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Abstract: This paper targets developing new low-cost sustainable materials. To achieve this objective,
aluminum was utilized as base material for metal matrix nanocomposites (MMNC). Three routes of
advanced manufacturing techniques were designed and implemented. Flake powder metallurgy as a
reliable method to synthesis nanocomposites powder was employed. By reinforcing aluminium with
SiC and using a similar amount of both constitutes, three metal matrix nanocomposites (MMNCs)
with different properties were produced. The ball milled powder were characterized using filed
emission scanning electron microscope (FE-SEM) to analyze the morphology of the powder. Different
investigations and analysis were conducted on the produced samples. These include X-ray diffraction
(XRD) analysis, density and porosity, mechanical properties, and frictional performance. The obtained
results include relative density, Young’s modulus, compressive yield strength, elongation, toughness,
hardness, coefficient of friction, and specific wear rate. Achieving superior mechanical and tribological
performance is evident from these results. This is accredited to the homogeneity of the reinforcement
dispersion within the aluminum matrix.

Keywords: nanocomposites; inductive sintering; ball milling; frictional performance; mechani-
cal properties

1. Introduction

The curiosity toward developing low-cost sustainable materials is in an ascendant
trend in the recent decades. The fundamental objective has been always to meet the
tremendous call for advanced materials in various applications including aerospace and
military [1–3] and many other applications. Utilization of aluminum as one of the most
plentiful metals found on the earth is a major path for sustainability [4]. Moreover, its
light weight and recyclability [5] lead to energy efficiency and pollution reduction [6].
However, aluminum in its monolithic form have low elastic modulus limiting its usage in
different load-bearing applications [7]. In fact, monolithic materials rarely have the ability
of combining contradicted mechanical properties [8]. Thus, there is a growing attention
toward cutting-edge materials, which owing to their enhanced properties are expected
to supplant available materials [9]. Among these cutting-edge materials are aluminum
metal matrix composites (AMMCs) [10]. Metal matrix composites (MMCs), in general,
have shown promise by combining or further enhancing the properties [11–15]. AMMCs,
specifically, have shown unlevered potential as structural materials [16,17] for a broad
spectrum of industrial applications [18,19] such as automotive and aerospace [20]. This is
attributed to the conceivable alteration of their strength, hardness, and other mechanical
properties [21–23]. Moreover, downsizing the reinforcements to nano size can lead to
better properties [24], even when the fraction incorporated is small [25]. Usually, when the
reinforcement is nano-size (i.e., has at least one dimension below 300 nm), then the product
is classified as metal matrix nanocomposites (MMNCs) [26]. Additionally, SiC nanoparticles
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are widely used as a reinforcement of aluminum MMNCs [27], which improve the abrasive
wear, strength and toughness [28]. However, the penchant of nanoparticles to agglomerate
is high [29], impeding homogenous dispersion and hindering the achievement of the
desirable properties [30]. Nonetheless, the homogenous distribution of the reinforcement
can be controlled by the selection of the suitable fabrication technique and adjusting its
parameters [31]. Nevertheless, properties both tribological and mechanical are considerably
affected by the routes of production and their related parameters [32,33]. As has been
reported by Liu et al. [34], the excellent mechanical properties are usually associated with
eminent wear resistance.

Thus, for the sake of uniform distribution of nanoparticles within aluminum MM-
NCs [35], and accordingly, boosting mechanical and tribological properties [36], a number
of fabrication techniques were developed. Each of these techniques has its own advan-
tages and disadvantages [37]. In general, these techniques are categorized into either
solid-state or liquid-state processing techniques [38]. Solid state processing techniques
generally involve powder metallurgy (PM). PM is considered one of the most flexible
techniques [39] and can be divided into three main stages: mixing the powder of the base
matrix and the reinforcement, compacting the mixed powder, and lastly, sintering the
composite into bulk form [12,40]. The mixing stage can be utilized in high-energy ball
milling (HEBM); however, if, the difference between the particle size of the base matrix and
the nano–reinforcement, agglomeration of nanoparticles could take place [41,42], hindering
the formability of the composites in the subsequent process [43–45]. For this reason, PM
is not the ultimate proper technique for uniform distribution of nanoparticles within the
matrix. This, therefore, makes it indispensable to develop effective and practical tech-
niques providing uniform dispersion of nanoparticles and hence, boosted mechanical and
tribological properties.

The past decade has witnessed the emergence of flake powder metallurgy (FPM) as an
entrenched solid state method for MMNCs production. Morsi and Esawi [46] pointed to
the flattening that takes place in aluminum particles when they are mechanically milled,
which produces flake shape particles. Moreover, Hesabi et al. [47] assured that the spherical
particles can become flaky, signifying their high ability in accommodating nanoparticles.
Jiang et al. [48] reported for first time about an advanced technique called “flake powder
metallurgy”, where the formulation of aluminum flakes is taking place. In [49], they
used this technique to fabricate a ductile, yet highly strong Al/CNT nanocomposite, with
superior results. Furthermore, Kai et al. [50] employed FPM to produce Al/B4C composite,
achieving high strength and good ductility. Many studies [35,38,49–56] were undertaken to
implement and further investigate this procedure where some advancement was reached.
Among these advancements of FPM, in 2017, there was a projection and application of
a highly tuned strategy to attain good ductility with improved strength by Xu et al. [57].
The main characteristic of this route was the utilization of low speed followed by high
speed within one process with the intention of employing the advantages of each one.
They affirmed that their results were very motivating and endorsed their achievements of
attaining good dispersion and interfacial bonding. This route was implemented primarily
with CNTs and graphene as the secondary constituents in the composites [58–60].

In this research, a novel technique will be used, altered, and manipulated into three
different routes to produce different nanocomposites using fixed amounts of SiC as re-
inforcement and aluminum as base matrix. Mechanical and frictional properties of the
produced nanocomposites will be investigated to attribute their enhancements into the
parameters of the utilized techniques.

2. Experimental Procedures
2.1. Materials

To compose the new materials, aluminum fine powder of 30 µm average size obtained
from Loba Chemie (Mumbai, India) were reinforced by 2 wt.% of SiC nanoparticles with an
average size of 60 nm bought from Alfa Aesar (Kandel, Germany).
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2.2. Ball Milling Processing Routes

Three different processing routes were designed to produce the targeted nanocompos-
ites. The objective is to investigate the effect of each processing route on the frictional and
mechanical performance. The alteration of these routes aims to obtain different materials.
S0, S1, and S2 nominate both the processing routes and the obtained materials. The pro-
cessing phases are illustrated in Table 1. In the first processing route, the ball milling was
started at 150 rpm for 8 h of actual milling time, then the speed was shifted up to 300 rpm
for another 4 h of actual milling time. In the second processing route, the same processes
were utilized with the extension of shifting speed down to 150 rpm for 2 h of actual milling
time. This extension was replaced in the third processing route with shifting the speed
upward to 450 rpm for 1 h of actual milling time. This design for the processing routes
allows for exploring the power of speed shifting in producing flake-like particles. These
flaky particles, in turn, are effective in reaching homogenous distribution of nanoparticle in
the AMMCs.

Table 1. Summary of processing routes.

Route Phase 1 Phase 2 Phase 3

S0 150 rpm (8 h) 300 rpm (4 h) ——
S1 150 rpm (8 h) 300 rpm (4 h) 150 rpm (2 h)
S2 150 rpm (8 h) 300 rpm (4 h) 450 rpm (1 h)

In each patch of the ball milling process, 5 g of mixture was used, including 2 wt.%
of stearic acid to avoid severe cold welding. A 15:1 ball-to-powder ratio was used in all
processes. To allow for cooling, an uninterrupted ball milling process was implemented
with 15 min of milling and 15 min of stoppage. The ball milling process was conducted
using a planetary ball mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany) with milling
jars of 80 mL in size.

2.3. Consolidation

A high-frequency induction heat sintering furnace (HFIHS) from ELTek Co., (Anyang,
South Korea) was used to consolidate the ball milled powder. This furnace allows for the
compaction and sintering processes to take place simultaneously in an ultimately short time.
To preserve the state of the aluminum elements in their solid state and avoid any partial
conversion into liquid state, the temperature of HFIHS was maintained approximately 20%
below the solidus temperature of the aluminum.

Graphite dies of 10-mm inner diameter were used to form the bulk specimens. The ball
milled powder was loaded into the graphite die in an evacuated chamber at 1 × 10−3 Torr,
and a uniaxial pressure of 40 MPa was applied throughout the sintering process. The
heat for the sintering process was generated at 150 ◦C/min rate by applying a strong
magnetic field in the electrically conducting die and the sample itself. The temperatures
were measured using a pyrometer built in HFIHS. The holding time was 5 min. These
parameters were kept consistent in all process in this study.

2.4. Characterizations and Testing

Several characterizations and testing were conducted to allow for drawing the con-
clusion. Firstly, field emission scanning electron microscopy (FE-SEM) (JEOL Ltd., Tokyo,
Japan) was used for morphological analysis of the synthesized powder. Thus, insight
into the morphological evolution, powder characteristics, and reinforcement homogeneity
within the matrix can be gained. Additionally, consolidated bulk nanocomposites were
polished, and different readings were recorded. These readings include size using caliper,
actual densities using Archimedes ‘method, and hardness using Vickers hardness tester at
5 kN load. Relative densities for all samples were calculated using the theoretical density
calculated using the mixture rule and the measured density. The relative density, in turn,



Metals 2022, 12, 323 4 of 14

was used to calculate the porosity. Additionally, these bulk nanomaterials were inspected
for their chemical composition using X-ray Diffraction. Moreover, the 5582 Microtester (In-
stron, Norwood, MA, USA) was utilized to conduct a compression test at room temperature
and strain rate of 10−3/s.

Additionally, frictional behavior was tested using a pin-on-disc test device made in
our lab (Riyadh, Saudi Arabia). The test was employed in a dry sliding condition for
the samples according to ASTM G99-95. The pin was symbolized by the nanocomposite
specimen with 10 mm diameter and 15 mm height, while the contact surface was 78.5 mm2.
The disk was a stainless steel with 20 cm diameter and 13 µm roughness. With the aim of
avoiding any contamination, a series of samples preparations for wear test were conducted
including comprehensive polishing using fine-grade sandpaper, washing using acetone
solution, and drying under high-pressure air jet. Furthermore, an electronic balance
(Hanchen, Ostfildern, Germany) was used to measure the weight of each sample with
accuracy to a part of 10 thousand before and after the wear test. For wear testing, a constant
10 N load was used to perform the wear test. The rotational speed was set to 100 rpm
and the track diameter was set to 150 mm. Each test was repeated 5 times to assure the
repeatability. Calculation of friction coefficient and specific wear rate considering standard
error were conducted.

3. Results and Discussion
3.1. Morphological Analysis

The morphological analysis of the synthesized powder is a key in understanding the
ball milling process. It is a convenient method to examine the distribution of the reinforce-
ment into the matrix, and the size of the particles. The morphological evolution explains
how the tribological and mechanical performance of the produced nanocomposites were
affected by the different routes utilized for the powder synthesizing. Thus, employing
FE-SEM resulted in providing images for the synthesized ball milled powder demonstrat-
ing the three different fabrication tracks in this study as shown in Figures 1–3. These
images uncover the powder morphology changes as a consequence of the variation of the
parameters of the milling tracks.

Figure 1 presents the morphology of the powder produced by the first route including
three different types of magnifications. This route started with low speed and shifted up
once into a higher speed. It can be seen that the mainstream of the particles in this powder
has uniform size and flake shape. Moreover, it is depicted that a small number of particles
are fragmented and a partial amount of these soft fragmented Al particles is laminated on
the outer surface of the greater Al flakes, which can be realized within the yellow circles in
Figure 1a. Additionally, there are very low SiC agglomeration in the powder produced by
this route. In reality, only a few particles can be seen in each cluster as shown inside the
yellow circles in Figure 1b. Furthermore, in Figure 1c, a portion of Figure 1b was highly
magnified showing the dispersion of nanoparticles within the aluminum flake.

In contrast to what seen in the morphology of the powder produced in the first route,
Figure 2 shows the morphology of the powder produced by the second route which includes
three speeds starting at low speed then shifted up to a higher speed then shifted back to the
low speed. Figure 2 presents two different magnifications of the morphology. Due to the
fact that the second route is similar to the first route with extension of shifting the speed
down, any differences in the morphology will be attributed to this shifting. Additionally,
shifting the milling speed down is expected to minimize the compressive force and maintain
the shearing force. This phenomenon can be explained by the fact that the motion resulted
from low speed is cascading in contrast to the cataracting in the case of high-speed milling.
Further explanation about this can be found in [61]. Thus, close insights into Figure 2a
show that at the tips of the yellow arrows, there is a smoothing on the surfaces of the Al
particles which is not seen in Figure 1. Additionally, the small fragmented and laminated
particles on top of the flaky large particles in Figure 1 were disappeared in Figure 2. The
reason behind this is that they not strongly bonded and when the shearing force become
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the dominant force they were removed. Extra proof supporting this idea is depicted in
Figure 2b, where the yellow arrows are pointing to some cavities suggesting they were
formerly occupied by SiC nanoparticles that have partially penetrated the Al flakes, and
the domination of the shearing force after the ball milling speed was shifted downward
has removed them. Furthermore, some of these cavities started to restore, supporting the
surface smoothing idea. With regard to the agglomeration of SiC nanoparticles, the rate of
agglomeration is lower than that seen in the first route which can be ascribed to the longer
milling time.
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Finally, Figure 3 shows powder synthesized by the third route and presents two images
with two different magnifications. The route is similar to the first route with the extension
of shifting the speed upward to an even higher speed. The powder obtained from this
route, again, can be compared with the powder produced by the first route and any change
in the powder morphology can be ascribed to the last stage of this third route. As can
be seen in Figure 3a, the morphology of the powder synthesized using the third route is
entirely different, where the flake shape has transformed into equiaxed shapes. The reason
behind this is that the powder has reached its steady state of fracturing and rewelding [62].
Additionally, some of the Al flakes have welded together resulting in particles of larger
size. This is caused by the increasing of the compressive force as a result of the upshifting
of the milling speed. Moreover, the reinforcement agglomeration is hardly seen and at its
lowest rate among all three routes. Additionally, only a few particles can be seen in each
cluster, as seen in Figure 3b. Moreover, there are a smaller number of clusters compared to
those of the first route. It is admirable that the smaller number of SiC nanoparticles within
each cluster is an indicator of the homogeneity of the SiC nanoparticles distribution in the
manufactured powder by the three different tracks executed in this study.

3.2. X-ray Diffraction Analysis

XRD analysis can be utilized to examine the existence of SiC in the bulk nanocompos-
ites. Therefore, the XRD patterns of the bulk nanocomposites produced by the different
three tracks in this study are presented in Figure 4. The SiC peaks can be recognized from
these XRD patterns which can confirm the presence of SiC and the uniform distribution of
this reinforcement in all samples. This, in fact, is predictable because all the three strategies
are effective relying on the preparation of Al flakes at the starting phase. The Al flakes have
the ability of accommodating the reinforcement nanoparticles. The uniform distribution
of SiC nanoparticles between Al flaky particles take place when the starting speed is low.
The following stages of the process in all these strategies has no unfavorable effect on the
achieved homogeneity owing to the sophisticated design of these strategies to sustain the
benefits of flake powder metallurgy.

Additionally, the S0 sample shows a lower broadening in comparison with that of the
rest of the samples, denoting that the larger crystallite size of this sample in comparison
with the other samples. Furthermore, the S1 nanocomposite shows a lower diminishing in
the intensity of Al peak compared to the other nanocomposites, which suggests that the
dislocation density is higher than of that of the other samples. Moreover, in the S1 sample,
the peak of the SiC is more obvious than that on the other samples confirming the relatively
higher agglomeration as stated earlier.
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Figure 4. XRD patterns of the ball milled nanocomposites.

The pattern of the S2 sample is different from those in S0 and S1, which have a mostly
diminished peak accompanied by the highest broadening, suggesting a smaller crystallite
size associated with the highest microstrain among all the produced nanocomposites. This
confirms the usefulness of this last strategy in the restriction of the grain growth and the
prevention of dislocation movement, ensuing an enhanced mechanical property as will be
presented later.

3.3. Density and Porosity

The density and porosity are important measures of the effectiveness of the consoli-
dation process. Thus, Figure 5 presents theoretical and measured densities in addition to
the porosity fraction. It can be seen that the highest difference between the theoretical and
measured density is in the S0 sample. The reason behind this can be a result of the lower
ball milling time of the strategy used to produce this sample. This lower ball milling time
resulted in particles with larger size and flake shapes. The flake shape particles usually
have lower packing ability and the lower ball milling time may lead to a lower densifica-
tion rate as stated in [62]. This means that this sample has a lower relative density and
a higher porosity fraction in comparison to the other samples. Nevertheless, the lowest
difference between theoretical and measured densities can be seen in the S2 sample. This
resulted in a high relative density and lower porosity fraction confirming the efficacy of
the manufacturing strategy used to produce the S2 sample in generating particles with an
appropriate shape for the consolidation process.
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4. Mechanical Properties
4.1. Hardness Results

Microhardness of the produced bulk composites were obtained by averaging 5 read-
ings for each sample. The average readings for S0, S1, and S2 were 60, 73, and 115 HV5kN,
respectively. These results of the microhardness are presented in Figure 6.
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It can be seen from this figure the clear effect of the implemented strategies on the
obtained microhardness results. Among the three nanocomposites, the lowest hardness
is for S0 sample. This result can be ascribed to the lower ball milling time used in this
strategy in comparison to the other two strategies. In contrast, the S1 nanocomposite
has a slightly boosted hardness due to the extra ball milling. This extra ball milling was
for a short time utilizing low speed. However, its effect is noticeable. Moreover, the
massive enhancement in hardness is seen in the S2 nanocomposite. The hardness of
S2 is sharply increased and showed improvement percentages of 56% and 91 % higher
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than that of S1 and S0, correspondingly. This can be endorsed to the distinctive design
of the manufacturing process for this nanocomposite, utilizing the advantages of flake
powder metallurgy, employing the shifting speed, and achieving the steady state in powder
synthesis. This novel technique is an advancement in ball milling combining a very good
interfacial bonding of the Al/SiC, a uniform distribution of SiC nanoparticles within the Al
matrix, and a task allocation for SiC nanoparticles to block the motion of dislocations.

4.2. Compression Test

Compression test allows for insight into different mechanical properties of the tested
samples. Thus, compression test was employed on the produced nanocomposites. The
result of the test was used to obtain Young’s modulus and the compressive yield strength
as shown in Figure 7. They were also used to obtain shrinkage in length and toughness as
presented in Figure 8.
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Investigation of the results presented in Figure 7 shows that the Young’s modulus
values are nearly similar for all produced nanocomposites confirming the ability of all
these nanocomposites to bear almost a comparable load in the elastic zone. However, the
compressive yield strength of S0 and S1 are very close while the excellent result is seen
in the S2 nanocomposite reaching a 470 MPa value of compressive yield strength. This
showed that the route utilized to produce this nanocomposite has resulted in a superior
mechanical property due to its sophisticated design in synthesizing the powder.

Further analysis of the mechanical properties can be obtained from Figure 8 which
presents the shrinkage in length and toughness extracted from the compression test results.
The shrinkage percentages have minor differences with a high shrinkage percentage in
S0 attributed to the low milling time preserving the base matrix ductility. Nevertheless,
the optimum values of both shrinkage percentage and toughness are seen in S2. This is
again confirming the high capability of the strategy used in producing this nanocomposite.
In fact, it can be stated that the optimum values of all mechanical properties are seen in
this S2 sample including Young’s modulus and yield strength as presented in Figure 7 and
shrinkage and toughness as presented in Figure 8.
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This unmatched result can be accredited to the sophisticated procedure followed in
this route. This procedure started with milling at a lower speed, allowing for controlled
preparation of particles with flake shape and uniform distribution of the reinforcement
particles. The next step in this procedure is shifting the milling speed to benefit from the
higher compressive force that is able to laminate part of the broken Al particles on the outer
surface of the big particles which will allow maintaining of the uniform distribution of
the reinforcement. This is followed by another shifting to an even higher milling speed
resulting in adequately bonding the particles of the base matrix and reinforcement and
reaching the steady state for the ball milling process.

4.3. Tribological Performance

The tribological behavior of the material is another important aspect. To understand
the tribological behavior of the produced nanocomposites, the samples were scoured
against stainless steel in a rotational movement at 100 rpm while a constant load of 10 N is
applied to them. The test was conducted for 5, 10 min duration. For a 10 min test, a real
time variation of the friction coefficient was recorded and presented in Figure 9.

It is obvious that the friction coefficient is decreasing with increasing of the time in
all samples. However, the change in the friction coefficient in S2 is ultimately low in
comparison with that of the other samples. Additionally, its value in this sample is the
lowest. This result also confirmed the beneficial effect of the processing route of this sample
in obtaining good tribological behavior.

Additionally, the specific wear rate for all samples in both tests is presented in Figure 10.
Both test results showed that the specific wear rate of S2 is very low in comparison to the
other two nanocomposites produced in this study. This is attributed to the superiority
of the nanocomposites produced utilizing the S2 strategy. These results can be added to
the finding of mechanical properties making the S2 the novel nanocomposite produced in
this study.
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5. Conclusions

Three different strategies were designed and implemented to produce three different
nanocomposites by reinforcing 2 wt.% of SiC into Al matrix. The following different
conclusions were drawn during this study:

• The FE-SEM images and the analysis of the synthesized powder have explained the
morphological evolution during each ball milling route utilized in this work. This has
showed that starting the milling process at low speed can assure the conversion of
the spherical particles of the base matrix into flaky ones. These flaky shapes particles
have the ability to accommodate the reinforcement nanoparticles in the following
stages. Additionally, this showed that increasing the milling speed will allow for the
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homogeneity of the reinforcement within the matrix. Moreover, increasing the ball
milling speed even further will allow for good bonding.

• It has been found that utilizing different ball milling speeds can produce a different
phenomenon. At the beginning of the ball milling process, a low speed is favorable and
can be used to control the particle shape and distribute the reinforcement uniformly.
Higher speed allows for maintaining the homogeneity of the powder. Additionally,
increasing the ball milling speed further will help in achieving a steady state in
the powder.

• A low-cost sustainable material with a 115 hardness, a compressive yield strength of
470 MPa, Young’s modulus of 80 GPa, good ductility, high toughness, coefficient of
friction of 0.6, and low specific wear rate was fabricated by utilizing a well-designed
novel flake powder metallurgy route.

• If the designed strategy is capable to reach the steady state between fracturing and
rewelding, then the produced powder will result in a nanocomposite with superior
mechanical and tribological properties.

This study has shown that utilizing three speeds resulted in a nanocomposite ma-
terial with optimized mechanical properties including Young’s modulus, yield strength,
elongation, and toughness., in addition, having a low friction coefficient and low specific
wear rate.
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