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Abstract: Advanced materials with high strength are in great demand for structural applications,
such as in aerospace. It has been proved that fabrication strategy plays a vital role in producing
composites to satisfy these needs. This study explores new strategies for flake powder metallurgy,
with the aim of designing an effective strategy to achieve the highest possible mechanical strength
for a metal matrix nanocomposite without changing the reinforcement fraction. Different strategies
were used to regulate the mechanical properties for similar composites based on shift speed ball
milling. Ultra-ductile composites on one hand, and ultra-strong composites on the other hand, were
fabricated using similar composites. The results demonstrate that shifting the ball milling speed can
be used to manipulate the mechanical properties of the composite to achieve the desired properties
for any specific application.
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1. Introduction

Lightweight materials with high strength are of great importance for their potential to reduce
energy consumption and environmental pollution [1] in a wide range of engineering applications, such
as aerospace and transportation [2]. Metal matrix composites (MMCs) have exceptional prospects for
use in such applications [3]. Integrating reinforcements into the aluminum matrix can improve the
strength, hardness, and other pro0perties of the matrix [4,5]. Aluminum matrix composites reinforced
by ceramic particles also have a low thermal expansion coefficient, distinguishing them to be used
in defense, cosmonautics, the automotive industry, and many other areas [6–8]. SiC particulates are
among the most used reinforcements to strengthen the aluminum matrix [9–11]. Nonetheless, the
great degradation of some properties, such as ductility, in aluminum MMCs reinforced with SiC
microparticles is a key challenge [12–14]. Tjong reported that the tendency of large ceramic particulates
to be cracked during mechanical loading can result in lower ductility and premature failure [15]. Thus,
to tackle these drawbacks, the interest was transferred towards nanosized reinforcements to produce
metal matrix nanocomposites (MMNCs) that postulate more superior mechanical properties [16,17].
A very important attribute leading to this superiority is the minimization of particle-based damage
mechanisms, while they are predominant with microparticle reinforcement [18].

In addition to these reinforcement-related factors, the selected production process and its conditions
affect the produced MMNCs [19]. Therefore, many fabrication strategies are developed and their
conditions are manipulated to manufacture aluminum MMNCs incorporating nanoparticles [20].
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Fabrication techniques for manufacturing MMNCs can be categorized into two main categories:
solid-state and liquid-state processing. Each of these categories has its own paybacks and drawbacks [21].
Drawbacks of liquid-state processing methods, such as stirring, include agglomeration, poor wetting
of ceramic nanoparticles with molten metal [22], and chemical interfacial reaction [19], limiting their
utilization. These drawbacks make solid-state manufacturing processes more promising.

Solid-state techniques normally involve a powder metallurgy (PM) process. In PM, the powders
of both the reinforcement and the base matrix are mixed together, compacted, and then sintered [23,24]
to form a final composite. PM, as a simple, adaptable, and net-shape-efficient technique, when
implemented using high-energy ball milling (HEBM) [25], can effectively engage the ball–powder–ball
collisions to incorporate the reinforcement with uniform distribution [26,27]. Nevertheless, the PM
process is not the ultimate choice with nanoparticles, especially when the difference between the size
of the matrix and the reinforcement is visible [28]. In other words, in a solid-state process such as
PM, it is highly possible for nanoparticles to be agglomerated [29], complicating the formability of
the produced composites [30–32]. Thus, it is essential to develop a simple and operational method
capable of uniform dispersion of nanoparticles, allowing for sufficient deformation of the produced
composites, and improving the mechanical properties [33].

The past few years have witnessed the emergence of a sophisticated strategy to synthesize MMNCs
called flake powder metallurgy (FPM). Morsi and Esawi [34] reported the flattening of aluminum
particles to form a flake shape at the initial stage of mechanical milling. Furthermore, Razavi et al. [35]
confirmed this phenomena, signifying the benefits of these flakes’ shape to adapt nanoreinforcement.
Additionally, Tjong [15] reported the fragmentation of these flaky shapes as a result of a longer ball
milling time, such as 24 h. In 2011, Jiang et al. [36] reported, for the first time, a new strategy and
called it flake powder metallurgy. In this strategy, aluminum flakes coated with Al2O3 skins can be
used as bases to build up the new material in an organized approach, rather than leaving it to build
up randomly as in the situation of spherical powder. Additionally, they divided the typical FPM
process into three steps: flake powder preparation, composite powder production, and bulk composite
consolidation. In [37], they worked to produce a strong, and yet ductile, Al/CNT nanocomposite, with
435 MPa strength and 0.06 ductility. They attributed these results to the capability of their methodology
to tackle the problem confronted with conventional PM. Furthermore, Kai et al. [38] utilized FPM with
the aim of simultaneously enhancing the strength and ductility of the fabricated composite, achieved a
strength and ductility of 364 MPa and 0.09 respectively, and ascribed the enhanced ductility to the
effect of improved normalized strain hardening. In [33], FPM was employed, confirming its capability
to disperse a high volume fraction of reinforcements with uniform distribution, and high strength was
achieved without trading the ductility. Additionally, Fan et al. [39] assured that high strength and good
ductility of fabricated composite can be obtained by a carefully designed FPM. They also discussed
some challenges that need to be tackled with FPM. Indeed, a number of investigations [40–46] have
been published regarding different aspects of FPM in recent years. For example, Varol et al. [41]
combined the first and second steps of FPM into one, successfully.

With the continuous development of FPM, in 2017, Xu et al. [27] proposed and applied a strategy for
the sake of ductility improvement without trading the strength. They named this strategy shift-speed
ball milling (SSBM), because it combines low and high speed in one process to acquire the gains of both
speeds. They stated that their results were very promising and accredited that to achieving uniform
dispersion and good interfacial bonding.

Accordingly, the implementation of a shift-speed process in FPM was studied with different
composites [47–49]. However, it is basic to clarify that the shift-speed in these studies used only two
different speeds. Therefore, the effect of multi-speeds is an undeniable consideration to investigate.
From this view, this study planned to explore the effect of applying different fabrication strategies by
shifting the ball milling speed up and down. The intention was to regulate the mechanical properties
of the nanocomposite incorporating a similar concentration of SiC nanoparticles.
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2. Materials, Methods, and Experiments

2.1. Materials

Fine aluminum powder of 98% purity and 30-µm average size, obtained from Loba Chemie (India),
and nanosized β-SiC of 95% purity and 60-nm average size, obtained from Alfa Aesar (Germany),
were used as raw materials in this study. Steric acid was used as a process control agent to avoid severe
cold welding during the ball milling process.

2.2. Ball Milling Strategies

Three different ball milling strategies—2-speeds, 3-speeds-last down, and 3-speeds-up—were
utilized to observe the effectiveness of changing the ball milling speed on the uniform distribution
of nanoparticle reinforcement within aluminum MMNCs. Additionally, the mechanisms of these
different synthesizing strategies, described in Table 1, were explained. A fixed amount, 8 wt.%, of SiC
nanoparticles were blended with aluminum powder, 2 wt.% of stearic acid was used in the mixture,
and the ball-to-powder ratio was fixed at 15:1. The ball milling was run continuously, alternating
between 15 min of milling and 15 min of intermediate stops to allow for cooling. The ball milling
stages are described clearly in Table 1.

Table 1. Designation system.

Sample
Prefix

Strategy
Name

Ball Milling Process Stages

Stage 1 Stage 2 Stage 3

Speed
(rpm) Time (h) Speed

(rpm) Time (h) Speed
(rpm) Time (h)

S1 2speeds 150 8 300 4 n/a n/a

S2 3speed-last
down 150 8 300 4 150 2

S3 3speeds-up 150 8 300 4 450 1

The synthesized nanocomposite powders were consolidated using a high-frequency induction
heat sintering furnace (HFIHS) from ELTek Co., South Korea. In this consolidation process, compaction
and sintering was conducted simultaneously in 5 min. In the HFIHS, the temperature was generally
held at approximately 20% lower than the solidus temperature of the base materials being processed:
570 ◦C, in this current study. This was to maintain the aluminum elements in their solid state and to
avoid the formation of a liquid phase. The fabrication dies in the process were made of graphite with a
10-mm inner diameter. The die was filled with ball-milled powder, closed by two punches from each
side, and placed in an evacuated chamber. A uniaxial pressure of 40 MPa was applied through the
sintering process. The required heat for the sintering process was generated at 150 ◦C/min by applying
a strong magnetic field.

2.3. Investigations and Testing

To explore the developed strategies, a number of investigations and tests were conducted
throughout the production process. Upon receiving, raw materials were characterized using field
emission scanning electron microscopy (FESEM) Model: JEOL JSM-7600F, Tokyo, Japan. Moreover,
the ball-milled powder was investigated by FESEM to find out about the evolution of the powder
morphology, the change of particles shapes and sizes, and the homogeneity of reinforcement distribution.
The consolidated bulk composites were polished, and their sizes and actual densities were measured
and recorded. The measurements of actual densities were obtained using Archimedes’ method.
Additionally, X-ray diffraction (XRD) Model: D-8 Discover, Bruker, Berlin, Germany was used to
examine the bulk composite. From these XRD patterns, the crystallite size and microstrain were
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obtained. Vickers hardness tester (WOLPERT UH930, Wilson Hardness, Shanghai, China) was used to
measure the hardness of the polished bulk composites at a 5-kN load. The Instron 5582 Microtester
(Instron, University Ave, Norwood, USA) was used to test the compressive property according to
ASTM: E9-89a at room temperature with a strain rate of 10−3/s.

3. Results and Discussions

3.1. Morphology Analysis

Upon receiving the raw materials, FESEM was employed to characterize both the base matrix
(aluminum powder) and the reinforcement (SiC powder) as shown in Figure 1. It can be seen in
Figure 1a that the aluminum particles are either small and spherical or large and irregular. Additionally,
Figure 1b shows the SiC nanoparticles are agglomerated. This agglomeration is confirmed by the
high-resolution transmission electron microscope (HRTEM) image in Figure 1c. Additionally, Figure 1
confirms the size as stated by the manufacturers of the powders.
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Figure 1. FESEM images of (a) Al powders and (b) SiC powder, and HRTEM image of (c) SiC powder.

To investigate the effect of the implemented strategies on the morphology evolution, FESEM was
utilized on the ball-milled powder produced by each strategy as presented in Figure 2. Figure 2a,b
represent the powder produced by the two-speed strategy. As can be seen, the principal characteristic
of the ball-milled powder using this strategy is the flake shapes of the majority of the particles with
uniform size. Additionally, a minor number of small particles are broken, as indicated by the white
arrows in Figure 1a. Additionally, a close look at these particles shows their roughness, as seen
inside the black circles in Figure 2a, which when magnified, as in Figure 2b, appears more obvious.
The reason behind this rough surface could be the predomination of fracturing at this stage [50].
The agglomeration of SiC in this powder is moderate with clusters of few particles, as denoted by the
black circles in Figure 2b.

Regarding three speeds, including the downshifting of the milling speed at the last stage
results in the minimization of the compressive force and the maintenance of the shearing force.
This downshifting smoothens the surface and reduces the thickness while the flaky shape is still
preserved. These characteristics are indicated in Figure 2c,d. The surface smoothening is indicated
by white circles in Figure 2c and white arrows in Figure 2d. The reduction in the thickness of the
aluminum particles is indicated by white arrows in Figure 2c. These phenomena could be due to the
predomination of welding in this case. Moreover, the presence of agglomerated SiC in this case seems to
be the highest among all three cases. This is attributed to removing the SiC that is not bonded enough.

Finally, in the case of three speeds all shifted up, the powder morphology appears totally different,
as can be seen in Figure 2e, where the flake shape has transformed into an equiaxed shape. It can be
said that the powder reached the steady state due to the balance between welding and fracturing [50].
Some of Al flakes were welded together, producing larger particles. This is because the shifting of the
ball milling speed upward increased the compressive force. Moreover, the agglomeration of SiC is very
low and hardly seen, where few particles present in each cluster, as seen in Figure 2f. Additionally, there
are only few clusters in this sample in comparison with those in the second case. It is worth mentioning



Crystals 2020, 10, 332 5 of 14

that the lower number of SiC nanoparticles in those clusters implies a homogenous dispersal of SiC
nanoparticles in the synthesized powder by all three strategies applied in this study.
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Figure 2. FESEM images for powder produced by (a,b) two-speeds, (c,d) three-speeds-last down, and
(e,f) three-speeds all up.

For confirmation of SiC nanoparticles in the powder mixture, Energy-dispersive X-ray spectroscopy
(EDX) elemental analysis is presented in Figure 3. The analysis shows a high concentration of SiC
content in Figure 3a,b for both point and area spots on the white particles respectively, which confirms
that it is either single or agglomerated SiC particles. Meanwhile, it shows 0% SiC content when spotting
on the pure Al areas as in Figure 3c.
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3.2. Density and Measurements

The HFIHS system was used to consolidate the ball-milled powder to produce bulk composites as
shown in Figure 4. Each sample has a 10-mm diameter, where its other physical measurements are
presented in Table 2.
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Table 2. Measurements and densities of bulk composites.

Sample
Prefix

Length
(mm)

Weight (g)
Density

Calculated
(g/cm3)

Archimedes
(g/cm3)

Theoretical
(g/cm3)

Relative
(Average) (%)

S1 6.49 1.342 2.656 2.656 2.74 96.9
S2 9.97 1.961 2.548 2.548 2.74 93
S3 7.95 1.751 2.739 2.738 2.74 99.99

The low relative density of S2 can be ascribed to the agglomeration of SiC particles in this sample
preventing total densification during sintering. Moreover, the relative density of S3 is very high,
attributed to the effectiveness of this strategy in dispersing the SiC nanoparticles uniformly within the
matrix, and consequently producing the suitable powder particle to achieve fully dense nanocomposites.

3.3. XRD Analysis

XRD was employed to investigate the consolidated composites. The patterns of the three samples
are presented in Figure 5. For reference, the patterns of pure Al and SiC are also included in Figure 5.
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Figure 5. XRD pattern for Al/SiC bulk compo

XRD analysis can be used to investigate the presence of SiC in the produced composites. Thus, the
XRD patterns of the bulk composites by the three strategies have shown SiC peaks. Additionally, the
Al peaks are broadened, and their intensities are diminished. Additionally, there is a detectable peak
in S1 and S3 around 63 degrees, indicating the formation of Al2O3. This is attributed to the oxidation
process taking place after the ball milling process. The absence of this peak in S2 is due to the lower
energy at the last stage of this process in comparison with the other samples.

To compare the broadening of peaks and the diminishing in their intensities, Figure 6 is presented.
This figure shows that the spectrum of S1 has a diminished intensity with a small broadening. Mostly,
a similar behavior can be seen in S2. However, the S2 peak is slightly narrower than the peak of
S1, which can be attributed to the increase of the crystallite size of S2 narrowing the peak width,
and the higher porosity in the S2 narrowing the peak intensity. Additionally, the huge broadening
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and intensity diminishing among all three samples can be seen in S3. This indicates that S3 has the
lowest crystallite size and the highest microstrain, as can be seen in Figure 6. Crystallite size and
microstrain were calculated by obtaining 2θ and full width at half maximum (FWHM) directly from
DIFFRAC.EVALUATION PACKAGE software. The crystallite size was then calculated using the
following equation:

D =
kλ

β cosθ
where β = FWHM, k = 0.89, and λ = 0.15406

The microstrain was calculated using the following equation: ε = β
4 tanθ .
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It should be mentioned here, in Figure 7, that these calculations were used as indicative, and used
in process explanation. However, it is not to validate the exact crystallite size.
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3.4. Process Mechanisms

The mechanisms of the implemented strategies can be described based on the above analysis.
The main differences between the implemented strategies are in the number and direction of speed
shifting. The first strategy includes two speeds, the second adds to this a shift down, and the third
replaces this last shift to be up instead of down.

To illustrate these mechanisms, two figures are presented. Figure 8 simulates the shape of the
produced powders, and Figure 9 describes the motion that leads to these shapes.
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The morphology of the resultant ball-milled powder in the last stage of the first strategy, illustrated
in Figure 8a, shows that the aluminum powders have converted into flake shapes and the reinforcements
are distributed on top of them with low agglomeration. This is attributed to the type of motion during
the ball milling process. In this strategy, the process includes two stages: low speed, followed by
high speed, as schematically represented in Figure 9. In the first stage (low speed), the collisions
are dominated by shearing force leading to the flattening of aluminum particles and distributing the
reinforcements. This stage was studied in previous investigations and has been proven to produce
flaky shape particles, allowing reinforcements to be distributed uniformly in the matrix powder [39].



Crystals 2020, 10, 332 10 of 14

In the second stage (high speed), the compressive force is increased leading to the incorporation of
some reinforcement particles into these flakes, but some of them are not bonded enough.

In the second strategy, an additional stage is added by shifting the speed back to low speed.
The entering powder is the one exiting from the previous strategy. Additionally, the morphology of
the resultant ball-milled powder (Figure 8b), shows smoother surface and increased agglomeration.
This is attributed to reducing the compressive force allowing the shearing force to dominate again,
removing the reinforcements that lack enough bonding with neighboring aluminum particles.

The last strategy replaces the last stage with very high speed. The morphology of the resultant
ball-milled powder has converted into equiaxed shape (Figure 8c). This is attributed to the effectiveness
of the last stage (very high speed) (Figure 9c), in maintaining a balance between fracturing and cold
welding. Additionally, it incorporates the reinforcement effectively within the aluminum matrix.

3.5. Mechanical Properties

3.5.1. Hardness Results

The microhardness of the consolidated samples was tested by the Vickers microhardness method
and recorded. The average of three records for each sample is used and presented in Figure 10.
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Figure 10. Microhardness results.

The implemented strategies clearly have different effects on the microhardness results. The lower
hardness of the S1 sample can be attributed to the lower alloying time in this strategy compared to the
other two strategies. In contrast, the S2 bulk composite has a slightly enhanced hardness due to the
further alloying, even though this further alloying was at low speed and for a shorter time. Additionally,
a huge improvement can be seen in the S3 bulk composite produced by the three-speeds-all up strategy,
which is 164% and 264 % higher than that of S2 and S1, respectively. This can be attributed to
the unprecedented design of this strategy, taking the advantages of flake powder metallurgy via
speed shifting and utilizing the steady state. This strategy combines enough interfacial bonding of
the Al/SiC, uniform distribution of SiC, and the task allocation for SiC nanoparticles to restrict the
dislocations movement.
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3.5.2. Compression Results

The stress–strain uniaxial compression results of 8 wt.% SiC/Al bulk composites consolidated
from ball-milled powder synthesized by different ball milling strategies are shown in Figure 11.
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Figure 11. stress-strain uniaxial compression curves.

The analysis of the curves in Figure 11 has shown that S1 has the highest total compressive strain.
This is attributed to the lower alloying time. S2, in contrast has both a lower compressive stress
and strain. This is attributed to the long alloying time, increasing the brittleness. Additionally, the
agglomeration of the reinforcement and lack of bonding lowered the strengthening. The S3 curve, in
contrast, has a very high strength, reaching more than 200% of that of S1 samples. This is attributed
to the effectiveness of the strategy, used to produce the composite of this sample, in increasing the
strength of the composite to its highest possible value.

4. Conclusions

Three strategies were implemented in this study to regulate the mechanical properties of an
aluminum matrix reinforced by 8% of SiC. It has been found that, with the same composite, the
fabrication strategy can lead to ultra-ductile composite by utilizing a two-speed strategy. On the other
hand, utilizing a three-speed strategy can produce an ultra-strong composite. The process mechanism
for each strategy was illustrated based on the scientific background of powder metallurgy. The analysis
of the morphological evolutions of the resulting powders was used to explain these mechanisms.
The conclusions can be summarized as follows:

- Two-speed ball milling was able to produce an ultra- ductile nanocomposite. In this strategy,
the underlying mechanism of particle deformation and reinforcement dispersion includes the
transformation of Al particles into flake shapes, with some fractured particles and a uniform
dispersion of reinforcement but lacking sufficient bonding.

- In the second strategy, the process mechanism shows the smoothing of the surface of the particles
and the reduction of their thickness as a result of decreasing the compressive force. The long
ball milling has resulted in increased brittleness, and the agglomeration prevented any effective
strengthening due to a lack of work hardening.
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- In the third strategy, the process mechanism has shown that the powder transforms into an
equiaxed shape, verifying that the ball milling process reached a steady state. The reinforcement
is uniformly distributed, and the interfacial bonding is strong. This is also confirmed by the high
enhancement of the compressive strength (200%) and hardness (264%) in comparison with the
first strategy.

These findings assure that FPM strategies, when carefully designed, can be the path towards
energy saving by tailoring the mechanical properties of the composites without any need to add
more weight.
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