise to 790 °C, the size and shape of the reinforced particles
varied, with shapes including long slats and short rods.
Consequently, the shape of the particles is related to the
reaction temperature. This change occurs because with the
increase in the reaction temperature during in situ preparation,
the atomic diffusion coefficient increases, grain boundary
migration becomes easier, and the grain boundary energy
decreases, thereby leading to the spontaneous growth of the
particles.

The SEM and EDS results of the A356/3wt% Al3Zr
composites prepared at 750 °C are shown in Fig. 4(a–b). In
Fig. 4(a), the Al3Zr-reinforced particles are gray, and the black
background is the A356 matrix. Afterward, Fig. 4(b) indicates
the results of the EDS spectrum of point A in Fig. 4(a) and
shows that in addition to the Si of A356, only Zr and Al are
present in the particle. This result is consistent with the XRD
results and proves that the reinforced particles in the composites
are Al3Zr particles.

3.3 Mechanical Properties

3.3.1 Hardness. Figure 5 shows the micro-Vickers hard-
ness of the A356 matrix and A356/3 wt.% Al3Zr composites
prepared at different reaction temperatures. Compared with that
of the A356 aluminum alloy, the microhardness of the prepared
composites was greatly improved, which indicates that the
strengthening effect of the reinforced particles was significant.
The hardness is the highest at 750 °C, reaching 245.6 HV. In
contrast, the hardness of the composites at 770 °C and 790 °C

Table 2 Parameters of friction and wear experiments

Group Sample Applied loads, N Sliding speeds, rev/min

I 1 3 250
2 5 250
3 7 250
4 9 250

II 5 5 150
2 5 250
6 5 200
7 5 300

Fig. 1 XRD patterns of the A356/3 wt.% Al3Zr composites at different reaction temperatures
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decreased slightly. The results of the polarized light microscopy
and metallographs show that the decrease in hardness is due to
the Al3Zr particles growing gradually and the extent of the
dispersion decreasing because of the rising temperature. When
the temperature is 750 °C, the reinforced particles are small and
dispersed. This makes the crystal grains smaller, which has the
effect of fine grain strengthening and also hinders dislocation
slip. When the particles are enlarged, the fine grain strength-
ening and dislocation pinning effects will weaken. Thus, the
hardness of the materials decreases absolutely. Because the
hardness of the composites prepared at 750℃ is the highest,
friction and wear performance analysis is performed on this
composite and compared with the A356 aluminum matrix.

3.3.2 Friction Coefficient. The friction coefficient re-
flects the characteristics of the wear pair in the experiments and
is affected by various factors, such as load, temperature and

sliding speed (Ref 27). The friction coefficient curve is shown
in Fig. 6(a–f). The friction coefficient curve of composites with
the same sliding speed (250 rev/min) and different loads (3 N, 5
N, 7 N and 9 N) is shown in Fig. 6(a), and the friction
coefficient curve of the A356 aluminum matrix under the same
conditions is shown in Fig. 6(d). Because the testing surface of
the sample is sanded and polished with sandpaper, the surface is
smooth, so the friction coefficient is very low within a few
seconds of the start; however, as the surface becomes rough, the
friction factor increases rapidly (Ref 28,29). Only when the
applied load reaches 9 N does the friction coefficient fluctuate
significantly, and the fluctuation increases with the passage of
time, as shown in Fig. 6(a). This is because new abrasive debris
and hard particles constantly fall off the surface in the
experiment, which will cause a large change in surface
roughness and then cause large fluctuations. When the friction

Fig. 2 Polarized light microscopy images showing the microstructures of A356/3 wt.% Al3Zr composites prepared at (a) 750 °C, (b) 770 ℃, (c)
790 ℃ and (d) A356

Fig. 3 Metallographs of the A356/3wt% Al3Zr composites prepared with different reaction temperatures: (a) 750 ℃, (b) 770℃ and (c) 790 °C

Fig. 4 SEM and EDS results of the A356/3 wt.% Al3Zr composites prepared at 750 °C: (a) SEM image and (b) EDS spectrum of point A in
(a)
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time is over half, the curve generally shows an upward trend.
This is because with increasing friction time, cracks appeared
on the surface, resulting in an increase in the surface roughness
and friction coefficient. Figure 6(d) shows that the friction
coefficient of each group in the first half fluctuated greatly, and
the friction coefficient showed a rough downward trend. This is
because there is a large amount of abrasive debris at the
beginning, which will continuously change the roughness of the
friction surface. As friction progresses, the production of
alumina will be accelerated, which will make the surface
smoother and more wear resistant. This is the main reason for
the decline in the coefficient. The friction coefficient of each
group in the second half of the time tends to stabilize, and it

also shows an upward trend like the composites. This is
because by this stage, a large number of cracks, spalling layers
and wear debris appeared on the friction surface, cracks
continued to expand, and wear debris continued to accumulate
as the experiment progressed.

The friction coefficient curves of the A356 aluminum matrix
and composites with the same load (5 N) and different sliding
speeds (150 rev/min, 200 rev/min, 250 rev/min and 300 rev/
min) are shown in Fig. 6(b) and (e). As presented in Fig. 6(b),
the friction coefficient of most curves increases rapidly after the
initial wear and then decreases and maintains a stable level.
Only when the speed is 150 rev/min does the curve decrease
and then rise to maintain a stable level. This is because the
matrix is softer than the reinforced particles in the running-in
phase of friction. Therefore, the matrix is first worn away by the
friction pair, which then produces furrows and abrasive debris,
leading to harder reinforced particles remaining and floating on
the surface and forming protrusions that contact the friction
pair. Therefore, the friction coefficient is large in the initial
stage. After that, friction enters a stable stage. The rate of the
appearance of abrasive particles on the surface is approximately
the same as the transfer rate, so the friction coefficient can be
maintained in a stable range, resulting in a small friction
coefficient. In Fig. 6(e), all the curves decrease and then
maintain a stable level after the friction coefficient increases
rapidly at the beginning. At first, the friction coefficient is
particularly small because the sample is polished, and abrasive
debris starts to rapidly increase the friction coefficient as
friction starts. Subsequently, the friction coefficient is reduced
due to the generation of alumina, and the appearance of debris
and its transfer rate reach a balance, which shows that the
friction coefficient becomes stable. Comparing Fig. 6(b) and
(e), it was found that the friction coefficient is the largest when
the applied sliding speed is 150 rev/min. When the rotation
speed is slow, the sample enters the severe friction stage after a

Fig. 5 Micro-Vickers hardness of the A356 matrix and A356/3 wt.
% Al3Zr composites at different reaction temperatures

Fig. 6 Friction coefficient results: (a) A356/3 wt.% Al3Zr composites and (d) the A356 matrix with a sliding speed of 250 rev/min; (b) A356/
3 wt.% Al3Zr composites and (e) the A356 matrix with a load of 5 N; and the average friction coefficient of different materials with (c) the
same sliding speed of 250 rev/min applied and different loads and (f) the same load of 5 N and different sliding speeds
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short time. At this time, there is a large surface roughness and
severe surface vibration, and the friction coefficient increases.
When the sliding speed is faster, the time required for the
running-in phase and friction coefficient to stabilize is longer.
In addition, severe fluctuations in the friction coefficient occur
when the sliding speed is 250 rev/min or 300 rev/min.

Figure 6(c) and (f) shows the average friction coefficient of
different materials and indicates that the average friction
coefficient of A356/3 wt.% Al3Zr composites decreased first
and then increased in both experimental groups. The friction
coefficient obtained with an applied load of 5 N and sliding
speed of 250 rev/min was the smallest of all groups and was
0.367. The decrease in the average friction coefficient is due to
the increase in the applied load, which causes the temperature
of the friction surface to increase and accelerate the formation
of an oxide film, thereby reducing the friction coefficient (Ref
28). When the applied load exceeds 5 N, the average friction
coefficient rises significantly. This is because the wear debris
and hard particles generated during the friction process are
pressed into the surface of the composites under the normal
shear stress of the larger load, which leads to a large plowing
contribution and rising friction coefficient. In contrast, the

average friction coefficient of the A356 matrix is relatively
stable based on these two figures. Only when the load is 3 N is
the friction coefficient the smallest, 0.372. By comparison, the
friction coefficient of the A356 matrix is higher than that of the
composites. The small value at 3 N may be caused by improper
experimental operation. The reason why the friction coefficient
is smaller is that the Al3Zr particles are ground into finer
powder particles during the friction process. Thus, they form a
local micro-protruded layer at the friction place. These hard and
micro-protruded Al3Zr particles are in direct contact with the
friction pair, reducing the contact area between the softer matrix
and the friction pair protecting the surface of the materials.

The friction and wear model diagram of the composites are
shown in Fig. 7. From this diagram, a mechanically mixed layer
(hereinafter referred to as MML) on the friction surface is
completely different from the original state after friction starts.
When a thin MML with a high hardness forms, the friction
properties of the material can be improved (Ref 30). The MML
formed by the hard Al3Zr particles can achieve this effect.
When the Al3Zr particles in the material are rubbed, the MML
with micro protrusions can reduce the frictional contact surface
area and even have a certain lubricating effect so that the

Fig. 7 Friction and wear model diagram of composites

Fig. 8 Laser confocal microscopy images of different materials with the same sliding speed of 250 rev/min. Results of the A356 matrix (a)�
(d) with different applied loads: (a) 3 N, (b) 5 N, (c) 7 N and (d) 9 N. Results of the A356/3 wt.% Al3Zr composites (e)�(h) with different ap-
plied loads: (e) 3 N, (f) 5 N, (g) 7 N and (h) 9 N
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friction coefficient decreases and becomes stable. This coin-
cides with the change in the friction coefficient analyzed above,
which proves once again that the Al3Zr particles in the
composites can improve the friction properties of the material.

3.3.3 Wear Volume Loss. Figure 8(a–h) is laser confocal
microscopy images of different materials with a constant
sliding speed (250 rev/min) and different loads (coordinate
length unit: μm) applied. From Fig. 8(a–d), it can be seen that
for the A356 matrix, as the load increases, the cross-sectional
area of the worn surface increases, the wear scars deepen, and
the wear scars around the worn circumference gradually
become clear. By comparing Fig. 8(e) and (h), we can clearly
see that the worn surface is significantly enlarged when the load
is 9 N. As shown from Fig. 8(e–f), as the load increases, the
wear area also increases. Figure 9(a–h) is the laser confocal
microscopy images of material with a constant load (5 N) and

different sliding speeds (coordinate length unit: μm) applied.
The figure shows that as the speed increases, the cross-sectional
area of the worn surface increases, the wear depth becomes
shallower, and the wear scars are clearer. Comparing the two
different materials, the wear area of the A356/3 wt.% Al3Zr
composites is significantly reduced. Therefore, the materials
reinforced by Al3Zr particles have better wear-resistance
properties, and the particles prepared by the in situ reaction
are beneficial to the composites during the wear process (Ref
31).

Figure 10(a–b) is graph of the wear volume loss of two
different materials under variable load and sliding speed
experimental conditions. The formula used to calculate the
amount of wear volume loss is Eq 2.

As shown in Fig. 10(a), with increasing load, the wear
volume loss of the two materials shows a rapid increasing

Fig. 9 Laser confocal microscopy images of the different materials with the same load of 5 N applied. Results of the A356 matrix (a)�(d) with
different sliding speeds: (a) 150 rev/min, (b) 200 rev/min, (c) 250 rev/min and (d) 300 rev/min. Results of the A356/3wt% Al3Zr composites
(e)�(h) with different sliding speeds: (e) 150 rev/min, (f) 200 rev/min, (g) 250 rev/min and (h) 300 rev/min

Fig. 10 Wear volume loss curve: (a) the same sliding speed of 250 rev/min and (b) the same load of 5 N
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trend, but the wear loss of the composites is lower than that of
the A356 alloy because harder Al3Zr particles are used as the
carrier and can help reduce wear during the wear process. From
Fig. 10(b), the wear volume loss of the two materials shows a
gradually increasing trend with the increase in the sliding
speed, which is different from the change shown in Fig. 10(a)
and indicates that the impact of the load on the wear volume
loss is relatively more obvious than that of the sliding speed on
the wear volume loss. From Fig. 10, it can be seen that the
reinforced composites are more wear resistant than the A356
alloy. The change in wear loss increases with increasing speed
and load. According to Eq 2, the result is consistent with the
conclusion that the wear area increases with increasing sliding
speed and load, as shown in Fig. 9.

3.3.4 Wear Mechanisms. Figure 11 shows the SEM
results of the worn surfaces of two materials with the same
sliding speed of 250 rev/min and different loads applied. Figure
11(a–d) shows that there are furrows and flaky spalling pits on
the worn surface, and the worn surface undergoes obvious
plastic deformation. In Fig. 11(a), when the experimental load
is 3 N, the wear is the slightest. The worn surface is shallow,
and the peeling area is small. At this time, the wear mechanism
is mainly adhesive wear (Ref 32) and slight fatigue wear, which
is due to the mutual engagement between the composites and
the friction pair. From Fig. 11(b), with unchanged sliding speed
and increasing the load to 5 N, the wear mechanism is changed
to abrasive wear and severe adhesive wear. The area of the
spalling pits has increased relative to that shown in Fig. 11(a),
and abrasive wear caused by abrasive debris has appeared,
which indicates that the increase in load conditions worsens the
material wear. Figure 11(c) and (d) shows that a large number
of pits and flakes have begun to appear on the worn surface,
internal cracks are obvious, there is a tendency to continue to
expand, and there are hard particles in the spall pit. Therefore,
the wear mechanism is delamination wear at this moment. In
the process of wear, when the friction pair is in contact with the
worn surface, friction force will be generated between the two,
and external work is done, resulting in friction heat formation.
In addition, under the action of heat, the worn surface is
deformed. When the deformation is severe, the deformation
will cause a plowing phenomenon, and an adhesion point will

be formed. Adhesive points fell off, debris appeared because of
the shearing force, and the wear mechanism was adhesive wear.
With the passage of time, the adhesion point grows, and the
matrix peels off as lamellae under the action of large shear
forces, which causes severe delamination wear. Moreover, the
worn surface easily reacts with oxygen so that Al in the matrix
is oxidized to form an oxide film. Point A in Fig. 11(d) is likely
to be alumina.

The SEM images of the A356 alloy with the same
experimental parameters are shown in Fig. 11(e–h). When the
load is low, the wear mechanism is mainly adhesive wear and
abrasive wear and compared with the worn surface of
composites under the same experimental conditions, the wear
loss and the area of the spalling pit of the A356 alloy
significantly increased, as shown in Fig. 11(e) and (h). From
Fig. 11(g) and (h), when the loads rise to 7 N and 9 N, the wear
mechanism changes to more severe delamination wear, and the
area of delamination increases obviously. This is because the
A356 alloy with low hardness will cause worse wear and
produce much wear debris.

In summary, comparing the SEM images of the worn
surfaces of the composites and matrix alloy shows that the
composites are more wear resistant. This is because the hard
Al3Zr particles bear the load and can bridge expansion because
of their close combination with the matrix during the process of
crack generation. In addition, the bridged linkage makes it so
that cracks must bypass the reinforced particles and consume
energy, thereby slowing down or even preventing crack
expansion. Moreover, the temperature of the worn surfaces
increased rapidly during the wear process, which caused the
softer A356 matrix to soften quickly and begin to move and
agglutinate on the surface, eventually causing adhesive wear.
However, the Al3Zr particles could hinder the flow of the
matrix and reduce the cutting effect of the friction pair on the
surface. Simultaneously, the shear strain resistance property of
the composites is improved, which is beneficial for forming a
transfer film and reducing the adhesion area of the worn
surface.

Figure 12 and 13 shows the SEM and EDS results of the
composite worn surfaces. Figure 12(a–d) shows SEM images
of the worn surfaces of composites with different sliding speeds

Fig. 11 SEM results of the worn surfaces. Worn surfaces of A356/3 wt.% Al3Zr composites with different applied loads (a)�(d): (a) 3 N, (b) 5
N, (c) 7 N and (d) 9 N. Worn surfaces of A356 composites with different applied loads (e)�(h): (e) 3 N, (f) 5 N, (g) 7 N and (h) 9 N
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and a constant load of 5 N. Traces of plastic deformation on the
worn surface are generated, and furrows and grooves exist
along the wear direction. In addition, combined with the EDS
results, the worn surface was rich in oxygen, so an oxide film
appeared on the worn surface. Figures 12(a) and (b) shows the
surfaces with sliding speeds of 150 rev/min and 200 rev/min,
and the wear mechanism mainly manifests as adhesive wear
and causes delamination wear. Furrows appeared on the worn
surface and were generated because the surface was uneven.
Furthermore, the surface undergoes plastic deformation to
produce raised adhesion points due to the effects of friction.
The cutting force at the adhesion location increases so that the
surface material falls off along the wear direction, with furrows
and cutting marks gradually occurring. As time passes, the
adhesion points grow and cause lamellar spalling due to the
large shear forces. The oxide film is partially lifted but is
subsequently pressed into the worn surface by the friction pair,
resulting in a large number of cracks. The sliding speeds of Fig.
12(c) and (d) are 150 rev/min and 200 rev/min, respectively. In
these two figures, the furrows on the worn surface become
shallower, the oxide film is destroyed, the extent of lamellar
shedding is reduced, and hard particles are obviously present on
the worn surface. At this time, wear occurs by the mechanisms
of abrasive wear and adhesive wear. The friction pair broke the
oxide film, and the worn composites were exposed. After that,
the relatively soft matrix was quickly worn away because of
shear force, exposing the harder reinforced particles and
dividing the adhesion points into discontinuous points. At this
time, not only adhesive wear but also abrasive wear caused by
hard particles occur on the worn surface. As presented in Fig.
13, the SEM image combined with the EDS spectrum shows
that the worn surface is rich in oxygen, which shows that an
oxide film formed on the worn surface during the wear process.

These oxide films form due to oxygen being involved in the
friction pair and the wear sample under high-speed rotating
friction and then reacting with Al in the matrix. When the speed
increases, due to the influence of frictional heat, oxidative wear
will turn into adhesive wear, which will dramatically increase
the extent of wear. An increase in temperature usually increases
oxidative wear. When working in an oxidizing medium, the
oxide film on the surface of the workpiece will be reformed
after being worn. The shear strength at the junction of the oxide
film and the substrate is high, and when the wear rate of the
oxide film is greater than the rate of formation of the oxide film,
the extent of wear is large; in contrast, when the shear strength
of the junction between the oxide film and the substrate is high
or when the wear rate of the film is lower than the formation
rate of the oxide film, the extent of wear on the oxide film is
small, and the oxide film can have a good anti-wear effect.

4. Conclusions

(1) When the reaction temperature was 750℃, the compos-
ites contained small, short rod-shaped reinforced parti-
cles dispersed in the A356 matrix. With increasing
reaction temperature, the morphology of the Al3Zr-en-
hanced particles gradually changed from short bars to
strips, and the dispersion extent worsened.

(2) Compared with that of the A356 aluminum alloy matrix,
the hardness of the composite material greatly improved.
The hardness of the composite prepared at 750℃
reached 245.6 HV, which was much higher than the 76
HV hardness of A356.

Fig. 12 SEM and EDS results of composite worn surfaces with the same load of 5 N and different sliding speeds of (a) 150 rev/min, (b) 200
rev/min, (c) 250 rev/min and (d) 300 rev/min

Fig. 13 EDS results of composite worn surfaces with a load of 5 N and sliding speed of 300 rev/min: (a)–(b)
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(3) The friction coefficient of the A356/3 wt.% Al3Zr com-
posite is lower than that of the A356 alloy. The bearing
capacity of Al3Zr particles stabilizes the performance of
the composite under friction. For composite materials,
the average friction coefficient is the lowest, 0.367,
when the rotation speed is 250 rev/min and the load is 5
N.

(4) Compared with the A356 alloy, the A356/3 wt.% Al3Zr
composites experience less wear, have better wear resis-
tance and have a relatively clean worn surface. The
wear extent increases with increasing load and rotational
speed, and the effect of the load on the wear rate is
more obvious. For composites, the wear mechanism
changes from adhesive wear and fatigue wear to delami-
nation wear as the load increases. With increasing rota-
tional speed, the wear mechanism changes from
adhesive wear to abrasive wear.
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