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Abstract: Metal matrix nanocomposites (MMNCs) are becoming the materials of choice in a variety
of engineering and medical applications owing to their exhibiting a superior combination of targeted
properties. Amongst different MMNCs, aluminum-based composites are of special importance. In
many applications, a relatively inferior wear property limits the use of this valued metal in practice.
However, reinforcing aluminum and its alloys by ceramics, carbon allotropes, etc., may circumvent
these limitations to a great extent. In the present study, aluminum alloy A356/SiO2 nanocomposite
is fabricated by a vibration-assisted casting process, wherein varied amount of nanosilica, namely,
0.125, 0.25, and 0.375 wt.%, have been added to the melt. The use of power ultrasonic treatment
had a great influence on the microstructure, hardness, and wear properties. Microstructural and
XRD analyses were performed on the fabricated monolithic and composite samples. To evaluate
wear behavior, a hardness test and pin-on-disk experiment were conducted on the samples under 60,
80, and 100 N forces at a constant speed of 1 m/s and the sliding distance was varied from 1000 to
2000 m. The abraded surfaces, wear debris, and EDS analysis were used to identify wear mechanisms.
The samples having 0.125 wt.% exhibited the highest increase in hardness and the highest reduction
in both friction coefficient and wear rate by 52%, 50%, and 68%, respectively. The main governing
wear mechanism was abrasion, with limited evidence of delamination.

Keywords: ultrasonic treatment; wear; metal matrix composite; dispersion; reinforcement

1. Introduction

Metal matrix composites are some of the most suitable candidates for use in critical
applications such as in automotive and aerospace industries. The growing need to light-
weight materials for energy saving is a top priority of these industries [1,2]. Due to low
density and specific strength, aluminum and magnesium are the main options for the base
material in composite manufacturing [3,4].

Hard ceramics or carbon-based materials such as carbon nanotubes (CNTs) and
graphite are used as reinforcement. The use of reinforcement mainly increases the strength
and hardness values [5]. According to the literature, the size of the particles may also influ-
ence the mechanical properties. Compared to micron-size particles, nano-sized particles are
preferred due to their unique properties and capabilities. If liquid state methods are used
for processing, the particles may act as heterogeneous nucleation sites during solidification,
thus refining the microstructure [6–8].

A variety of methods have been examined to produce the MMNCs, but the most
common ones are casting and powder metallurgy. Casting is usually considered to be
one of the most popular methods due to its low cost, high production capacity, simplicity
and availability [9]. In addition to the mentioned features, there exist challenges to the
production of cast metal matrix nanocomposite. The most challenging issue is the great
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tendency of the nanoparticles to agglomerate due to interparticle forces such as van der
Waals and the lack of proper wetting between a given melt and reinforcing nanoparticles.
Theoretically, a number of strategies have been presented to deal with the poor wettability,
among which reducing surface tension, increasing the number of particles, reducing particle
size, boosting solidification speed, and coating particles with materials having higher
Hamaker constants can be mentioned [10]. In terms of wettability, the use of materials such
as magnesium [11], titanium [12,13], calcium [14], etc., all increasing the surface energy of
solid particles and reducing the surface tension, may improve wettability in the interfacial
region of a solid–liquid composite system. Further, the melt temperature and wetting time
are also effective parameters influencing the wetting behavior of particles by the liquid
metal/alloy [15].

During processing, the chemical composition of material can be affected when wetting
agents are added, and, accordingly, in some applications, in order to improve the wetting
condition, one may not be allowed to use a reactive agent. Further, using reactive agents
may produce unwanted compounds in the manufactured composite, adversely affecting
the mechanical properties [14–16]. One of the other processes that is of great interest in
increasing the dispersion quality of particles, as well as boosting the affinity between a
given melt and the reinforcing solid particle, is mechanical stirring [17]; in particular, high-
power ultrasonic waves are used to stir the composite slurry [18,19]. In vibration-assisted
casting, a stirrer with a material resistant against melt attack or a metallic stirrer coated
by a resistant ceramic material is used. The main parameters of mechanical stirring are
the geometry and size of the blades, the depth where the stirrer is placed, and the stirring
speed and time [16,20–26]. For example, Karbalaei et al. [17] investigated the effect of
stirring time on the wear resistance of stir cast A356/Al2O3 composite and found that
long stirring time is useful in terms of applied shear forces; however, with respect to gas
absorption and thus to increasing porosities, longer stirring may have a negative effect.
They concluded that stirring has an optimal time value. The use of high-power ultrasonic
waves is considered as a mechanical stirring process, wherein cavitation is responsible
for deagglomerating the particles and dispersing them uniformly throughout the host
melt matrix, bringing opportunities for heterogeneous nucleation [18,27–29]. In addition
to the deagglomeration and uniform distribution of particles in the melt [29,30], other
phenomena such as degassing [31], increasing the surface energy of solid particles [18],
cleaning surfaces from contaminants [32,33], preventing segregation [34], the reduction
of thermal stresses [35], the uniform distribution of different phases in the bulk [36] and
the creation of a strong acoustic flow in the melt, mixing melt slurries [37–39], have been
mentioned in the literature. Mechanical methods, especially the effective use of ultrasonic
waves, are more efficient and less problematic compared to other methods, especially for
realizing a fine and uniform distribution of nanoparticles in a given cast MMNCs [40].

In this study, A356 alloy has been chosen due to its high castability [41]. Moreover,
as mentioned earlier, adding elements such as Mg, Ti, Ca, and Zr causes better wettability
in metal–ceramic nanocomposites [42,43], and these elements are mainly present in A356
composition. For strengthening, nanosilica is used as reinforcement, being relatively
inexpensive and available, and, as far as we know, less research has been conducted
on it. Compared to SiC, nanosilica has a lower contact angle with molten aluminum,
as indicated by Tekmen et al. and Hashim et al., who tried to oxidize the SiC surface by
thermal treatment to create a better wettable SiO2 layer on the silicon carbide surface [32,42].
Ultrasonic-assisted casting is used in this work to uniformly distribute silica nanoparticles
in A356 melt. Since little is known of the mechanical and tribological behavior of the
A356/SiO2 nanocomposite, the present paper primary addresses the wear response of the
ultrasonically stirred and cast A356/SiO2 composites.

2. Materials and Methods

A356 aluminum alloy is used as the base matrix alloy, being supplied from the Ma-
terials Engineering Department at Isfahan University of Technology, Isfahan, Iran. The
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chemical composition of the alloy is given in Table 1. In each casting experiment, 1600 g
of A356 alloy was poured into a graphite crucible to be melted under the protection of
argon gas with a purity of 99.99%. Upon raising the melting temperature to 750 ◦C, 98.5%
purity silica nanoparticles, supplied by Fadak-Isfahan New Technologies Complex, with
the specifications presented in Table 2, were added to the melt (0.0, 2.0, 4.0, and 6.0 g).
The corresponding amounts of the added reinforcing agent are, respectively, 0.0%, 0.125%,
0.25%, and 0.375%. The mentioned samples are named, respectively, AMNC0, AMNC2,
AMNC4, and AMNC6 for ease of review. Figure 1 shows TEM and SEM images of the used
silica nanoparticles.

Table 1. Chemical composition of A356 aluminum alloy.

Zn Mn Cu Fe Ti Mg Si Al Material

0.03 0.05 0.1 0.15 0.2 0.3 7.5 Balance wt.%

Table 2. Specifications of nanosilica reinforcement.

Value Unit Properties and Test Method

210–240 m2/g Specific surface area (CTAB adsorption)
30–50 nm Main particle size (TEM)
2.65 g/cm3 Density

0.13–0.15 g/cm3 Tamped density ISO-787-11
1.3 Wm−1 K Thermal conductivity

12.3 10−6 K−1 Thermal expansion coeff.
1830 ◦C Melting point
≤98.5 % SiO2 Content ISO 3262/17
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Figure 1. (a) TEM and (b) SEM of the nanosilica reinforcement used in this study.

The A356/SiO2 composite samples were fabricated by ultrasonic-assisted casting,
wherein a high power 2.0 kW piezoelectric transducer with a resonant frequency of 20 kHz
was used. The transducer was first designed along with its vibration horn. After simulating
and determining the exact geometry, the horn concentrating the ultrasonic vibrations was
fabricated. There were six ring piezoelectrics that were tightened by a steel bolt between the
steel backing part and the titanium matching part. The ultrasonic horn made of a Ti6Al4V
alloy with specific geometry and dimensions was connected to the transducer in part of
the vibrating node (see Figure 2a). The transducer with such configurations can also be
used in some other manufacturing processes, including powder consolidations, machining,
welding, etc. [44–47]. To protect the transducer, it was placed inside metal housing and the
concentrator was placed outside the mentioned housing. To prevent piezoelectric damage
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from the generated heat, as well as from the heat transferred from the melt, the cooling
system on the chamber is designed and installed exactly at the location of the piezoelectrics.
In this system, cooling air is blown into the chamber and a fan was installed at the end of
chamber to exhaust the air. The vibration head of the concentrator was immersed in the
melt at a temperature of 750 ◦C and sonication was performed for 5.0 min. It should be
noted that this period of time was optimized after trial and error. In other words, for times
less than 5.0 min, the operation of ultrasonic waves was not effective enough, and for longer
times, the probability of Ti dissolving at the end of the horn increased at high temperatures
and high frequency vibration, causing contamination of the melt and unwanted effects
on the microstructure. In addition to the issue of the melt being contaminated by Ti, the
possibility of piezoelectrics being damaged under long-time exposure increases and can
cause the operation to stop.
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Figure 2. (a) Experimental setup and (b) A356/SiO2 melt under sonication.

The layout of the experiment can be seen in Figure 2. A356 aluminum ingots were first
placed in the graphite crucible, after accurate weighing, to be melted by an electric furnace
under the protection of argon gas. Silica nanoparticles were then preheated (at 250 ◦C for
1 h), after accurate weighing by a scale with a resolution of 0.1 mg, so that the moisture
was removed; finally, they were gradually added to the melt at the same time as applying
ultrasonic vibrations at a temperature of 750 ◦C. After the melt was treated by ultrasonic
vibrations, the composite slurry was immediately poured into a steel mold with an internal
cross section of 60 × 60 mm, a wall thickness of 10 mm, and a height of 200 mm. After
leaving the cast materials from the mold, the cooled ingots were machined and cut by a
wire-cut machine (Wire-EDM, Tabriz Machines Co., Tabriz, Iran). They were then used to
perform hardness measurements, wear tests, and microstructural analyses.

Characterization

Vickers hardness tester (DVKH-1, OGAWA SEIKI Co., LTD., Shinjuku-ku, Japan)
with 5 kg weight and 15 s dual time was used in accordance with ASTM E92-17. To
ensure repeatability, the tests were conducted with 5 repetitions per sample. Moreover, the
hardness curve was drawn in the longitudinal direction of the cast ingots. To estimate the
porosities of the cast samples, Archimedes test was performed.

A standard pin-on-disk apparatus, supplied by Advanced Modern Industry Company,
Tehran, Iran, was used to measure the wear rates of the samples. The schematic and
real images of the apparatus are shown in Figure 3. One of the special features of the
mentioned device is the placement of the disc vertically; hence, almost all wear debris
may not remain on the surface of the disc due to gravity and centrifugal force. In fact,
in those wear experimental setups with a horizontal disc, some worn particles and hard
reinforcing particles are separated but remain on the surface of the disc, and they may
enter the space between the disc and the pin, leading to the scratching of the pin surface or
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providing conditions for three-body abrasive wear, capable of inducing errors either in the
wear results or in wear mechanisms [48]. In this device, power is supplied through a linear
actuator and the values of 10 to 100 newtons can be applied. The friction force can also be
measured through a load cell that is parallel to the disk surface. A Pt100 type sensor is also
installed to measure the temperature.
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measurement sensor, and (d) pin and disc in higher magnification.

The samples, in the form of pins, were prepared and gripped by a special holder.
The abrasive disc was made of AISI 52,100 steel with the hardness of 65 HRC, diameter
of 180 mm, thickness of 15 mm, and the surface roughness of 3 µ. This disk rotates at
a maximum speed of 300 rpm, having the ability of closed loop control of an accuracy
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of 0.01%. The disc is perfectly perpendicular to the pin. A sensor is installed in this
device to show the wear volume based on the amount of wear of cylindrical samples
with micron accuracy. The samples were prepared in the form of pins with dimensions
of 8 mm in diameter and 25 mm in height. To obtain accurate results, the end of each
pin was spherically machined and polished with SiC sandpapers from 240 to 3000 grades
(see Figure 4).
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The samples were first cleaned with a soft cloth just before and after the wear tests.
They were then washed with acetone to remove contaminants and dried using cold air.
Finally, they were weighed with a resolution of 0.1 mg. The weight difference was analyzed
and studied as the main indication of wear values. The wear test parameters are given
in Table 3.

Table 3. The parameters used in wear experiments.

Distance (m) Speed (m/s) Normal Force
(N) Nanosilica (g) Parameter

1000, 1500, 2000 1 60, 80, 100 0, 2, 4, 6 Value

In order to analyze the microstructure of the cast samples, metallographic photographs
were taken by an Olympus PME-3 optical microscope (LECO Co., Michigan, MI, USA) at a
magnification of 100×. SEM images were also taken from the primary samples to check
the microstructure for abraded surfaces and to estimate the wear mechanisms by FE-SEM
MIRA3, TESCAN Co. (Brno, Czech Republic). In order to further investigate the effect of
silica reinforcements, XRD analysis was performed using Inel, EQUINOX 3000, France,
working with a voltage of about 40 kV and a current of 30 mA. The wavelength and the
range of the mentioned XRD device are, respectively, λ = 0.154 nm and 2θ = 0–110◦, with a
step size of 0.01◦.

3. Results and Discussion
3.1. Microstructural Evaluations

After machining, the cast ingots were cut by a wire-EDM to prepare the standard
samples with desired dimensions. These samples were ground using 220- to 3000-grade
emery clothes and then polished with a polishing machine using 0.3-micron alumina
suspension. Upon washing and drying, the specimens were etched by a Keller’s agent.
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Figure 5 shows the microstructure with 100× magnification of AMNC0, AMNC2, AMNC4,
and AMNC6.
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The microstructures given in Figure 5 show that the microstructure of the A356
aluminum composite could substantially change only if 0.125 wt.% silica nanomaterial
was added to the melt. Reduction of the grain size and break down of the dendritic
structure is observed in this weight fraction, owing to the application of powerful and
effective ultrasonic irradiation in deagglomerating and dispersing the silica particles evenly
throughout the melt slurry. The uniform dispersion and distribution of nanoparticles
may considerably facilitate heterogeneous nucleation, resulting in a finer microstructure.
Cavitation being one of the main consequences of ultrasonic treatment may break the
dendritic arms and structures. By adding more nanoparticles to the melt in the AMNC4
nanocomposite, no improvement was seen in the microstructure (Figure 5c); a coarser
structure and the dendritic structure appeared. In fact, by adding nanoparticles twice, the
viscosity of the melt increased, and as a result, the ability of ultrasonic dispersion decreased
slightly, and the structure become coarser to some extent. For the same reason, by adding
more nanoparticles, more dendritic and coarser structures are seen, owing to a decrease of
ultrasonic efficiency in more viscous composite slurry (Figure 5d). With this, it can be seen
that the optimal percentage of nanoparticles in these conditions is 0.125 wt.%.

3.2. XRD Results

A comparison of the XRD patterns of the different samples is depicted in Figure 6.
Since the percentage of the added nanoparticles was very low, and since the nanoparticles
were very small and fine, no peak related to silica was observed in any of the XRD patterns.
Hosseini and his colleagues have also reported the absence of peaks related to the reinforc-
ing phase, attributing it to the small size of the nanoparticles and the lower weight fraction
of the reinforcing particles [49].

The greater broadening and lower intensity of the peak of the 0.125 wt.% confirm that
the greatest reduction was achieved due to the addition of nanoparticles in the AMNC2
sample. The addition of reinforcements may cause the distortion in the structure of the
nanocomposite, and the result is a broadening of the XRD pattern of the nanocomposite
compared to the monolithic alloy [50]. Based on an XRD analysis, Sharma et al. [51] showed
that the pattern of XRD peaks in the Al6082/SiC nanocomposite shift a little towards
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2θ angles—lower than in the un-reinforced alloy. Similarly, the shifts towards lower angles
(left side) are seen when SiO2 is added. This pattern has also been reported by others in the
literature [50].
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Figure 6. X-ray diffraction patterns of the A356 alloy and Al356/SiO2 nanocomposites with 0.125,
0.25, and 0.375 wt.% nanosilica.

3.3. Hardness Results

To determine the hardness changes along the length of the cast sample, a hardness
test was performed at each 2 cm interval. After sectioning the surface into three separate
zones, i.e., the perimeter, middle points, and the center of the piece, the hardness test was
performed, and the test was repeated at least five times in each zone. The results are used
to obtain the hardness profile along the length of the samples. Figure 7 shows the hardness
profile of each monolithic and composite sample.
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As seen in Figure 7, the composites with different weight fractions showed higher
hardness values than the base metal. The highest hardness value of 88 HV was seen in
the AMNC2 nanocomposite, but the value decreased with an increase in silica content,
reaching to the lowest amount of 68 HV in the AMNC6 sample. The microstructure shown
in Figure 5 also confirms that the structure of the AMNC2 sample is quite fine. The fine
structure based on the Hall–Patch relationship contributes to the greater strength of the
nanocomposite [52]. On the other hand, the added particles can increase the strength of the
nanocomposite through other mechanisms such as Orowan, CTE (coefficient of thermal
expansion), and EM (elastic modulus) [35]. With an increase in the wt.% of reinforcement,
the viscosity of the aluminum melt increases, and as a result, ultrasonic waves become less
effective than when the viscosity of the fluid is higher [27]. Moreover, with the addition of
nanoparticles, porosity may have increased; therefore, it can be concluded that gradually,
with the addition of nanosilica, the degree of nanosilica dispersion may tend to decrease
and the severity of porosity increases. Others have also reported that by adding relatively
small percentages of ceramic nanoparticles, the hardness shows a significant increase, and
with further addition of reinforcing phase, the increasing trend slowed down or had a
decreasing trend [52–54].

The noteworthy point in the hardness profile of Figure 7a is that the hardness is higher
ate the bottom and top of the cast samples, and there are fluctuations along the length
of the sample, which mainly depend on the cooling conditions and the weight fraction
of nanoparticles in that area. The reason for the higher hardness in the bottom can be
due to the following reasons: (i) The bottom is the first place where the melt is in contact
with the mold; hence, the cooling speed in the bottom is higher than any other points; it
means faster cooling leads to finer structure and thus higher hardness of the samples. In
this project, the steal mold is cooled by water from its bottom part, which contributes to
the higher temperature gradient in this part. (ii) One of the mechanisms of engulfment
of small particles in the molten metal, based on the capture theory, is the viscous capture
mechanism, stating that if the cooling rate is higher than a critical rate, the possibility of
particle engulfment at the solidification front will be higher [10]. Considering the mentioned
theory, more particles were probably engulfed in this area and harder nanocomposites
formed in this area. In the case of greater hardness in the upper parts, it is also possible
to raise the possibility that the solidification front is from the lower part of the mold, that
the nanoparticles are possibly rejected as impurities, and that the upper part will be richer
from nanoparticles than the middle parts, and the observed difference in hardness is due to
the higher amount of nanoparticles at the top of the solidified sample.

The Archimedes test was used to measure the density of the cast samples. The test is
based on weighing a sample in two different fluids such as air and distilled water. Generally,
the reference fluid is air, and the second fluid is distilled water. Each test was repeated
three times; each sample was carefully washed and dried with washing liquid and acetone
before testing. We obtain the density of the sample (ρs) based on equation 1, wherein mair
is the weight of the sample in air, mdw is the weight of the sample in distilled water in the
immersion state, and ρdw is the density of distilled water. The air density is neglected.

ρs = ρdw × mair
(mair − mdw)

(1)

The Archimedes test was performed for the monolithic sample and nanocomposites
with different nanosilica weight fractions; the results are shown in Table 4.

Table 4. Porosity percentage of monolithic and nanocomposite samples, i.e., AMNC2, AMNC4,
and AMNC6.

AMNC6 AMNC4 AMNC2 AMNC0 Samples

2.5 1.6 1.2 0.6 Porosity(%)
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3.4. Wear Response

Researchers have reported that the use of hard ceramic reinforcements—especially
those in nanometric scales—in aluminum matrix nanocomposites may protect the soft
matrix phase against wear, reducing the severe surface shear strains typically observed in
the unreinforced samples. Hard ceramic particles may act as an abrasive member and load
bearer. The microstructure of the base alloy and its history, such as the manufacturing route,
as well as mechanical and heat treatments, may have a great influence on the wear resistance
of its composite material. This effect is mainly through the microstructural change, the
dispersion of reinforcing particles, voids and porosities, the bonding in reinforcement–
matrix interfacial region, and the mechanical properties [5,55].

A common criterion, i.e., weight loss, was used to compare and study of the wear
of samples. Figure 8 demonstrates the changes in the weight loss of the samples under
different conditions.
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Figure 8. Weight loss comparison versus the vertical force of wear at a speed of 1 m/s and the
distance of (a) 1000 m, (b) 1500 m, and (c) 2000 m.

To obtain the wear rates and for a better comparison between the composite and
monolithic samples, Equation (2) is used.

Wear rate =
Weight loss × 10−3

ρ·D (2)

In Equation (2), wear rate is in mm3/m, and weight loss is in g; ρ is the actual density
of a given sample being measured by the Archimedes test in g/cm3, and D is the distance
traveled in meters.

The wear rate in terms of force in different distances of 1000, 1500, and 2000 m is
presented in Figure 9.

The wear rate can change according to Archard relationship and the hardness of
the samples [56–58]. According to the hardness result, the addition of up to 0.125 wt.%
nanosilica may considerably increase the hardness, but it tends to gradually decrease when
further reinforcement is added to the aluminum melt. The wear rate also follows the same
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hardness trend. There is a significant difference between the wear rate of the AMNC2
sample and that of the A356 monolithic alloy. For example, the wear rate at a distance of
1500 m and a force of 100 N has decreased from about 0.00168 mm3/m in the unreinforced
alloy to 0.00054 mm3/m in the AMNC2 nanocomposite, attaining more than three times the
reduction in the wear rate. Despite the fact that the porosity of AMNC2 is slightly higher
than the monolithic material, and that the porosity usually has a negative effect on the wear
resistance, the extreme reinforcement-induced hardness and microstructural refinement in
the AMNC2 sample may finally lead to a significant decrease in the wear rate. Due to lower
viscosity, it seems that ultrasonic irradiation may treat more effectively the base alloy melt
or the nanocomposite melts with lower silica weight fractions. The ultrasonic treatment is
able to create a more homogeneous structure through the cavitation mechanism, wherein
the structure can be considerably refined, and those clustering and agglomerations can be
effectively disintegrated and finely dispersed in the matrix. In addition to deagglomeration,
ultrasonic waves can also cause degassing to some extent. The phenomenon of ultrasonic
degassing causes stronger bonding between the nanoparticles and the matrix, leading to
better load transfer from matrix to nanoparticles [18]. Adding nanoparticles may cause
micro-void nucleation around the nanoparticles. If nanoparticles are agglomerated, there
might be more porosity inside the aggregates; consequently, they prevent the flow of melt
and cause the formation of cavities [17]. By applying vibrations with a frequency of 20 kHz,
ultrasonic waves can mitigate the porosity originating around the nanoparticles.
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An increase in the normal force leads the plowing force (or friction force) to increase. In
these conditions, more penetration into the material occurs and sub-surface fracturing will
be expected; further, delamination may be activated when more shear strain is applied [59].
It is worth noting that the wear resistance improvement is higher at greater forces. In other
words, nanoparticles have a greater effect on the load bearing capacity at higher wear forces
and exhibit more wear resistance [59,60]. For example, at a distance of 1500 m and a force
of 60 N, a 57% reduction in the wear rate is seen in AMNC2 compared to the unreinforced
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alloy, while the wear reduction rate under the same conditions and a force of 100 N can be
up to 68%.

3.5. Coefficient of Friction

Figure 10 shows the coefficient of friction (COF) for the unreinforced alloy and the
nanocomposites of AMNC2, AMNC4, AMNC6 in terms of distance 1000 m and under 60 N
force. In the first stages, because the surfaces are not yet fully involved, lower values of the
friction coefficient are observed, but then it increases quickly, and after this stage, a large
discrepancy is seen in the values. The average values are depicted by the non-continuous
line. The average value of the coefficient of friction in terms of the nanosilica weight fraction
is shown in Figure 11a. An important point is that all the composite samples have a lower
friction coefficient than the unreinforced sample. The COF of the monolithic sample is
about 0.52, and it reached 0.27 in the AMNC2 nanocomposite, attaining a 50% reduction.
The non-continuous line that indicates the average amount of COF of the AMNC2 sample
is increasing. It is possible that with increasing distance and temperature due to the low
weight fraction, the resistance to tangential forces has decreased and the friction coefficient
has increased slightly. By increasing the weight fraction in AMNC4 and AMNC6 samples,
the friction coefficient increased slightly. The COF itself is affected by the sum of the factors
that are given in a simple form of the following relationship [61].

µ = µel + µpl + µad + µd (3)
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The average values of COF depicted by dotted line.

In this regard, µel , µpl , µad, and µd are, respectively, related to elastic deformation,
plastic deformation, adhesion between Al particles, and the effect of silica nanoparticles.
As is clear from Figure 5, the AMNC2 nanocomposite has a finer structure and according
to the Hall–Patch equation; it can be inferred that the elastic deformation term becomes
greater. It has also been observed that the mechanical strength of nanocomposites has
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increased compared to the base alloy, as is confirmed by the hardness test results. Therefore,
the term of plastic deformation is also higher in composite samples. In the meantime,
increasing the hardness and toughness of the material leads to a lower contact in the mating
surfaces; consequently, the adhesive forces attracting the two surfaces decrease, and it
can be concluded that the value of µad may also reduce in the composite samples [62].
Finally, according to references [63–65], the presence of SiO2 particles has a lubrication
property, reducing the friction coefficient between the two surfaces. Considering why the
COF does not decrease with the increase in the nanosilica weight fraction from 0.125 to
0.375, it can be noted that despite the presence of more nanoparticles, the porosity also
increases, and the reason is the lower efficiency of ultrasonic waves at higher viscosities.
Probably, a higher porosity reduces interfacial bonding, and the mentioned clustered
nanoparticles/agglomerates are separated from the matrix due to the tangential forces, and,
in a way, it provides three-body wear conditions between the two surfaces. As a result,
scratching the surface by the mentioned large agglomerates, the surface roughness may
increase in higher weight fraction composites [17]. By increasing the nanosilica weight
fraction, in addition to increasing the porosity rate, there is also the possibility of particle
agglomeration, being separated from each other due to lower shear forces, and this may
cause more surface destruction [66]. Therefore, in summary, we can point to factors such as
increasing the porosity and agglomeration in the weight fractions higher than the sample
with the optimum silica reinforcement (here 0.125% by weight), which do not allow further
wear resistance improvement.
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COF has high scattering values in all the samples, probably due to the sticking and
separation of pin and disc surfaces. The oscillation range in the AMNC2 composite sample
is much narrower compared to the monolithic alloy, indicating much more uniformity in
the mentioned weight fraction.

Figure 11b shows the variation of COFs in terms of normal forces. It is seen that an
increase in normal force results in a decrease in COF. The slope of the reduction of the
COF is greater from the force of 60 to 80 N. The change of the COF in the AMNC2 sample
does not considerably change, while the unreinforced sample has decreased significantly
due to the wear force. Naturally, when the normal force increases, the tangential force,
the elastic and plastic deformation, and the penetration depth of the asperities of the
two surfaces may increase accordingly, being responsible for the rising temperatures at
the contact point. As the temperature goes up, local softening occurs and the tangential
force may reduce [67,68]. The reduction of the COF induced by the increased normal force
has also been observed by others in the literature [50,69,70]. Karbalaei Akbari [53] has
reported the mentioned phenomenon while studying the tribology of Al356/TiO2 and
TiB2 nanocomposites, attributing it to the formation of a tribo-oxide layer as a result of the
increasing force.
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3.6. Wear Mechanisms

The SEM results of the abraded surfaces under the speed of 1 m/s, the distance of
1500 m, and the force of 80 N are shown in Figure 12. The mechanisms observed in these
samples are a combination of the adhesive mechanism, delamination, and abrasion. The
wear path can be recognized by an arrow. In the lower left corner of each figure is a lower
magnification image demonstrating the amount of material removed by the wear test.
The surface of the unreinforced alloy shows a significant degradation and there is almost
no trace of the scratch mechanism. The creation of deep pits and plastic deformation, as
well as delamination with large thicknesses, being the characteristics of the adhesive and
delamination mechanisms, respectively, can be clearly detected. Looking at the image with
lower magnification in the left and bottom corner of Figure 12a, it can be seen that the flash
is created along the wear path which somehow refers to the plastic deformation of the
base alloy and stretching in the wear path. When metal-to-metal contact occurs, material
transfer occurs between the two surfaces in contact, and the dominant mechanism in this
type of contact is mainly adhesive [71].
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Figure 12b shows the worn surface of AMNC2 nanocomposite. The amount of flash
generated in this sample is significantly reduced, probably owing to the hardness of the
nanocomposite as well as the refined microstructure of the AMNC2 composite. Regular
and relatively shallow grooves along the wear path, being the feature of scratch mechanism,
are evident in this image. These grooves are created by the asperity of the opposite surface
penetrating the surface of the pin and are mainly associated with the cutting and separation
of ribbon-like chips from the surface. This mechanism often occurs in metal-to-metal
contact when the pin surface is sufficiently hardened; however, if the subsurface layer is
not strong enough, delamination is caused wherein microcracks are created which then
connected each other parallel to the surface [5]. The delamination mechanism can also be
seen in this sample, to some extent. To a small extent, pitting is also visible, which is a
characteristic of the delamination mechanism. Therefore, the dominant mechanism in this
composite is mainly abrasion and then, to some extent, delamination.

By adding more nanoparticles to the melt (i.e., twice the AMNC2), the wear mechanism
of AMNC4 has not been considerably changed, as seen in Figure 12c. A combination
of abrasion and delamination mechanisms is still detectable. The addition of further
nanoparticles to the melt in AMNC4 led to an increased viscosity and hence a decreased
ultrasonic treatment performance. With the increase in the porosity amount, the bonding
strength between the reinforcing agent and matrix is reduced; therefore, the cracks can
be initiated and grown as seen in some parts of the abraded surface. Probably, these
cracks have spread and, in the parts with weaker bonding, relatively large pieces have
separated and created pits on the surface. Studying the flash, it can be seen that there is no
noticeable change between the reinforced composite samples. In other words, having the
nanoparticles in the metal matrix, the amount of plastic deformation has been reduced and
the developed flash has, in all likelihood, regularly been separated from the surface during
the wear test.

Considering the issue of insufficient bonding of nanoparticles in higher weight frac-
tions and the possibility of agglomerations, abrasion mechanism is seen on a small part
of the AMNC6 surface and looks like islands in the middle of the entire surface (see Fig-
ure 12d). In addition, delamination is also recognizable with higher thicknesses. Deep
grooves are probably created by the hard silica particles separated from the abraded surface
to facilitate three-body wear. The aforesaid hard particles could be either those particles
weakly bonded to the base matrix or the agglomerated phase that has been fragmented by
wear forces.

An increase in the hardness of the nanocomposite may reduce the materials transfer
from the pin surface to the disc surface. In other words, nanoparticles and the hardened
structure of the pin surface tend to partially diffuse into the disc, facilitating the iron transfer
to the pin. In long distances and increasing temperature, oxygen could be absorbed to
form iron oxide as a tribolayer [53,72]. In Figure 13a–d, the wear debris of monolithic and
composite samples reinforced with different weight fractions, along with the EDS results,
are presented (Figure 13e–h). Seen in Figure 13, the wear debris of the unreinforced samples
is greater, irregular in shape, thicker, and their deformed shapes are more pronounced.
This type of chipping mostly occurs during the plastic deformation of the material, being a
feature of adhesive mechanism. The size of the debris in the AMNC2 sample is relatively
smaller, and their thickness has also been reduced. Some plate-like chips are also observed
in AMNC2. This type of chipping is usually seen when material is moved at the edges of
the wear grooves. In the samples AMNC4 and AMNC6, a combination of the all kinds of
chips with irregular shape, sheet-like, and flaky morphology is observed. Figure 13 shows
the EDS result of monolithic and A356/SiO2 nanocomposite samples; Fe and O elements
are detected.

These elements, combined with the temperature rise during the wear test, provide
the conditions for the formation of oxidized wear. The strength and weakness of this
mechanism are demonstrated by the different percentages of iron observed in the EDS
analysis. For example, as shown in Figure 13e, the percentage of iron transferred to the
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surface of the pin is 3.55%, while this amount has reached about 28% in the AMNC2 sample.
In samples with a higher weight fraction of nanosilica, the amount of transferred iron has
been reduced by reducing the hardness. The amount of iron transferred from the disc
surface to the pin surface is probably related to the hardness of the composite samples. In
other words, by increasing the hardness of the samples, the penetration of the asperity of the
pin surface to the disk increases and more iron is transferred to the pin. As the temperature
rises, the conditions for the formation of an oxide layer are provided, preventing direct
contact between metal and metal, and the amount of wear decreases [73,74].
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4. Conclusions

The main conclusions of the present study are described as follows:

1. A proper ultrasonic melt treatment caused a better dispersion of the nanosilica re-
inforcements in the A356 aluminum alloy and refined the microstructure of the
fabricated composite materials. Adding nanoparticles with 0.125 wt.% resulted in
better wear resistance due to the synergistic improvement in both the reinforcing
role of the nanosilica particles and ultrasonic efficiency. Adding more than this
amount (0.125 wt.%), however, resulted in a relatively coarse microstructure due to
the increase in viscosity and thus a decrease in the efficiency of ultrasonic waves;

2. Based on the hardness profile in the longitudinal direction of the cast ingot, the highest
hardness is measured at the bottom and then at the top of the cast ingot. The hardness
of all samples reinforced with nanosilica particles was higher than the base alloy.
Among these, the largest increase is obtained from the A356/0.125% SiO2 sample,
exhibiting a 52% hardness increase;

3. The pin-on-disc experiment revealed that all the composite samples have a lower
weight loss rate compared to the monolithic material. Investigations showed that
the nanocomposites have better wear resistance at higher forces; for example, the
A356/0.125% SiO2 sample under the force of 100 N has recorded an improvement in
wear resistance of about 68%;

4. As much as 50% improvement of the COF in the sample with the optimal wt.%
(A356/0.125% SiO2), and a reduction in the COF of all composite samples compared
to the base alloy, is seen in this research. The COF in the composite samples did not
change much with the increase in force, but the COF of the matrix alloy decreased
with the addition of force;

5. Examining the abraded surfaces revealed that the dominant wear mechanisms in the
samples reinforced with nanosilica are mainly abrasion and delamination. Further,
the amount of abrasion in the A356/0.125% SiO2 composite sample is higher and
the destruction in this sample has reached its lowest level. EDS investigation of the
wear debris showed that the iron transfer from the disc surface to the pin surface
has taken place with the addition of nanosilica, and the iron transfer increased with
higher hardness.
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Al (Ca)/Al2O3 composites prepared by gas pressure assisted infiltration. Mater. Des. 2016, 108, 618–623. [CrossRef]

15. An, Q.; Cong, X.-S.; Shen, P.; Jiang, Q.-C. Roles of alloying elements in wetting of SiC by Al. J. Alloys Compd. 2019, 784, 1212–1220.
[CrossRef]

16. Krishnan, P.K.; Arunachalam, R.; Husain, A.; Al-Maharbi, M. Studies on the influence of stirrer blade design on the microstructure
and mechanical properties of a novel aluminum metal matrix composite. J. Manuf. Sci. Eng. 2021, 143, 021008. [CrossRef]

17. Karbalaei Akbari, M.; Baharvandi, H.R.; Mirzaee, O. Nano-sized aluminum oxide reinforced commercial casting A356 alloy
matrix: Evaluation of hardness, wear resistance and compressive strength focusing on particle distribution in aluminum matrix.
Compos. Part B Eng. 2013, 52, 262–268. [CrossRef]

18. Malaki, M.; Fadaei Tehrani, A.; Niroumand, B.; Gupta, M. Wettability in metal matrix composites. Metals 2021, 11, 1034. [CrossRef]
19. Malaki, M.; Tehrani, A.F.; Niroumand, B.; Abdullah, A. Ultrasonically Stir Cast SiO2/A356 Metal Matrix Nanocomposites. Metals

2021, 11, 2004. [CrossRef]
20. Jebeen Moses, J.; Joseph Sekhar, S. Investigation on the tensile strength and microhardness of AA6061/TiC composites by stir

casting. Trans. Indian Inst. Met. 2017, 70, 1035–1046. [CrossRef]
21. Bui, R.T.; Ouellet, R.; Kocaefe, D. A two-phase flow model of the stirring of Al-SiC composite melt. Metall. Mater. Trans. B 1994,

25, 607–618. [CrossRef]
22. Yamamoto, T.; Suzuki, A.; Komarov, S.V.; Ishiwata, Y. Investigation of impeller design and flow structures in mechanical stirring

of molten aluminum. J. Mater. Process. Technol. 2018, 261, 164–172. [CrossRef]
23. Torotwa, I.; Ji, C. A study of the mixing performance of different impeller designs in stirred vessels using computational fluid

dynamics. Designs 2018, 2, 10. [CrossRef]
24. Wu, J.; Pullum, L. Performance analysis of axial-flow mixing impellers. AIChE J. 2000, 46, 489–498. [CrossRef]
25. Mehta, V.R.; Sutaria, M.P. Investigation on the effect of stirring process parameters on the dispersion of SiC particles inside

melting crucible. Met. Mater. Int. 2021, 27, 2989–3002. [CrossRef]
26. Naher, S.; Brabazon, D.; Looney, L. Computational and experimental analysis of particulate distribution during Al–SiC MMC

fabrication. Compos. Part A Appl. Sci. Manuf. 2007, 38, 719–729. [CrossRef]
27. Abdullah, A.; Malaki, M.; Baghizadeh, E. On the impact of ultrasonic cavitation bubbles. Proc. Inst. Mech. Eng. Part C J. Mech.

Eng. Sci. 2012, 226, 681–694. [CrossRef]
28. Abdullah, A.; Pak, A.; Abdullah, M.M.; Shahidi, A.; Malaki, M. Study of the behavior of ultrasonic piezo-ceramic actuators by

simulations. Electron. Mater. Lett. 2014, 10, 37–42. [CrossRef]
29. Yang, Y.; Li, X. Ultrasonic cavitation-based nanomanufacturing of bulk aluminum matrix nanocomposites. J. Manuf. Sci. Eng.

2007, 129, 497–501. [CrossRef]
30. Cao, G.; Konishi, H.; Li, X. Recent developments on ultrasonic cavitation based solidification processing of bulk magnesium

nanocomposites. Int. J. Met. 2008, 2, 57–65. [CrossRef]
31. Puga, H.; Barbosa, J.; Teixeira, J.C.; Prokic, M. A new approach to ultrasonic degassing to improve the mechanical properties of

aluminum alloys. J. Mater. Eng. Perform. 2014, 23, 3736–3744. [CrossRef]
32. Tekmen, C.; Saday, F.; Cocen, U.; Ljungberg, L.Y. An investigation of the effect of SiC reinforcement coating on the wettability of

Al/SiC system. J. Compos. Mater. 2008, 42, 1671–1679. [CrossRef]
33. Feng, A.; McCoy, B.J.; Munir, Z.A.; Cagliostro, D. Wettability of transition metal oxide surfaces. Mater. Sci. Eng. A 1998, 242, 50–56.

[CrossRef]
34. Eskin, G.I. Ultrasonic Treatment of Light Alloy Melts; CRC Press: Boca Raton, FL, USA, 1998.
35. Malaki, M.; Xu, W.; Kasar, A.K.; Menezes, P.L.; Dieringa, H.; Varma, R.S.; Gupta, M. Advanced metal matrix nanocomposites.

Metals 2019, 9, 330. [CrossRef]

https://doi.org/10.1016/j.jmrt.2015.02.006
https://doi.org/10.1088/1757-899x/149/1/012106
https://doi.org/10.1016/j.dt.2018.05.003
https://doi.org/10.1016/j.promfg.2016.12.045
https://doi.org/10.1088/0953-8984/24/25/255304
https://doi.org/10.1007/BF00353012
https://doi.org/10.1007/BF01151245
https://doi.org/10.1016/j.matdes.2016.07.034
https://doi.org/10.1016/j.jallcom.2019.01.138
https://doi.org/10.1115/1.4048266
https://doi.org/10.1016/j.compositesb.2013.04.038
https://doi.org/10.3390/met11071034
https://doi.org/10.3390/met11122004
https://doi.org/10.1007/s12666-016-0891-y
https://doi.org/10.1007/BF02650081
https://doi.org/10.1016/j.jmatprotec.2018.06.012
https://doi.org/10.3390/designs2010010
https://doi.org/10.1002/aic.690460307
https://doi.org/10.1007/s12540-020-00612-0
https://doi.org/10.1016/j.compositesa.2006.09.009
https://doi.org/10.1177/0954406211414769
https://doi.org/10.1007/s13391-013-3098-y
https://doi.org/10.1115/1.2714583
https://doi.org/10.1007/BF03355422
https://doi.org/10.1007/s11665-014-1133-2
https://doi.org/10.1177/0021998308092217
https://doi.org/10.1016/S0921-5093(97)00527-3
https://doi.org/10.3390/met9030330


Crystals 2023, 13, 722 19 of 20

36. Chen, L.-Y.; Xu, J.-Q.; Choi, H.; Pozuelo, M.; Ma, X.; Bhowmick, S.; Yang, J.-M.; Mathaudhu, S.; Li, X.-C. Processing and properties
of magnesium containing a dense uniform dispersion of nanoparticles. Nature 2015, 528, 539–543. [CrossRef] [PubMed]

37. Eskin, G.I.; Eskin, D.G. Production of natural and synthesized aluminum-based composite materials with the aid of ultrasonic
(cavitation) treatment of the melt. Ultrason. Sonochemistry 2003, 10, 297–301. [CrossRef]

38. Tzanakis, I.; Xu, W.W.; Eskin, D.G.; Lee, P.D.; Kotsovinos, N. In situ observation and analysis of ultrasonic capillary effect in
molten aluminium. Ultrason. Sonochemistry 2015, 27, 72–80. [CrossRef]

39. Liu, X.; Jia, S.; Nastac, L. Ultrasonic cavitation-assisted molten metal processing of cast A356-nanocomposites. Int. J. Met.
2014, 8, 51–58. [CrossRef]

40. Gallego-Juárez, J.A.; Graff, K.F. Power Ultrasonics: Applications of High-Intensity Ultrasound; Elsevier: Amsterdam, The Netherlands, 2014.
41. Donthamsetty, S.; Suresh Babu, P. Experiments on the wear characteristics of A356 MMNCs fabricated using ultrasonic cavitation.

Int. J. Automot. Mech. Eng. 2017, 14, 4589–4602. [CrossRef]
42. Hashim, J.; Looney, L.; Hashmi, M.S.J. The wettability of SiC particles by molten aluminium alloy. J. Mater. Process. Technol. 2001,

119, 324–328. [CrossRef]
43. Jayashree, P.K.; Shankar, M.C.G.; Kini, A.; Sharma, S.S.; Shetty, R. Review on effect of silicon carbide (SiC) on stir cast aluminium

metal matrix composites. Int. J. Curr. Eng. Technol. 2013, 3, 1061–1071.
44. Abedini, R.; Abdullah, A.; Alizadeh, Y. Ultrasonic assisted hot metal powder compaction. Ultrason. Sonochemistry 2017,

38, 704–710. [CrossRef]
45. Sarvi Hampa, P.; Razfar, M.R.; Malaki, M.; Maleki, A. The role of dry aero-acoustical lubrication and material softening in

ultrasonically assisted milling of difficult-to-cut AISI 304 steels. Trans. Indian Inst. Met. 2015, 68, 43–49. [CrossRef]
46. Malaki, M.; Ding, H. A review of ultrasonic peening treatment. Mater. Des. 2015, 87, 1072–1086. [CrossRef]
47. Abdullah, A.; Malaki, M.; Eskandari, A. Strength enhancement of the welded structures by ultrasonic peening. Mater. Des. 2012,

38, 7–18. [CrossRef]
48. Shafiei-Zarghani, A.; Kashani-Bozorg, S.F.; Hanzaki, A.Z. Wear assessment of Al/Al2O3 nano-composite surface layer produced

using friction stir processing. Wear 2011, 270, 403–412. [CrossRef]
49. Hosseini, N.; Karimzadeh, F.; Abbasi, M.H.; Enayati, M.H. A comparative study on the wear properties of coarse-grained Al6061

alloy and nanostructured Al6061–Al2O3 composites. Tribol. Int. 2012, 54, 58–67. [CrossRef]
50. Alam, M.T.; Arif, S.; Ansari, A.H. Wear behaviour and morphology of stir cast aluminium/SiC nanocomposites. Mater. Res.

Express 2018, 5, 045008. [CrossRef]
51. Sharma, A.; Fujii, H.; Paul, J. Influence of reinforcement incorporation approach on mechanical and tribological properties of

AA6061- CNT nanocomposite fabricated via FSP. J. Manuf. Process. 2020, 59, 604–620. [CrossRef]
52. Suresh, R.; Siddeshkumar, N. Investigation on dry sliding wear behavior of AA5083/nano-Al2O3 metal matrix composites. Rev.

Metal. 2022, 58, e213. [CrossRef]
53. Karbalaei Akbari, M.; Rajabi, S.; Shirvanimoghaddam, K.; Baharvandi, H. Wear and friction behavior of nanosized TiB2 and

TiO2 particle-reinforced casting A356 aluminum nanocomposites: A comparative study focusing on particle capture in matrix.
J. Compos. Mater. 2015, 49, 3665–3681. [CrossRef]

54. George, S.M.; Priya, R.; Vijayakumar, G.N.S.; Pradeep, J.A. Study on mechanical characteristics of the nano-TiC reinforced Al6061
metal matrix composites. Mater. Today Proc. 2022, 62, 2224–2229. [CrossRef]

55. Miyajima, T.; Iwai, Y. Effects of reinforcements on sliding wear behavior of aluminum matrix composites. Wear 2003, 255, 606–616.
[CrossRef]

56. Hosseini, N.; Karimzadeh, F.; Abbasi, M.; Enayati, M.H. Tribological properties of Al6061–Al2O3 nanocomposite prepared by
milling and hot pressing. Mater. Des. 2010, 31, 4777–4785. [CrossRef]

57. Abdollahi, A.; Alizadeh, A.; Baharvandi, H.R. Dry sliding tribological behavior and mechanical properties of Al2024–5 wt.% B4C
nanocomposite produced by mechanical milling and hot extrusion. Mater. Des. 2014, 55, 471–481. [CrossRef]

58. Hutchings, I.; Shipway, P. Tribology: Friction and Wear of Engineering Materials; Butterworth-Heinemann: Oxford, UK, 2017.
59. Saba, F.; Zhang, F.; Liu, S.; Liu, T. Reinforcement size dependence of mechanical properties and strengthening mechanisms in

diamond reinforced titanium metal matrix composites. Compos. Part B Eng. 2019, 167, 7–19. [CrossRef]
60. Ramesh, C.S.; Ahamed, A. Friction and wear behaviour of cast Al 6063 based in situ metal matrix composites. Wear 2011,

271, 1928–1939. [CrossRef]
61. Fathy, A.; Shehata, F.; Abdelhameed, M.; Elmahdy, M. Compressive and wear resistance of nanometric alumina reinforced copper

matrix composites. Mater. Des. (1980–2015) 2012, 36, 100–107. [CrossRef]
62. Sadoun, A.M.; Fathy, A.; Abu-Oqail, A.; Elmetwaly, H.T.; Wagih, A. Structural, mechanical and tribological properties of

Cu–ZrO2/GNPs hybrid nanocomposites. Ceram. Int. 2020, 46, 7586–7594. [CrossRef]
63. Kerr, I.; Priest, M.; Okamoto, Y.; Fujita, M. Friction and wear performance of newly developed automotive bearing materials

under boundary and mixed lubrication regimes. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2007, 221, 321–331. [CrossRef]
64. Guo, Q.B.; Rong, M.Z.; Jia, G.L.; Lau, K.T.; Zhang, M.Q. Sliding wear performance of nano-SiO2/short carbon fiber/epoxy hybrid

composites. Wear 2009, 266, 658–665. [CrossRef]
65. Zhang, G.; Chang, L.; Schlarb, A.K. The roles of nano-SiO2 particles on the tribological behavior of short carbon fiber reinforced

PEEK. Compos. Sci. Technol. 2009, 69, 1029–1035. [CrossRef]

https://doi.org/10.1038/nature16445
https://www.ncbi.nlm.nih.gov/pubmed/26701055
https://doi.org/10.1016/S1350-4177(02)00158-X
https://doi.org/10.1016/j.ultsonch.2015.04.029
https://doi.org/10.1007/BF03355591
https://doi.org/10.15282/ijame.14.4.2017.1.0362
https://doi.org/10.1016/S0924-0136(01)00975-X
https://doi.org/10.1016/j.ultsonch.2016.09.025
https://doi.org/10.1007/s12666-014-0429-0
https://doi.org/10.1016/j.matdes.2015.08.102
https://doi.org/10.1016/j.matdes.2012.01.040
https://doi.org/10.1016/j.wear.2010.12.002
https://doi.org/10.1016/j.triboint.2012.04.020
https://doi.org/10.1088/2053-1591/aab7b3
https://doi.org/10.1016/j.jmapro.2020.10.016
https://doi.org/10.3989/revmetalm.213
https://doi.org/10.1177/0021998314568327
https://doi.org/10.1016/j.matpr.2022.03.457
https://doi.org/10.1016/S0043-1648(03)00066-8
https://doi.org/10.1016/j.matdes.2010.05.001
https://doi.org/10.1016/j.matdes.2013.09.024
https://doi.org/10.1016/j.compositesb.2018.12.014
https://doi.org/10.1016/j.wear.2010.12.048
https://doi.org/10.1016/j.matdes.2011.10.021
https://doi.org/10.1016/j.ceramint.2019.11.258
https://doi.org/10.1243/13506501JET243
https://doi.org/10.1016/j.wear.2008.08.005
https://doi.org/10.1016/j.compscitech.2009.01.023


Crystals 2023, 13, 722 20 of 20

66. Moazami-Goudarzi, M.; Akhlaghi, F. Wear behavior of Al 5252 alloy reinforced with micrometric and nanometric SiC particles.
Tribol. Int. 2016, 102, 28–37. [CrossRef]

67. Rao, R.N.; Das, S.; Mondal, D.P.; Dixit, G. RETRACTED: Dry sliding wear behaviour of cast high strength aluminium alloy
(Al–Zn–Mg) and hard particle composites. Wear 2009, 267, 1688–1695. [CrossRef]

68. Lakshmipathy, J.; Kulendran, B. Reciprocating wear behavior of 7075Al/SiC in comparison with 6061Al/Al2O3 composites. Int. J.
Refract. Met. Hard Mater. 2014, 46, 137–144. [CrossRef]

69. Krishnan, P.; Lakshmanan, P.; Palani, S.; Arumugam, A.; Kulothungan, S. Analyzing the hardness and wear properties of SiC and
hBN reinforced aluminum hybrid nanocomposites. Mater. Today Proc. 2022, 62, 566–571. [CrossRef]

70. Alipour, M.; Eslami-Farsani, R. Synthesis and characterization of graphene nanoplatelets reinforced AA7068 matrix nanocompos-
ites produced by liquid metallurgy route. Mater. Sci. Eng. A 2017, 706, 71–82. [CrossRef]

71. Almomani, M.A.; Hayajneh, M.T.; Alelaumi, S.M. Applying Taguchi method to study the wear behaviour of ZA-27 alloy-based
composites reinforced with SiC nanoparticles. Int. J. Cast Met. Res. 2019, 32, 229–241. [CrossRef]

72. Dinaharan, I.; Murugan, N.; Thangarasu, A. Development of empirical relationships for prediction of mechanical and wear prop-
erties of AA6082 aluminum matrix composites produced using friction stir processing. Eng. Sci. Technol. Int. J. 2016, 19, 1132–1144.
[CrossRef]

73. Sharifi, E.M.; Karimzadeh, F. Wear behavior of aluminum matrix hybrid nanocomposites fabricated by powder metallurgy. Wear
2011, 271, 1072–1079. [CrossRef]

74. Yuvaraj, N.; Aravindan, S.; Vipin. Wear Characteristics of Al5083 Surface Hybrid Nano-composites by Friction Stir Processing.
Trans. Indian Inst. Met. 2016, 70, 1111–1129. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.triboint.2016.05.013
https://doi.org/10.1016/j.wear.2009.06.034
https://doi.org/10.1016/j.ijrmhm.2014.06.007
https://doi.org/10.1016/j.matpr.2022.03.593
https://doi.org/10.1016/j.msea.2017.08.092
https://doi.org/10.1080/13640461.2019.1643061
https://doi.org/10.1016/j.jestch.2016.02.004
https://doi.org/10.1016/j.wear.2011.05.015
https://doi.org/10.1007/s12666-016-0905-9

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Microstructural Evaluations 
	XRD Results 
	Hardness Results 
	Wear Response 
	Coefficient of Friction 
	Wear Mechanisms 

	Conclusions 
	References

