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Study on the mechanical properties, wear resistance
and microstructure of nano-SiC,/ZA38 composite material
under the synergistic effects of thermal-force-acoustic field
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Abstract

The nano-SiCp, /ZA38 composites reinforced by nano SiC particles were fabricated by stir-
ring assisted ultrasonic vibration. To establish the influence of the fusant temperature, stirring
speed, and ultrasonic power on the mechanical and tribological properties of the cast nano-
SiCp, /ZA38 composite material, orthogonal experiments in four different fusant temperatures,
stirring speed, and ultrasonic power were conducted. The synergistic effects of the thermal-
force-acoustic field aroused by melting, stirring, and ultrasonic vibration were investigated. It
was observed that the wear rate decreased with the dimension of the primary dendrite arm
spacing. The wear rate of fabricated composite material decreased to a minimum value of
0.0042 mm s~ ! when melting at 730°C, stirring with a speed of 300 rpm and ultrasonic vibra-
tion with a power of 850 W. The hardness reached 163.9 HV, and the compression strength
reached 803 MPa. It was concluded that the acoustic field works prominently in improving the
mechanical properties of the nano-SiCp /ZA38 composite, while the thermal and acoustic fields
play a major part in the friction and wear properties. Thus, the force field gets converted into
an assistant field. In addition, the simultaneously or solely increased thermal-force-acoustic
field does not ensure a considerable enhancement in the mechanical and tribological properties
of the nano-SiC,/ZA38 composite.

Key words: composite, ultrasonic vibration, tribological property, microstructure, orthog-
onal experiment, acoustic field

1. Introduction

Aluminum (Al)-zinc (Zn)-based alloys have found
their use in various machine components, especially in
the area of mechanical transmission such as in bear-
ing bush, bearing, slider, and piston due to their out-
standing characteristics [1, 2]. Al-Zn-based alloys with
a high percentage of metals have a low melting point,
special casting property, good machinability, excellent
wear and corrosion resistance at room temperature,
and high strength. Besides, the low cost for produc-
ing the aforementioned mechanical transmission com-
ponents makes the high Al-Zn-based alloy welcomed.
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However, a decrease in mechanical properties caused
by increasing temperature due to friction makes some
high Al-Zn-based alloys used in the high speed and
heavy load conditions invalid. To improve the mecha-
nical properties at high friction temperature of the
Al-Zn-based alloys, some nano SiC particles with sta-
ble thermophysical properties are often added in these
Al-Zn-based alloys to produce the metal matrix com-
posites reinforced by ceramics. The metal matrix com-
posites reinforced by ceramics have come into the lime-
light in recent years owing to their superior physical,
mechanical, electrochemical, and frictional wear prop-
erties [3, 4]. There are many methods to fabricate the
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metal matrix composites reinforced by ceramics. The
key issue to improve the mechanical properties is to
effectively control the homogeneous distribution of the
reinforced particles in the metal matrix [5-8]. The stir
casting technique is a relatively easy technique for in-
dustrialization. However, the process defects, such as
the macroscopic as-cast structure and the composi-
tion cluster, demand prompt solutions. The reinforced
particles react with the interface of the metal matrix,
resulting in shrinkage related porosity [2, 9].

Literature studies show that stirring assisted ul-
trasonic vibration employed to fabricate the compos-
ite is effective in refining and balancing the casting
microstructure [10-14]. Khosravi et al. have reported
the effects of stirring temperature and speed on the
distribution of the reinforced particles in the metal
matrix. The mechanical properties of the A356-SiC,
composites were also discussed in detail. However, the
effects of ultrasonic vibration on the microstructure
and properties of the composites were not mentioned
[15]. Wang et al. fabricated the micro-SiC particle re-
inforced magnesium matrix composites, having a var-
ied composition of reinforced particles by the stir cast-
ing assisted by ultrasonic treatment. In their research,
the processing, microstructure, and mechanical prop-
erties of the composites were fully analyzed. The re-
sults demonstrated that ultrasonic treatment signifi-
cantly improved stir casting and mechanical proper-
ties. However, less information on the effects of fabri-
cating processes such as the fusant temperature, stir-
ring speed, and ultrasonic power on the microstructure
and mechanical properties of composites has been pro-
vided [16]. K. Hu et al. [17] and A. H. Idrisi et al. [18]
reported that ultrasonic treatment substantially im-
proved the mechanical properties of composites. The
analysis of the fusant temperature, stirring speed, and
thermal-force-acoustic field due to the stir casting as-
sisted ultrasonic vibration was insufficient.

It is well known that the thermal field of the fu-
sant formed during melting, the force field generated
by the stirring, and the acoustic field aroused by the
ultrasonic vibration are concomitant in the stir casting
assisted by ultrasonic treatment processing. The syn-
ergistic effect of the thermal-force-acoustic field plays
a vital role in improving the mechanical properties of
composites. However, in most studies, only one or two
fields were analyzed. To further investigate the rela-
tionships between the thermal-force-acoustic fields on
the microstructure and mechanical properties of metal
matrix composites reinforced by ceramics, it is nec-
essary to conduct vast theoretical experiments. The
multiple factors involved in the stir casting assisted
by ultrasonic treatment processing necessitate various
time-consuming experiments. The orthogonal experi-
ment is often used to determine the effect of the sin-
gle factors [19-25]. In this study, orthogonal experi-
ments were used to identify the relationships among
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Fig. 1. The schematic diagram for the fabrication of nano-
SiCp/ZA38 composite.

the fusant temperature, stirring speed, and ultrasonic
power on the mechanical and tribological properties of
cast nano-SiC,/ZA38 composite material reinforced
by nano SiC particles. Four different fusant tempe-
ratures, stirring speeds, and ultrasonic powers were
considered for the experiments. The results in the
present investigation will guide the fabrication process
of nano-SiC,/ZA38 composite material reinforced by
nano SiC particles.

2. Materials and methods
2.1. Composite fabrication

The nano-SiC,/ZA38 composite fabrication was
done using zinc ingot (0#), 99.99wt.% Al ingot,
H68 Cu-Zn alloy, 99.99 wt.% magnesium (Mg) par-
ticles, and SiC nanoparticles with a dimension of
80 nm as raw materials. The addition amount of nano
SiC particles was 0.3 wt.%, and the actual composi-
tion of the composite was 38Al-2.5Cu-0.8Mg-0.3SiC-
-Zn (bal.). The schematic diagram for the fabrication
of nano-SiC,/ZA38 composite is presented in Fig. 1.
The prepared Al ingot was put in the graphite cru-
cible and then placed in the resistance furnace to
be heated till it melted. The zinc ingot, H68 Cu-Zn
alloy, and Mg particles were sequentially added in
the melting Al fusant. After isothermal holding, the
temperature of the graphite crucible was adjusted to
the pre-set values. The SiC nanoparticles were added
by the high-pressure jetting powder process by intro-
ducing Argon (Ar) gas. The usage of Ar avoids un-
necessary oxidation. The stirring process and ultra-
sonic vibration were simultaneously conducted under
the protection of Ar. Table 1 presents the designed
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Table 1. Designed thermal-force-acoustic fields with different fusant temperatures, mechanical stirring speeds and ul-
trasonic power during the smelting

Fusant temperature (°C)

Mechanical stirring speed (rpm)

Ultrasonic power (W)

700 100
730 200
760 300
800 400

300
450
600
850

Table 2. Mechanical and tribological properties of specimens fabricated by orthogonal experiments

Thermal-force-acoustic field

Specimen Compressive
Temperature Stirring speed Ultrasonic power Wear rate Hardness strength

(°C) (rpm) (W) (mms™1) HV (MPa)
1 700 100 300 0.027915:9002 1429702, 63515
2 700 200 450 0.020670 0003 145.4702 65515
3 700 300 600 0.019779-000%  146.2+0 15 67015
4 700 400 850 0.0085 00002 158.5707 78274
5 730 100 450 0.016570 0005 147.7702 67415
6 730 200 300 0.010373000;  151.67012 73675
7 730 300 850 0.004279-000%  163.910 15 80315
8 730 400 600 0.009570 0005 155.570 75272
9 760 100 600 0.0098F00005  153.270] 75013
10 760 200 850 0.007370 000z 163.27012 79875
11 760 300 300 0.0132+0 0008 1511707, 71417
12 760 400 450 0.0078T0 000 162.570 1, 78671
13 800 100 850 0.0098100002  152.9702 74613
14 800 200 600 0.0088"0 0004 1632701 7861
15 800 300 450 0.015810:090%  150.4102, 68575
16 800 400 300 0.01791 00008 146.4707, 6711%

thermal-force-acoustic fields containing different fu-
sant temperatures, mechanical stirring speed, and ul-
trasonic power during smelting. The total action time
for the thermal-force-acoustic field was about 5 min.
After 2 min standing of the final composite melting,
slagging-off and casting process were consecutively
carried out. In the end, the preparation of the as-
cast nano-SiC,/ZA38 composite reinforced by nano
SiC was successful.

2.2. Material characterization

Room temperature compression tests were carried
out on a WE-100 hydraulic universal material test-
ing machine. Before the compression process, the two
contact surfaces of the specimens were both polished
by a 1500 grade abrasive paper to remove the surface
scratch and ensure parallel between each side of the
specimen. Graphite wafers with a thickness of 0.1 mm
were placed on the contact surfaces of the specimens.
The displacement loading speed of the squeeze head
was set at 1 mm min—!. Micro-hardness tests were con-
ducted on an HV-1000 micro-hardness tester with a

loading force of 1.961 N. Duplicated hardness tests
were carried out for each specimen. Cylindrical speci-
mens with a dimension of ¢ 8 mm x 30 mm were ma-
chined to perform the dry-friction wear test on a fric-
tional wear testing machine. The abrasive disc was
made of GCrlb bearing steel. The degree of surface
roughness (Ra) was calculated to be 6.3. The fric-
tional pressure, friction velocity, and time values were
determined to be 1.2 MPa, 840 rpm, and 10 min, re-
spectively. The frictional wear rate was calculated by
the length loss per unit distance, and the derivative
of wear rate was considered the wear resistance coef-
ficient.

Metallographic specimens were prepared for ob-
serving the as-cast microstructure and fracture mor-
phology of specimens treated by different process-
ing parameters. Related metallographic preparation
methods have been previously described [26-30]. A
ZEISS optical microscope (OM) and a field-emission
scanning electron microscope (FE-SEM) with an en-
ergy dispersive spectroscopy (EDS) were used for the
studies. Point analysis was done to determine the com-
position of the SiC particles. X-ray diffraction (XRD)
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was used to detect the different phases in the fabri-
cated composites.

3 Results and discussion
3.1. Mechanical and tribological properties

Table 2 shows the mechanical and tribological
properties of different specimens fabricated by or-
thogonal experiments. The data indicate considerable
differences in the micro-hardness, the compression
strength, and the wear rate values of the specimens
fabricated by different thermal-force-acoustic fields.
Specimen 7 melted at 730°C, stirred at a speed of 300
rpm, and ultrasonically treated with a power of 850 W
has the most commendable properties among all speci-
mens. The wear rate of specimen 7 was 0.0042mm s~ 1!,
the smallest recorded among all other specimens under
study. The hardness (163.9 HV) and the compression
strength (803 MPa) were found to be the maximum.

Figure 2 shows the variance analyses of the me-
chanical and tribological properties affected by the
fusant temperature, mechanical stirring speed, and ul-
trasonic power. Quadratic sum and mean square devi-
ation in each parameter have been calculated. Fusant
temperature and ultrasonic power greatly affected the
wear rate compared to the stirring speed. The ther-
mal and acoustic fields play a vital role in improving
the wear resistance of the nano-SiCp,/ZA38 composite.
The thermal and acoustic fields have a similar effect
on the wear rate. The effect of acoustic field (ultra-
sonic power) is the maximum in the case of micro-
hardness and compression strength compared to the
effects of thermal and force fields. The force field was
found to have a minimum influence in this regard. In
short, the acoustic field has a greater effect than the
thermal and force fields in enhancing the properties
of the nano-SiC,/ZA38 composite. The thermal and
acoustic fields play a major part in the friction and
wear properties of the specimens, where the force field
serves as a supplementary field.

3.2. Microstructure

According to the results in Table 2 and Fig. 2, a ra-
tional screening process was made. Five representative
as-cast microstructures treated by different thermal-
force-acoustic fields corresponding to the specimens
2, 6, 7, 10, and 15 are shown in Fig. 3. The as-cast
microstructures of the various specimens are differ-
ent from each other. The grain dimension in speci-
men 7 is uniform and refined compared to that of the
other specimens. Moreover, the amount of dendritic
crystal in specimen 7 is the least. X-ray diffraction
and point analysis were carried out to determine the
phases of the composite. Figure 4 shows the XRD and
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Fig. 2. Variance analyses for the mechanical and tribolog-
ical properties.

EDS results of specimen 7. It reveals that the main
phase of the composite is the Al-Zn solid solution (Al,
Zn). Furthermore, the composite contains the Al-rich
a(Al, Zn) phase (Fig. 4a) in a face-centered cubic
structure, Zn-rich n(Al, Zn) phase (in Fig. 4a) in a
close-packed hexagonal structure, and the spinel struc-
tured MgAl;O,4. The composite also contains the com-
pounds CuZnyg and Al;Cs;. Many small peaks mani-
festing the existence of nano SiC, were apparent. Ac-
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Fig. 3. Five representative as-cast microstructures corresponding to the (a) specimen 2, (b) specimen 6, (c) specimen 7,
(d) specimen 10, and (e) specimen 15.

cording to the EDS results, Si was also detected (Spec-
trum 1) (corresponding to particle marked by red ar-
row). It is reasonable to conclude that these spheri-
cal particles are SiC,. Most of the SiC, remain dis-
tributed along the grain boundaries of the o and 7
phases, and a small quantity of SiC, can be found in
the o phase. The appearance of Al;Cjs indicates an
interfacial reaction between the nano SiC, and the
metal matrix.

It was observed that the cooperation of thermal
and acoustic fields is essential under the same force
field upon comparing and analyzing the data obtained
from specimens 2 and 6. When the fusant tempera-
ture was high, the effect of ultrasonic vibration was
found to be better. The relatively fine and small den-
dritic crystal will improve the abrasive resistance of
the nano-SiC,,/ZA38 composite. Comparison between
specimens 2 and 15, under the same acoustic field,
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Fig. 4. XRD and EDS analysis to determine the phases in the nano-SiC,,/ZA38 composite: (a) metallographic structure,
(b) XRD results, (¢) SEM images, and (d) point scanning energy spectrum.

revealed that the increased thermal and force fields
could enhance the abrasive resistance of the nano-
SiC,/ZA38 composite. From the microstructures of
specimens 2 and 15, it is evident that the dimension
of the dendritic crystal «(Al, Zn) phase in specimen
15 is relatively smaller. A comparison between speci-
mens 6 and 7 shows that there is little change in the
dimension of the dendritic «(Al, Zn) phase under the
same thermal field, while the grain dimension becomes
smaller in specimen 7 with the increase in the acous-
tic and force fields. This results in a better abrasive
resistance in specimen 7. In conclusion, a good combi-
nation of the technological parameters in the thermal-
-force-acoustic mixed fields is crucial to obtain the re-
fined microstructure for improving the abrasive resis-
tance of the nano-SiC,/ZA38 composite.

The corresponding morphologies of friction sur-
faces are presented in Fig. 5. These indicate an ad-
hesive wear mechanism in the nano-SiC,/ZA38 com-
posite. Deep plow marks along the friction direc-
tion in specimens 2, 6, and 15 are evident. Fur-
thermore, lamellate peeling and overlap friction are
quite apparent in specimen 2. The appearance of deep

plow marks manifests the extremely unstable fric-
tional state, which results in the decrease of abrasive
resistance. The morphologies of specimens 7 and 10
were found to be similar, and the presence of super-
ficial scratches was recorded. This is because the val-
ues of micro-hardness of specimens 7 and 10 are both
higher than that of other specimens. A higher micro-
-hardness signifies a lower frictional wear rate (a good
abrasive resistance) in the composite. Although the
change range in the micro-hardness of specimens is
small, a lower micro-hardness will inadvertently ac-
celerate the abrasion.

Figure 6 depicts the compression fracture mor-
phologies of the selected samples. It is observed that
the microstructures of specimens 2, 6, and 15 are
full of pits, while specimens 7 and 10 have obvious
landside sections. The appearance of pits is caused
by the aggregation tendency of SiC. Compared to
specimen 2, the compression strength increases by
12.4 % in specimen 6 under the same force field. Spec-
imen 6 also shows the presence of an apparent ductile
fracture landslide section. In specimen 15, there is a
very small change in the compression strength and
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Fig. 5. Morphologies of friction surfaces corresponding to the (a) specimen 2, (b) specimen 6, (c) specimen 7, (d) specimen
10, and (e) specimen 15.

the corresponding fracture morphology compared to
specimen 2 under the same acoustic field. Under the
same thermal field as in specimen 2, the compression
strength increases by 9.1 % in specimen 7, increasing
the force and acoustic fields. The increased landside
section morphology in specimens 7 and 10 indicates a
greater probability of ductile fracture. There are ap-
parent pits manifested by a brittle fracture in cases of
the specimen with lower compression strength.

Figure 7 exhibits the relationships between the
wear rate and the primary dendrite arm spacing in
all the specimens. The different thermal-force-acoustic
mixed fields obtained from the particle size distribu-
tion calculation software (Nano measurer 1.2.0.) were
used for the studies. It was observed that the wear
rate decreases with the dimension of the arm spac-
ing. The primary dendrite arm spacing in specimen
7, which shows excellent properties, is about 4.81 pum,
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Landslide section

Fig. 6. Fracture morphologies of (a) specimen 2, (b) specimen 6, (c) specimen 7, (d) specimen 10, and (e) specimen 15.

while the arm spacing is about 11.48 um in specimen
1, which showed the worst wear rate. With an increas-
ing force and acoustic field from specimens 1 to 4 un-
der the same thermal field, the primary dendrite arm
spacing decreases. A comparison between specimens 3
to 1 shows that the force and acoustic field increase by
three times and two times, respectively. The primary
dendrite arm spacing decreases by 51.54 %. However,
data from specimens 13 to 16 shows that with an alter-
nate increase in the force and acoustic field, the range

of change of the primary dendrite arm spacing dimen-
sion is small. It was observed that the wear resistance
properties of specimens 1-4 are better than those of
specimens 13-16. Moreover, it was concluded that a
synchronous or solely higher thermal-force-acoustic
field does not ensure better nano-SiCp,/ZA38 compos-
ite properties. Therefore, the synergistic effect of the
thermal-force-acoustic field should be simultaneously
considered.

Specimens 7, 10, and 12 have a relatively smaller
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Fig. 7. Relationships between the wear rate and the pri-
mary dendrite arm spacing in all specimens.

primary dendrite arm spacing than other specimens.
This indicates that the force and acoustic field per-
form better when the fusant temperature is around
730-760°C. Under the same strong acoustic field of
specimens 7 and 10, a small change in the thermal and
force fields has little effect on the microstructure of the
studied composite. The same result can be observed
for specimens 10 and 12. The thermal-force-acoustic
mixed fields could improve the dispersion of the nano
reinforced particles and accelerate the phase change in
the metal matrix of the composite. The stirring pro-
cess increases infiltration behavior and also introduces
gas into the fusant. While the ultrasonic transmitter
is located below the fusant, the effects of the cavita-
tion and acoustic streaming by the ultrasonic vibra-
tion fasten the formation of cavitation bubbles and
nucleation, thus leading to grain refinement.

When ultrasonic power increases, the range of
acoustic pressure also increases. At the same time,
the required critical radius for the cavitation bub-
bles decreases. The energy released from the explosion
of cavitation bubbles will lash and cause the cluster
nano reinforced SiC particles to vibrate. This accel-
erates particle dispersion. A series of changes in the
microstructure of the nano-SiC,,/ZA38 composite was
reinforced by nano SiC particles under the thermal-
force-acoustic mixed fields. When the thermal field is
considered, it is observed that heating increases with
the increase of the fusant temperature. The propor-
tion of the reinforced particles with the metal ma-
trix increases and thus deteriorates the infiltration of
the reinforced particles. Moreover, the higher fusant
temperature causes the burning loss of the compos-
ite. The nano-reinforced particles can easily immerse
in the metal matrix at an increased speed of stirring
when the force field is separately considered. How-
ever, the dispersibility of the reinforced particles could
not be improved. The infiltrating effect of reinforced

particles was not optimized when the acoustic field
was separately considered. It is better to improve the
problems as mentioned above by the coordination of
the mixed thermal-force-acoustic fields. Nonetheless,
some problems could not be ignored. For instance,
the higher thermal field results in a lower viscosity
of the composite fusant, increasing its flowability. In
this case, the fusant is easy to spatter under a higher
force field, and the ultrasound cavitation effect is dis-
turbed. Suppose the thermal field is insufficient, and
the force field is low enough. In that case, the in-
filtrating effect of reinforced particles is not guaran-
teed, and the retarding effect caused by the ultra-
sound cavitation is stimulated. In the thermal-force-
-acoustic mixed fields, the thermal and force field sep-
arately determines the fusant viscosity and laminar
motion of the composite fusant. The acoustic field in-
fluences the crushing degree of the reunion block in
the fusant and further changes the fusant crystalliza-
tion.

Due to the driving force introduced by the force
and the acoustic fields under the thermal-force-
-acoustic mixed fields, the proportions of multiple
compositions are balanced. This decreases the amount
of critical nucleation during solidification and in-
creases the critical undercooling of the studied com-
posite. The wear-resistant o phase and the antifriction
7 phase [9] both get refined in specimen 7 (Fig. 3).
During the friction of the composite, only the su-
perficial scratches can be observed in specimen 7,
while deep plow marks are apparent in specimens
2, 6, and 15. The refined microstructure shows slip-
pery and rough fracture surfaces (Fig. 6), represent-
ing the cleavage and quasi-cleavage sections, respec-
tively. This signifies excellent toughness and antifric-
tion capability. Finally, the abrasive resistance of the
nano-SiC,/ZA38 composite could be substantially im-
proved.

In a word, it is concluded that the microstruc-
tures of developed nano-SiC,/ZA38 composite mate-
rial mainly depend on the synergistic effects of the
thermal-force-acoustic field. The three fields have their
different effect on the final microstructure and proper-
ties. The finer primary dendrite arm and grains will be
obtained by multiple combinations among the three
fields. It is generally inferred that the effect of the
acoustic field increases with the fusant temperature
under the same force field. Besides, it is beneficial to
refine the microstructure by improving the thermal
and force fields under the same acoustic field. Un-
der the same thermal field, the grain size decreases
with the increase of acoustic and force fields. Nev-
ertheless, the simultaneously improved three fields
could not further refine the microstructure and im-
prove the properties due to the interference between
the higher flowability and ultrasound cavitation ef-
fect.
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4. Conclusions

In the present study, the nano-SiC,/ZA38 com-
posite material reinforced by nano SiC particles was
fabricated by stirring assisted ultrasonic vibration. Or-
thogonal experiments with four different fusant tem-
peratures, stirring speed, and ultrasonic power were
conducted to ascertain the relationship among the fu-
sant temperature, stirring speed, and ultrasonic power
on the mechanical and tribological properties of the
cast nano-SiCp/ZA38 composite material.

The major conclusions are:

(1) The wear rate decreases to 0.0042mms™!,
the minimum value, in the specimen by melting at
730°C, at a stirring speed of 300 rpm and ultra-
sonic treatment with a power of 850 W. The hard-
ness reaches 163.9 HV, and the compression strength
reaches 803 MPa.

(2) The acoustic field improves the mechanical
properties of the nano-SiC,/ZA38 composite, while
the thermal and acoustic fields play a major role in
the friction and wear properties. The force fields turn
into an assistant field. A higher thermal-force-acoustic
mixed field value does not imply an enhancement
in the mechanical properties of the nano-SiC,/ZA38
composite.

(3) The wear rate decreases with the dimension of
the primary dendrite arm spacing.
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