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Superior Mechanical Performance 
of Inductively Sintered Al/SiC 
Nanocomposites Processed by 
Novel Milling Route
Saud M. Almotairy1 ✉, Nabeel H. Alharthi1,2, Hamad F. Alharbi1,2 & Hany S. Abdo1,3

This paper explores new routes for flake powder metallurgy, with the aim of designing an effective route 
for fabricating metal matrix nanocomposites, combining high strength and good ductility. A new route 
that uses three speeds, instead of the two speeds characterizing the shift-speed ball milling (SSBM) 
route, has been suggested and implemented. The mechanisms of these routes were illustrated based on 
the intensity of ball-powder-ball collisions and the morphology evolution. The ball milled powder were 
characterized using filed emission scanning electron microscope (FESEM), X-ray diffractometer (XRD) 
and Energy dispersive spectroscopy (EDS) to investigate the morphology evolution of the composites 
powder and the homogenous distribution of the SiC nanoparticles within the Al matrix. The reinforcing 
adequacy and interfacial bonding of 2 wt.% SiC nanoparticles in an inductively sintered composite has 
been investigated. Mechanical testing of the produced bulk composites resulted in achieving superior 
mechanical properties, characterized by 92% higher hardness, 180% higher yield strength, 101% higher 
ultimate strength, and 0% loss in uniform elongation, compared with those of regular SSBM. This is 
attributed to the homogeneous dispersion of the reinforcement into the Al matrix.

There is a great need for advanced materials with superior mechanical and physical properties in several areas, 
such as in aerospace and military1,2. This is attributed to the fact that monolithic materials are generally unable to 
combine different mechanical properties such as strength and ductility3. Metal matrix composites (MMCs) have 
shown promise in addressing this issue, combining or even altering to the best properties of a strongly reinforced 
ductile and durable matrix4–7. Incorporating reinforcements into the aluminium matrix can enhance the strength, 
hardness, and both wear and corrosion resistances of the matrix8,9. Aluminium matrix composites containing 
ceramic reinforcements can also exhibit low thermal expansion coefficient, making them as unique materials to 
be used in defense, cosmonautics, automotive industry, and many other areas10–12. SiC is one of the most common 
particulate reinforcements for strengthening the aluminium matrix13–15. However, achieving a significant reduc-
tion in the ductility of aluminum MMCs reinforced with SiC microparticles is a key challenge16–18. Tjong19 stated 
that, during mechanical loading, the amenability of large ceramic particulates to cracking can lead to low ductility 
and premature failure. Thus, to overcome these drawbacks, there is a shift toward nanosized reinforcements or 
the so-called metal matrix nanocomposites (MMNCs) that provide more enhanced mechanical properties20,21.

Not only the reinforcement-related factors are affecting the produced MMNCs but also the production routes 
and their related conditions22. Hence, many fabrication routes are utilized under different conditions to synthe-
sis aluminum MMNCs reinforced with nanoparticles. Fabrication routes for manufacturing MMNCs can be 
classified into two processing routes, namely, solid-state and liquid-state processing. Each of these routes has its 
own benefits and drawbacks23. Liquid-state processing routes, such as stirring, suffer from agglomeration, poor 
wetting of ceramic nanoparticles with molten metal24, and chemical interfacial reaction22, limiting their extensive 
application in fabrication processes. Because of these problems, solid-state manufacturing processes are more 
favorable25–27.
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Solid state processes usually include the powder metallurgy (PM) process. In PM, the base metal powder 
is mixed with reinforcement powder, followed by cold compaction and sintering5,28 to form a bulk composite. 
PM, when utilized as a simple, flexible and net-shape capable method in high-energy ball milling (HEBM), can 
successfully employ the ball-powder-ball collisions to disperse reinforcement uniformly4,24. However, the PM 
process cannot be considered as a perfect process for a uniform dispersion of nanoparticles within matrix when 
there is a visible difference between the size of reinforcement and the matrix29,30. In other words, nanoparticles 
tend to agglomerate during solid-state process such as PM31, obstructing the formability of the composites in the 
subsequent processes32–34. Thus, it is crucial to design a simple and effective method to uniformly disperse nan-
oparticles within an aluminum metal matrix through which adequate deformation of the bulk composites in the 
subsequent forming process can be achieved, enhancing mechanical properties35.

In recent years, flake powder metallurgy (FPM) has emerged as a sophisticated route to fabricate MMNCs. 
Morsi and Esawi36 showed the flattening of aluminum particles at the beginning of mechanical milling, forming 
a flake shape. Additionally, Hesabi et al.37 confirmed the transformation of spherical particles into a flake shape, 
indicating the advantages of the flake shape over the spherical shape to accommodate nanoparticles of hard 
reinforcement. Furthermore, Tjong19 observed that increasing the milling time, for example, by 24 h, leads to 
the fragmentation of the formed flaky particles. In 2011, for the first time, Jiang et al.38 reported a new approach 
they called it flake powder metallurgy, in which aluminum flakes with formed Al2O3 skins on top can be used as 
bases to compose new material in a definitive manner, rather than leaving it to develop arbitrarily as in the case 
of spherical shape powder. They also defined the three steps of a typical FPM route: preparation of flake powder, 
production of composite powder, and consolidation of bulk composite. In39, they extended their previous work 
to produce strong and ductile Al/CNT nanocomposite, achieving a strength of 435 MPa and ductility of 0.06. 
These very superior results were attributed to the ability of their approach to solve the problem encountered 
with conventional PM. Moreover, Kai et al.40 employed FPM to produce a strong and ductile Al/B4C compos-
ite, achieving a strength of 364 MPa and ductility of approximately 0.09, which were ascribed to the effect of an 
enriched normalized strain hardening rate for enhanced ductility. In35, FPM was utilized, with Al/B4C confirming 
its applicability in uniform dispersal of a high volume fraction of reinforcements, achieving high strength without 
compromising the ductility. Furthermore, in a review paper, Fan et al.41 assured that a strong and ductile com-
posite can be fabricated by a perfectly designed FPM. They also pointed out some issues regarding the maturity 
of FPM that are yet to be investigated. In fact, a number of studies42–49 have been conducted to explore different 
aspects of FPM in recent years. For example, Varol et al.43 succeeded in combining the first two steps of FPM into 
one step.

In the advancement of flake powder metallurgy, in 2017, Xu et al.29 suggested and implemented a task alloca-
tion strategy to enhance ductility while maintaining high strength. They called this route shift-speed ball milling 
(SSBM), in which a combination of low-speed and high-speed was utilized in the same process to obtain the 
advantageous of both speeds. They claimed that their findings were very encouraging and attributed their results 
to achieving good dispersion and interfacial bonding.

Consequently, the implementation of a shift-speed process in FPM was studied with different composites, with 
primarily CNT and graphene as reinforcements in49–51. However, it is necessary to point out that the shift-speed in 
the previous studies involved using only two different speeds. Thus, the effect of a variety of speeds is a compelling 
consideration to explore. From this point of view, this study examined the effect of implementing different fabri-
cation routes by shifting the ball milling speed up and down three times. Furthermore, for the first time, SiC was 
applied to reinforce the aluminum matrix in shift-speed ball milling.

Materials and Methods
Fabrication routes.  Three different processing conditions SSBMr, SSBMd, and SSBMu with carefully 
designed ball-milling processes were utilized to examine the effectiveness of shifting the ball milling speed in 
achieving uniform distribution and homogenous dispersion of nanoparticle reinforcement in aluminum MMCs. 
In addition, the mechanisms of these different fabrication routes, described in Table 1, were explored. Carreño-
Gallardo et al.52 pointed out the best hardness and strength were achieved at 2.5 wt.%. Thus, in the fabrica-
tion process, 2 wt.% of nanosized β-SiC with 95% purity and average size of 60 nm, purchased from Alfa Aesar 
(Germany), were mixed with aluminum fine powder of 98% purity and average particle size of 30 µm, purchased 
from Loba Chemie (India). The ball-to-powder ratio was set to 15:1. The powder was ball milled continuously, 
alternating between 15 min of milling and 15 min of stoppage to allow for cooling. To avoid severe cold-welding, 
2 wt.% of stearic acid was included in the mixture during ball milling. Using steric acid with air atmosphere has 
been proved to be more favorable in reducing cold welding53.The ball milling process was accomplished in air 
atmosphere using a planetary ball mill (Pulverisette 7, Fritsch, Idar-Oberstein, Germany) with milling jars of 
80 ml in size. Five grams of powder mixture was used per batch.

Route name

Ball milling process stages

Stage1 Stage2 Stage 3

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

SSBMr 150 8 300 4 n/a n/a

SSBMd 150 8 300 4 150 2

SSBMu 150 8 300 4 450 1

Table 1.  Designation system.
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First, the reference route was SSBMr, containing two speeds. The subscript “r” refers to regular. In this route, 
the initial speed in the ball milling process was 150 rpm, which was utilized for 8 h of actual milling time; then, the 
speed was shifted to 300 rpm for 4 h of actual milling time. Next, in the SSBMd route, the process was modified 
to include 3 speeds, adding to the SSBMr process a downshift in speed to 150 rpm for 2 h to examine the effect of 
downshifting the speed. The subscript “d” refers to the downshifting. Finally, in the SSBMu, this route is similar to 
the second route with the last step modified to represent an upshift in speed up to 450 rpm for 1 h of actual milling 
time to examine the effect of upshifting the speed. The subscript “u” refers to upshifting. The last two routes have 
never been applied before and are the original ideas of this research.

The ball milled powder was consolidated by a high-frequency induction heat sintering furnace (HFIHS) from 
ELTek Co., South Korea. In this process, the compaction and sintering processes are conducted simultaneously 
over a short period of time. In HFIHS, the temperature is generally held approximately 20% lower than the soli-
dus temperature of the base materials being processed, which maintains the metal elements in their solid state and 
avoids the formation of a liquid phase.

HFIHS uses a 10-mm inner diameter graphite die, indicated in Fig. 1, to consolidate the powder sample. The 
ball milled powder is loaded into the graphite die in the evacuated chamber and a uniaxial pressure is applied 
through the sintering process. The required heat for the sintering process is generated by applying a strong mag-
netic field in the electrically conducting die and the sample itself. A pyrometer focused on the die surface is used 
to measure the temperatures. The HFIHS parameters used in this study are shown in Table 2. These consolidation 
parameters were fixed for all process in this study.

Investigation method.  Several investigations were conducted throughout the fabrication process to yield 
insights into the SSBM routes, which will serve as a theoretical basis. The raw materials were characterized using 
FESEM and HRTEM. From these investigations, the characteristics of the powder were described, and the size of 
particles were measured. After ball milling, FESEM and EDS were employed to determine the extent to which the 
morphology of the powder had evolved, shape and sizes of particles had changed, and homogeneity of distribution 
of the reinforcement had been achieved. Furthermore, X-ray diffractometer D-8 Discover, Bruker, Germany, was 
used to investigate the powder and bulk composite. The system has a rotating anode source with a copper target and 
a wide-angle powder goniometer. The source was operated at 40 kV using filtered Cu Kα radiation (λ = 1.5406 Å) 
and 40 mA. Rietveld refinement was applied on the obtained scans. Scherrer formula was used for calculation of 
crystallite size. After consolidation, the bulk composites were polished, and their sizes and actual densities were 
measured. The actual densities were measured using Archimedes’ method. After consolidation, the microhardness 
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Figure 1.  Schematic of high frequency induction heat sintering furnace.

Parameter Used value Unit

Vacuum level 1 × 10−3 Torr

Heating rate 150 °C/min

Applied pressure 40 MPa

Duration time 5 min

Applied temperature 570 °C

Table 2.  Sintering parameters.
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of the samples was measured. The hardness of the polished bulk composites was measured using the Vickers hard-
ness tester (WOLPERT UH930, Wilson Hardness, Shanghai, China) at a 5-kN load. The compression test was per-
formed on Instron 5582 Microtester according to ASTM: E9-89a at room temperature with a strain rate of 10−3/s. 
The test specimens were of 10 mm diameter with aspect ratio of (L/d ∼ 1:1.5). In order to avoid the barreling effect, a 
grease lubrication was used. The obtained stress-strain graphs were recorded using Bluehill2 software.

Illustration of the fabrication route mechanism.  The overall strategy implemented in this research 
can be divided into four stages, schematically shown in Fig. 2. As shown in Fig. 2, all routes started at stage 1, the 
low-speed ball milling stage. 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 powder41.This is, in fact, 
the basis for the flake powder metallurgy route in the literature. The behind-the-scenes mechanism of this stage 
involves the flattening of metal matrix particles due to continuous ball-powder-ball collisions, resulting in an 
increase in the compatibility of the matrix particles to accommodate the reinforcements nanoparticles by trans-
forming the shapes of the particles of the base matrix from irregular spherical to flake-like. In addition, this stage 
includes the fragmentation of agglomerated reinforcements and their subsequent uniform distribution between 
the matrix particles, readying them for the next stage. 

Next, all routes pass through stage 2, which can be called the high-speed ball milling stage. In this stage, the 
ball-powder-ball collisions are increased, inducing high compressive force, which causes the hard SiC nanopar-
ticles to penetrate the ductile Al flakes. Moreover, the edges of the Al flakes are broken and laminated onto the 
surface of the flakes. It should be noted that stages 1 and 2 together constitute the strategy called shift-speed ball 
milling, as mentioned before. By the end of this stage, the powder of the SSBMr route is ready to proceed directly 
to stage 4, skipping stage 3.

Stage 3 is the novelty of this study and contains two paths, 3a and 3b. The route SSBMd differs from SSBMr 
by passing through path 3a. In this path, the ball milling continues with the downshift in speed to the low speed 
again but for a shorter time. This downshifting in speed results in the smoothing of the surface and reduction in 
the thickness of the flakes. This behavior was ascribed to the reduction in the compressive force while the shearing 
force is maintained. This leads to a number of noted effects. For example, laminated small particles and penetrat-
ing SiC nanoparticles that are not strongly bonded become detached from the large flakes. In contrast, those that 
became more than halfway bonded, completed their way to full attachment. Additionally, the micro-rolling of 
the balls causes the flake thickness to decrease. The resulting powder at the end of this path is the SSBMd powder, 
which proceeds to stage 4 to complete the process route.

The other novel technique in this study is the SSBMu route. This route differs from SSBMr by passing through 
path 3b. In this path, the speed of ball milling is upshifted by up to 3 times the low speed for a very short time. The 
ball milling intensity increases, inducing a higher compressive force and resulting in more accelerated fracturing 
and welding. Consequently, the morphology of this powder is converted from a flake shape to an equiaxed shape. 
This confirms that upshifting the speed allowed the ball milling process to reach a steady state between fracturing 
and welding. The powder of the SSBMu route is ready to be consolidated in stage 4.

Stage 4 involves the consolidation of the produced powder using HFIHS. This technique is quick, simple, and 
capable of controlling grain growth effectively54,55.

Results and Discussion
Raw powder characterization.  The FESEM and HRTEM images in Fig. 3 show the characteristics of the 
as-received powder of both Al and SiC. Some measured particles of both powders are presented in Fig. 3 confirm-
ing the measurement provided by the supplier. Additionally, the agglomeration of SiC particles is clearly seen in 
Fig. 3(b).

Low-speed milling 

X rpm 
X rpm 

3X rpm 

P 

Consolida�on 
(Sintering) 

1 

3a 4 

3b 

High-speed milling 

2 

2X rpm 

Figure 2.  Illustrated mechanisms of fabrication routes.
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Ball milled powder characterization.  One of the keys to understanding the ball milling process is the 
morphological analysis of the powder, which can reveal the change in the powders morphology as result of chang-
ing the milling process parameters. The morphological analysis can help investigate the manner in which the 
reinforcement is distributed, and the size of the particles. All these investigations play a very important role in 
understanding how to achieve enhanced mechanical and physical properties in the produced composite. From 
this point of view, FESEM was used to obtain images of the ball milled powder representing the three designed 
routes in this study. Figure 4 shows the morphology of the ball milled powder.

Figure 4(a) shows the characteristics of the powder produced by the SSBMr route. The main characteristic of 
this powder is the uniform size and flake shape of the majority of the powder particles. Additionally, there is a 
small amount of broken small particles, which are indicated by the white arrows in Fig. 4(a). Moreover, lamina-
tions of soft broken Al particles are depicted on top of some of the large Al flakes, which can be seen inside the 
black circles in Fig. 4(a). The agglomeration of SiC in the powder produced by this route is very low, and only a 
few particles exit in each cluster, as indicated by the black circles in Fig. 4(b).

In contrast, in the SSBMd route, the downshifting of the milling speed minimized the compressive force while 
maintaining the shearing force, resulting in the removal of the laminated particles that were still not strongly 
bonded and the smoothing of the surfaces, as clearly seen in Fig. 4(c). Additional evidence supporting this sug-
gestion is found in Fig. 4(d), in which the white arrows pointed toward the voids are suggested to represent areas 
previously occupied by SiC nanoparticles that penetrated the Al flakes, and its removal was due to the shearing 
force as result of shifting the ball milling speed downward. Moreover, there are some voids that started to heal, 
proving the idea of surface smoothing.

Finally, in the SSBMu route, the morphology of the powder is completely different, as clearly seen in Fig. 4(e), 
where the transformation of the flake shapes into equiaxed shapes is evident. This confirms that the powder has 
reached a steady state between fracturing and welding56. The size of the particles becomes larger owing to the 
welding of some Al flakes together. This is a result of the increased compressive force due to upshifting the ball 
milling speed. Additionally, the reinforcement agglomeration is very low and, again, there are only few particles 
in each cluster, as seen Fig. 4(f). Furthermore, the number of clusters is very small in comparison with those for 
SSBMd. It is worthy to mention here that the low number of SiC nanoparticles in the clusters indicates a homog-
enous distribution of SiC nanoparticles in the produced powder by the three routes implemented in this study.

XRD analysis of the powder can be used to investigate the presence of SiC in the ball milled powder. Thus, 
the XRD patterns of the ball milled powder by the three routes are presented in Fig. 5. First, the SiC spectrum is 
presented for reference. In this spectrum, the three main peaks of SiC are clearly seen. In the ball milled powder 
patterns, the Al peaks are broad, and their intensities are diminished.

Figure 3.  FESEM images of (a) Al powders and (b) SiC powder, and HRTEM image of (c) SiC powder.
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Figure 4.  FESEM images for powder produced by (a,b) SSBMr, (c,d) SSBMd and (e,f) SSBMu.

Figure 5.  XRD patterns for the ball milled powder.

https://doi.org/10.1038/s41598-020-67198-w


7Scientific Reports |        (2020) 10:10368  | https://doi.org/10.1038/s41598-020-67198-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

In the sample produced by SSBMr, the broadening is lower than that in the other samples, indicating that the 
crystallite size of this sample is larger than others. Moreover, in the sample produced via SSBMd, the diminishing 
in Al peak intensity is lower than that in the other samples, indicating that the dislocation density in this sample 
is high in comparison with the other samples. Additionally, in this sample, the SiC peak is clearer, confirming the 
agglomeration that was mentioned before.

In contrast to the samples produced by SSBMr and SSBMd, the pattern of the sample produced via SSBMu 
shows the most diminished peak and the highest broadening, confirming the smallest crystallite size and the highest 
microstrain as shown in Fig. 6. This assures the effectiveness of this route in restricting grain growth and preventing 
dislocation movement, resulting in better mechanical properties as will be presented later. Finally, the investigation 
of the XRD patterns shows that there are no extra peaks, which suggest that no other phases are formed13.

The crystallite size and microstrain calculations were based on the peak angle θ2  and full width at have maxi-
mum (FWHM) obtained directly from DIFFRAC.EVALUATION PACKAGE software. Using these values, the 
crystallite size (D) was calculated as following:

=
λ

β θ
β = = . λ = .D k

cos
where FWHM, k 0 89, and 0 15406

Additionally, the microstrain (ε) was calculated as following:

ε β
=

θ4 tan

To ensure homogenous distribution of SiC nanoparticles in the produced powder by the three routes imple-
mented in this study, an elemental mapping was generated using EDS (aluminum in grey, carbon in red, and 
silicon in yellow). In elemental mapping, SiC is represented by its contents Si (silicon) and C (carbon).

Figure 7(a–c) show that the SiC has a homogenous distribution in all the three routes. This is actually expected 
because all the three routes rely on the effectiveness of the preparation of Al flakes at the first stage to accommo-
date the SiC nanoparticles. The SiC nanoparticles get dispersed between Al flaky particles owing to the low speed 
at the beginning. The reset of the process in all routes has no adverse effect on this homogenous distribution 
because the three routes have been designed carefully to maintain the advantages of flake powder metallurgy.

Physical properties of the products.  The ball milled powder was consolidated using HFIHS system. A 
set of the produced samples are presented in Fig. 8. The samples are identified by the name of the route used to 
produce them. The samples have a 10-mm diameter, and their other physical properties are presented in Table 3.

The low relative density of the sample produced by SSBMr can be attributed to the larger particle size with 
flake shape as result of lower ball milling time. The flake shape has lower packing ability and the lower ball milling 
time results in lower densification rate as stated in56. This means that this sample has some porosity in comparison 
with the other samples. However, the highest relative density in the sample produced via SSBMu confirms the 
effectiveness of the SSBMu route on producing a suitable shape of particles for consolidation process.

XRD was employed again to investigate the produced bulk composites. The patterns of the three samples are 
presented in Fig. 9.

From these XRD patterns, SiC peaks can be identified, confirming its homogenous distribution in all sam-
ples. Moreover, there is a small peak near 54° and 56° in the pattern of the sample produced via SSBMr route, 
suggesting a formation of new phases during the consolidation process. These phases could be Al4C3 and/or Si. 
The reason behind this is the lack of sufficient bonding in this route, as mentioned before. However, these phases 
are not seen in the other samples. The crystallite size and microstrain of bulk composites are presented in Fig. 10.

The crystallite size of the bulk composites shows interesting results where is there a refining in the grain of 
the sample produced by SSBMr in comparison with its value when it was in ball milled powder form in Fig. 5. 
This refinement is not seen in the other samples as their crystallite size in the powder form is already low. This is 
attributed to the advanced sintering process, which is in agreement with the results obtained in by Liu et al.57, who 
stated that the advanced sintering resulted in grain refinement if the starting powder have larger grain size but this 
is not applicable when the grain size is already low.

Figure 6.  Crystallite size and microstrain for the ball milled powder.

https://doi.org/10.1038/s41598-020-67198-w


8Scientific Reports |        (2020) 10:10368  | https://doi.org/10.1038/s41598-020-67198-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 7.  EDS elemental mapping for (a) SSBMr, (b) SSBMd and (c) SSBMu.

Figure 8.  Set of consolidated bulk composites.
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Route name

Density

Calculated (g/cm3) Archimedes (g/cm3) Theoretical (g/cm3) Relative (average) (%)

SSBMr 2.502 2.513 2.71 93.1

SSBMd 2.612 2.631 2.71 97.1

SSBMu 2.626 2.651 2.71 97.4

Table 3.  Physical properties of the produ cts.

Figure 9.  XRD pattern for Al/SiC bulk composites.

Figure 10.  Crystallite size and microstrain for bulk composites.

Figure 11.  Hardness results.
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Mechanical Properties
Hardness results.  The average microhardness values of 60.33, 73.23, and 115.60 HV5kN were obtained for 
Al reinforced with 2 wt.% SiC, and correspond to SSBMr, SSBMd, and SSBMu respectively. The microhardness 
results are presented in Fig. 11.

The implemented routes clearly have different effects on the obtained microhardness results. The lower hard-
ness of the SSBMr sample can be attributed to the lower ball milling time in this route compared with the other 
two routes. In contrast, the composite produced by SSBMd has a slightly enhanced hardness due to further ball 
milling, even though this further ball milling was at low speed and for a shorter time. Moreover, huge enhance-
ment can be seen in the bulk composite produced by SSBMu, which is 57% and 92% higher than that produced by 
SSBMd and SSBMr, respectively. This can be attributed to the unprecedented design of the SSBMu route, taking 
the advantages of flake powder metallurgy via the shift in speed and heading toward the steady state. This new 
advancement in ball milling combines the high interfacial bonding of the Al/SiC, the uniform distribution of SiC, 
and the task allocation for SiC nanoparticles to block the motion of dislocations.

Compression results.  The stress-strain uniaxial compression curves of 2 wt.% SiC/Al composites are pre-
pared by different routes are shown in Fig. 12.

The analysis of the curves in Fig. 12 has shown that SSBMr has the highest total elongation. However, for 
measuring ductility in nanostructured materials, uniform elongation is more appropriate than total elongation 
because the latter is more affected by gauge length than the former58.The uniform elongations in Fig. 12 are 
marked by black circles for each route. SSBMr is the regular shift speed, but it is used in this study for first time 
to fabricate Al/SiC and, for first time, with HFIHS. Thus, its results will be used as a baseline to determine the 
enhancement in mechanical properties by the new original routes developed in this study. Thus, the SSBMd route 
as shown in Fig. 12 has resulted in enhanced strength but at the cost of ductility. Total elongation and uniform 
elongation have been reduced in this route. This is can be attributed to the increase of brittleness in the Al parti-
cles due to the prolonged milling time but without sufficient milling speed to induce more work hardening, which 
is favored for uniform elongation.

The excellent design of SSBMu has resulted in enhancing the strength to 520 MPa, as seen in the SSBMu curve, 
which is approximately 101% higher than that for SSBMr with 0% loss in uniform elongation. This unprecedented 
result can be attributed to the steps included in this route. These steps start with lower speed milling, resulting 
in the control of the preparation of the flake shape in the base matrix particles and uniform distribution of the 
reinforcement particles. Then, high-speed milling follows to take advantage of the higher compressive force to 
laminate some of the broken Al particles on top of the large particles. Following this, an even higher speed was 
employed to strengthen the bonding between the base matrix particles and reinforcement particles and reach the 
steady state for ball milling.

Yield compressive strength and ultimate compressive strength are presented as inset in Fig. 12. The bar chart 
shows major enhancement in the strength properties for the SSBMu sample compared with SSBMr and SSBMd. 
This inset shows the yield and ultimate strengths of SSBMu as180% and 101% respectively higher than those for 
SSBMr.

Conclusions
Tuned shift-speed ball milling routes were proposed to produce Al/SiC composites with high strength and good 
ductility. The suggested mechanisms for each route were illustrated based on the scientific background of pow-
der metallurgy. The analysis of the morphological evolutions of the resulting powders has fairly confirmed the 
explained mechanisms. This uses the shift-speed ball milling method demonstrated before to be effective in addi-
tion to two new routes as modifications of this route. The conclusions can be summarized as follows:

Figure 12.  stress-strain uniaxial compression curves.
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•	 The regular shift-speed ball milling SSBMr was the basis for comparison. In this route, the underlying mech-
anism of particle deformation and reinforcement dispersion involves the conversion of Al particles into flake 
shapes, with some fractured particles laminated on top of them and a uniform dispersion of reinforcement, 
but lacking sufficient bonding. The mechanical properties of the composites produced by this route were 
taken as bases with which other samples to be compared.

•	 In the second route (SSBMd), the deformation and dispersion mechanism were suggested. These were con-
firmed by morphological analysis to be the removal of some laminated particles and smoothing of the surface 
as result of decreasing the compressive force. The mechanical strength of the composites produced by this 
route has shown slight improvement but at the cost of uniform elongation. This is ascribed to the high brittle-
ness due to the extension of ball milling time with inadequate work hardening.

•	 In the third route (SSBMu), the proposed mechanism of the particle deformation and reinforcement disper-
sion was confirmed. The morphological analysis of the ball milled powder from this route has shown that the 
powder transforms into an equiaxed shape, confirming that the ball milling process has reached a steady state. 
The distribution of the nanoreinforcement is highly homogeneous, and the bonding is very strong. This is also 
confirmed by the high enhancement in the yield compressive strength (180%), ultimate compressive strength 
(101%), and hardness (92%), with 0% loss in uniform elongation compared with SSBMr.

These findings confirm that FPM routes, when carefully designed, could provide a breakthrough in the syn-
thesis of the required materials.

Received: 10 February 2020; Accepted: 2 June 2020;
Published: xx xx xxxx

References
	 1.	 Selvakumar, N., Gnanasundarajayaraja, B. & Rajeshkumar, P. Enhancing the Properties of Al–WC Nanocomposites Using Liquid 

Metallurgy. Exp. Tech. 40, 129–135, https://doi.org/10.1007/s40799-016-0015-y (2016).
	 2.	 Hashim, J., Looney, L. & Hashmi, M. S. J. Particle distribution in cast metal matrix composites—Part I. J. Mater. Process. Technol. 

123, 251–257, https://doi.org/10.1016/s0924-0136(02)00098-5 (2002).
	 3.	 Thandalam, S. K., Ramanathan, S. & Sundarrajan, S. Synthesis, microstructural and mechanical properties of ex situ zircon particles 

(ZrSiO4) reinforced Metal Matrix Composites (MMCs): a review. J. Mater. Res. Technol. 4, 333–347, https://doi.org/10.1016/j.
jmrt.2015.03.003 (2015).

	 4.	 Tjong, S. C. Recent progress in the development and properties of novel metal matrix nanocomposites reinforced with carbon 
nanotubes and graphene nanosheets. Mater. Sci. Engin. Rep. 74, 281–350, https://doi.org/10.1016/j.mser.2013.08.001 (2013).

	 5.	 Lu, L., Lai, M. O. & Ng, C. W. Enhanced mechanical properties of an Al based metal matrix composite prepared using mechanical 
alloying. Mater. Sci. Eng., A 252, 203–211, https://doi.org/10.1016/S0921-5093(98)00676-5 (1998).

	 6.	 Lütjering, G. & Williams, J. C. In Titanium Engineering Materials and Processes Ch. 9, 367–382 (Springer Berlin Heidelberg, 2007).
	 7.	 Miller, M. K., Parish, C. M. & Li, Q. Advanced oxide dispersion strengthened and nanostructured ferritic alloys. Mater Sci Tech 29, 

1174–1178, https://doi.org/10.1179/1743284713Y.0000000207 (2013).
	 8.	 Akbari, M. K., Rajabi, S., Shirvanimoghaddam, K. & Baharvandi, H. R. 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. 49, 3665–3681, https://doi.org/10.1177/0021998314568327 (2015).

	 9.	 Almotairy, S. M., Boostani, A. F., Hassani, M., Wei, D. & Jiang, Z. Y. Mechanical Properties of Aluminium Metal Matrix 
Nanocomposites Manufactured by Assisted-Flake Powder Thixoforming Process. Metals and Materials International, https://doi.
org/10.1007/s12540-019-00488-9 (2019).

	10.	 Kaczmar, J. W., Pietrzak, K. & Włosiński, W. The production and application of metal matrix composite materials. J. Mater. Process. 
Technol 106, 58–67, https://doi.org/10.1016/s0924-0136(00)00639-7 (2000).

	11.	 Wang, Z., Song, M., Sun, C., Xiao, D. & He, Y. Effect of extrusion and particle volume fraction on the mechanical properties of SiC 
reinforced Al–Cu alloy composites. Mater. Sci. Eng., A 527, 6537–6542 (2010).

	12.	 Prasad, S. V. & Asthana, R. Aluminum Metal–Matrix Composites for Automotive Applications: Tribological Considerations. Tribol 
Lett 17, 445–453, https://doi.org/10.1023/B:TRIL.0000044492.91991.f3 (2004).

	13.	 Grácio, J. J. et al. Mechanical Behavior of Al-SiC Nanocomposites Produced by Ball Milling and Spark Plasma Sintering. Metall. 
Mater. Trans. A 44, 5259–5269, https://doi.org/10.1007/s11661-013-1874-9 (2013).

	14.	 Almotairy, S. M., Boostani, A. F., Hassani, M., Wei, D. & Jiang, Z. Y. Effect of hot isostatic pressing on the mechanical properties of 
aluminium metal matrix nanocomposites produced by dual speed ball milling. J. Mater. Res. Technol 9, 1151–1161, https://doi.
org/10.1016/j.jmrt.2019.11.043 (2020).

	15.	 Vanarotti, M., Shrishail, P., Sridhar, B. R., Venkateswarlu, K. & Kori, S. A. In Appl. Mech. Mater. Vol. 446–447 93-97 (2014).
	16.	 Mousavian, R. T., Khosroshahi, R. A., Yazdani, S., Brabazon, D. & Boostani, A. F. Fabrication of aluminum matrix composites 

reinforced with nano- to micrometer-sized SiC particles. Mater. Des 89, 58–70, https://doi.org/10.1016/j.matdes.2015.09.130 (2016).
	17.	 Mazahery, A. & Shabani, M. O. Nano-sized silicon carbide reinforced commercial casting aluminum alloy matrix: Experimental and 

novel modeling evaluation. Powder Tech 217, 558–565, https://doi.org/10.1016/j.powtec.2011.11.020 (2012).
	18.	 Fogagnolo, J. B., Ruiz-Navas, E. M., Robert, M. H. & Torralba, J. M. The effects of mechanical alloying on the compressibility of 

aluminium matrix composite powder. Mater. Sci. Eng., A 355, 50–55, https://doi.org/10.1016/s0921-5093(03)00057-1 (2003).
	19.	 Tjong, S. C. Novel Nanoparticle-Reinforced Metal Matrix Composites with Enhanced Mechanical Properties. Adv. Eng. Mater. 9, 

639–652, https://doi.org/10.1002/adem.200700106 (2007).
	20.	 Ahamed, H. & Senthilkumar, V. Role of nano-size reinforcement and milling on the synthesis of nano-crystalline aluminium alloy 

composites by mechanical alloying. J. Alloys Compd. 505, 772–782, https://doi.org/10.1016/j.jallcom.2010.06.139 (2010).
	21.	 Schmidt, A., Siebeck, S., Götze, U., Wagner, G. & Nestler, D. Particle-Reinforced Aluminum Matrix Composites (AMCs)—Selected 

Results of an Integrated Technology, User, and Market Analysis and Forecast. Metals 8, 143, https://doi.org/10.3390/met8020143 
(2018).

	22.	 Hashim, J., Looney, L. & Hashmi, M. S. J. Metal matrix composites: production by the stir casting method. J. Mater. Process. Technol 
92-93, 1–7, https://doi.org/10.1016/s0924-0136(99)00118-1 (1999).

	23.	 Khan, A. S., Farrokh, B. & Takacs, L. Effect of grain refinement on mechanical properties of ball-milled bulk aluminum. Mater. Sci. 
Eng., A 489, 77–84, https://doi.org/10.1016/j.msea.2008.01.045 (2008).

	24.	 Naher, S., Brabazon, D. & Looney, L. Development and assessment of a new quick quench stir caster design for the production of 
metal matrix composites. J. Mater. Process. Technol. 166, 430–439, https://doi.org/10.1016/j.jmatprotec.2004.09.043 (2005).

https://doi.org/10.1038/s41598-020-67198-w
https://doi.org/10.1007/s40799-016-0015-y
https://doi.org/10.1016/s0924-0136(02)00098-5
https://doi.org/10.1016/j.jmrt.2015.03.003
https://doi.org/10.1016/j.jmrt.2015.03.003
https://doi.org/10.1016/j.mser.2013.08.001
https://doi.org/10.1016/S0921-5093(98)00676-5
https://doi.org/10.1179/1743284713Y.0000000207
https://doi.org/10.1177/0021998314568327
https://doi.org/10.1007/s12540-019-00488-9
https://doi.org/10.1007/s12540-019-00488-9
https://doi.org/10.1016/s0924-0136(00)00639-7
https://doi.org/10.1023/B:TRIL.0000044492.91991.f3
https://doi.org/10.1007/s11661-013-1874-9
https://doi.org/10.1016/j.jmrt.2019.11.043
https://doi.org/10.1016/j.jmrt.2019.11.043
https://doi.org/10.1016/j.matdes.2015.09.130
https://doi.org/10.1016/j.powtec.2011.11.020
https://doi.org/10.1016/s0921-5093(03)00057-1
https://doi.org/10.1002/adem.200700106
https://doi.org/10.1016/j.jallcom.2010.06.139
https://doi.org/10.3390/met8020143
https://doi.org/10.1016/s0924-0136(99)00118-1
https://doi.org/10.1016/j.msea.2008.01.045
https://doi.org/10.1016/j.jmatprotec.2004.09.043


1 2Scientific Reports |        (2020) 10:10368  | https://doi.org/10.1038/s41598-020-67198-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

	25.	 Singh, L. K., Bhadauria, A., Jana, S. & Laha, T. Effect of Sintering Temperature and Heating Rate on Crystallite Size, Densification 
Behaviour and Mechanical Properties of Al-MWCNT Nanocomposite Consolidated via Spark Plasma Sintering. Acta Metall. Sin. 
31, 1019–1030, https://doi.org/10.1007/s40195-018-0795-4 (2018).

	26.	 Li, P., Chen, L., Cao, B. & Shi, K. Hierarchical microstructure architecture: A roadmap towards strengthening and toughening 
reduced graphene oxide/2024Al matrix composites synthesized by flake powder thixoforming. J. Alloys Compd. 823, 153815, https://
doi.org/10.1016/j.jallcom.2020.153815 (2020).

	27.	 Xu, Z. et al. Effect of Sintering Time on the Densification, Microstructure, Weight Loss and Tensile Properties of a Powder 
Metallurgical Fe-Mn-Si Alloy. Metals 7, https://doi.org/10.3390/met7030081 (2017).

	28.	 Carvalho, O., Buciumeanu, M., Soares, D., Silva, F. S. & Miranda, G. Evaluation of CNT Dispersion Methodology Effect on 
Mechanical Properties of an AlSi Composite. Journal of Materials Engineering and Performance 24, 2535–2545, https://doi.
org/10.1007/s11665-015-1510-5 (2015).

	29.	 Xu, R. et al. Balanced strength and ductility in CNT/Al composites achieved by flake powder metallurgy via shift-speed ball milling. 
Compos A Appl Sci Manuf 96, 57–66, https://doi.org/10.1016/j.compositesa.2017.02.017 (2017).

	30.	 Tan, M. J. & Zhang, X. Powder metal matrix composites: selection and processing. Mater. Sci. Eng., A 244, 80–85, https://doi.
org/10.1016/s0921-5093(97)00829-0 (1998).

	31.	 Nishida, Y. Introduction to Metal Matrix Composites: Fabrication and Recycling. (Springer, 2013).
	32.	 Sabirov, I., Kolednik, O., Valiev, R. Z. & Pippan, R. Equal channel angular pressing of metal matrix composites: Effect on particle 

distribution and fracture toughness. Acta Mater. 53, 4919–4930, https://doi.org/10.1016/j.actamat.2005.07.010 (2005).
	33.	 Kai, X. Z. et al. A model for volume fraction and/or particle size selection in metal matrix composites. Mater. Sci. Eng., A 530, 

574–579, https://doi.org/10.1016/j.msea.2011.10.022 (2011).
	34.	 Lee, I. S., Hsu, C. J., Chen, C. F., Ho, N. J. & Kao, P. W. Particle-reinforced aluminum matrix composites produced from powder 

mixtures via friction stir processing. Compos. Sci. Technol 71, 693–698, https://doi.org/10.1016/j.compscitech.2011.01.013 (2011).
	35.	 Kai, X. Z. et al. Enhanced strength and ductility in particulate-reinforced aluminum matrix composites fabricated by flake powder 

metallurgy. Mater. Sci. Eng., A 587, 46–53, https://doi.org/10.1016/j.msea.2013.08.042 (2013).
	36.	 Morsi, K. & Esawi, A. Effect of mechanical alloying time and carbon nanotube (CNT) content on the evolution of aluminum 

(Al)–CNT composite powders. J. Mater. Sci. 42, 4954–4959, https://doi.org/10.1007/s10853-006-0699-y (2007).
	37.	 Hesabi, Z. R., Hafizpour, H. R. & Simchi, A. An investigation on the compressibility of aluminum/nano-alumina composite powder 

prepared by blending and mechanical milling. Mater. Sci. Eng., A 454–455, 89–98, https://doi.org/10.1016/j.msea.2006.11.129 
(2007).

	38.	 Jiang, L., Li, Z., Fan, G. & Zhang, D. A flake powder metallurgy approach to Al2O3/Al biomimetic nanolaminated composites with 
enhanced ductility. Scr. Mater 65, 412–415, https://doi.org/10.1016/j.scriptamat.2011.05.022 (2011).

	39.	 Jiang, L., Li, Z., Fan, G., Cao, L. & Zhang, D. The use of flake powder metallurgy to produce carbon nanotube (CNT)/aluminum 
composites with a homogenous CNT distribution. Carbon 50, 1993–1998, https://doi.org/10.1016/j.carbon.2011.12.057 (2012).

	40.	 Kai, X. et al. Strong and ductile particulate reinforced ultrafine-grained metallic composites fabricated by flake powder metallurgy. 
Scr. Mater 68, 555–558, https://doi.org/10.1016/j.scriptamat.2012.11.024 (2013).

	41.	 Fan, G., Xu, R., Tan, Z., Zhang, D. & Li, Z. Development of Flake Powder Metallurgy in Fabricating Metal Matrix Composites: A 
Review. Acta Metall. Sin. 27, 806–815, https://doi.org/10.1007/s40195-014-0148-x (2014).

	42.	 Wei, H. et al. Towards strong and stiff carbon nanotube-reinforced high-strength aluminum alloy composites through a 
microlaminated architecture design. Scr. Mater 75, 30–33, https://doi.org/10.1016/j.scriptamat.2013.11.014 (2014).

	43.	 Varol, T. & Canakci, A. The effect of type and ratio of reinforcement on the synthesis and characterization Cu-based nanocomposites 
by flake powder metallurgy. J. Alloys Compd. 649, 1066–1074, https://doi.org/10.1016/j.jallcom.2015.07.008 (2015).

	44.	 Rikhtegar, F., Shabestari, S. G. & Saghafian, H. The homogenizing of carbon nanotube dispersion in aluminium matrix 
nanocomposite using flake powder metallurgy and ball milling methods. Powder Tech 280, 26–34, https://doi.org/10.1016/j.
powtec.2015.04.047 (2015).

	45.	 Luan, B.-F. et al. Hot deformation and processing maps of Al2O3/Al composites fabricated by flake powder metallurgy. Trans 
Nonferrous Metals Soc China 25, 1056–1063, https://doi.org/10.1016/S1003-6326(15)63698-6 (2015).

	46.	 He, W.-J. et al. Deformation behaviors and processing maps of CNTs/Al alloy composite fabricated by flake powder metallurgy. 
Trans Nonferrous Metals Soc China 25, 3578–3584, https://doi.org/10.1016/S1003-6326(15)63997-8 (2015).

	47.	 Canakci, A., Varol, T. & Erdemir, F. The Effect of Flake Powder Metallurgy on the Microstructure and Densification Behavior of B4C 
Nanoparticle-Reinforced Al–Cu–Mg Alloy Matrix Nanocomposites. Arabian J. Sci. Eng. 41, 1781–1796, https://doi.org/10.1007/
s13369-015-1969-2 (2016).

	48.	 Akbarpour, M. R. & Pouresmaeil, A. The influence of CNTs on the microstructure and strength of Al-CNT composites produced by 
flake powder metallurgy and hot pressing method. Diam Relat Mater 88, 6–11, https://doi.org/10.1016/j.diamond.2018.06.021 
(2018).

	49.	 Chen, M. et al. Design of an efficient flake powder metallurgy route to fabricate CNT/6061Al composites. Mater. Des 142, 288–296, 
https://doi.org/10.1016/j.matdes.2018.01.044 (2018).

	50.	 Jiang, Y. et al. Tailoring the structure and mechanical properties of graphene nanosheet/aluminum composites by flake powder 
metallurgy via shift-speed ball milling. Compos A Appl Sci Manuf 111, 73–82, https://doi.org/10.1016/j.compositesa.2018.05.022 
(2018).

	51.	 Okoro, A. M. et al. Dispersion characteristics, interfacial bonding and nanostructural evolution of MWCNT in Ti6Al4V powders 
prepared by shift speed ball milling technique. J. Alloys Compd. 785, 356–366, https://doi.org/10.1016/j.jallcom.2019.01.174 (2019).

	52.	 Carreño-Gallardo, C., Estrada-Guel, I., López-Meléndez, C. & Martínez-Sánchez, R. Dispersion of silicon carbide nanoparticles in 
a AA2024 aluminum alloy by a high-energy ball mill. J. Alloys Compd. 586, S68–S72, https://doi.org/10.1016/j.jallcom.2013.03.232 
(2014).

	53.	 Siebeck, S., Nestler, D., Podlesak, H. & Wielage, B. In Integration of Practice-Oriented Knowledge Technology: Trends and Prospectives 
(ed Madjid Fathi) 315–321 (Springer Berlin Heidelberg, 2013).

	54.	 Kim, S. W. & Khalil, K. A.-R. High-Frequency Induction Heat Sintering of Mechanically Alloyed Alumina–Yttria-Stabilized 
Zirconia Nano-Bioceramics. J Amer Ceram Soc 89, 1280–1285, https://doi.org/10.1111/j.1551-2916.2005.00902.x (2006).

	55.	 Abbasi, B. J., Zakeri, M. & Tayebifard, S. A. High frequency induction heated sintering of nanostructured Al2O3–ZrB2 composite 
produced by MASHS technique. Ceram Int 40, 9217–9224, https://doi.org/10.1016/j.ceramint.2014.01.141 (2014).

	56.	 Toozandehjani, M., Matori, K. A., Ostovan, F., Abdul Aziz, S. & Mamat, M. S. Effect of Milling Time on the Microstructure, Physical 
and Mechanical Properties of Al-Al2O3 Nanocomposite Synthesized by Ball Milling and Powder Metallurgy. Basel, Switzerland 10, 
1232, https://doi.org/10.3390/ma10111232 (2017).

	57.	 Liu, J., Wang, Y., Yang, F., Chen, K. & An, L. Grain refining in spark plasma sintering Al2O3 ceramics. J. Alloys Compd. 622, 596–600, 
https://doi.org/10.1016/j.jallcom.2014.10.113 (2015).

	58.	 Zhao, Y. H., Liao, X. Z., Cheng, S., Ma, E. & Zhu, Y. T. Simultaneously Increasing the Ductility and Strength of Nanostructured 
Alloys. Adv Mater 18, 2280–2283, https://doi.org/10.1002/adma.200600310 (2006).

https://doi.org/10.1038/s41598-020-67198-w
https://doi.org/10.1007/s40195-018-0795-4
https://doi.org/10.1016/j.jallcom.2020.153815
https://doi.org/10.1016/j.jallcom.2020.153815
https://doi.org/10.3390/met7030081
https://doi.org/10.1007/s11665-015-1510-5
https://doi.org/10.1007/s11665-015-1510-5
https://doi.org/10.1016/j.compositesa.2017.02.017
https://doi.org/10.1016/s0921-5093(97)00829-0
https://doi.org/10.1016/s0921-5093(97)00829-0
https://doi.org/10.1016/j.actamat.2005.07.010
https://doi.org/10.1016/j.msea.2011.10.022
https://doi.org/10.1016/j.compscitech.2011.01.013
https://doi.org/10.1016/j.msea.2013.08.042
https://doi.org/10.1007/s10853-006-0699-y
https://doi.org/10.1016/j.msea.2006.11.129
https://doi.org/10.1016/j.scriptamat.2011.05.022
https://doi.org/10.1016/j.carbon.2011.12.057
https://doi.org/10.1016/j.scriptamat.2012.11.024
https://doi.org/10.1007/s40195-014-0148-x
https://doi.org/10.1016/j.scriptamat.2013.11.014
https://doi.org/10.1016/j.jallcom.2015.07.008
https://doi.org/10.1016/j.powtec.2015.04.047
https://doi.org/10.1016/j.powtec.2015.04.047
https://doi.org/10.1016/S1003-6326(15)63698-6
https://doi.org/10.1016/S1003-6326(15)63997-8
https://doi.org/10.1007/s13369-015-1969-2
https://doi.org/10.1007/s13369-015-1969-2
https://doi.org/10.1016/j.diamond.2018.06.021
https://doi.org/10.1016/j.matdes.2018.01.044
https://doi.org/10.1016/j.compositesa.2018.05.022
https://doi.org/10.1016/j.jallcom.2019.01.174
https://doi.org/10.1016/j.jallcom.2013.03.232
https://doi.org/10.1111/j.1551-2916.2005.00902.x
https://doi.org/10.1016/j.ceramint.2014.01.141
https://doi.org/10.3390/ma10111232
https://doi.org/10.1016/j.jallcom.2014.10.113
https://doi.org/10.1002/adma.200600310


13Scientific Reports |        (2020) 10:10368  | https://doi.org/10.1038/s41598-020-67198-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
The authors extend their appreciation to RDO-MOE Postdoctoral Fellowship Program PFP-181903 for funding 
this research work through PFP and also Acknowledge the Deanship of Scientific Research (DSR), King Saud 
University (KSU) for funding this work through research group No (RG-1440-101). The authors also thank DSR-
RSSU at KSU for their technical support.

Author contributions
Conceptualization, S.M.A. and H.S.A.; methodology, H.S.A. and S.M.A.; validation, H.S.A., H.F.A. and S.M.A.; 
formal analysis, H.S.A., H.F.A. and S.M.A.; investigation, S.M.A., H.F.A. and H.S.A.; resources, N.H.A., S.M.A. 
and H.S.A.; data curation, S.M.A., H.F.A. and H.S.A.; writing—original draft preparation, S.M.A.; writing—
review and editing, S.M.A. and H.S.A.; supervision, N.H.A.; project administration, N.H.A. and S.M.A.; funding 
acquisition, N.H.A. and S.M.A.; All authors have read and agreed to the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.M.A.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-67198-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Superior Mechanical Performance of Inductively Sintered Al/SiC Nanocomposites Processed by Novel Milling Route

	Materials and Methods

	Fabrication routes. 
	Investigation method. 
	Illustration of the fabrication route mechanism. 

	Results and Discussion

	Raw powder characterization. 
	Ball milled powder characterization. 
	Physical properties of the products. 

	Mechanical Properties

	Hardness results. 
	Compression results. 

	Conclusions

	Acknowledgements

	Figure 1 Schematic of high frequency induction heat sintering furnace.
	Figure 2 Illustrated mechanisms of fabrication routes.
	Figure 3 FESEM images of (a) Al powders and (b) SiC powder, and HRTEM image of (c) SiC powder.
	Figure 4 FESEM images for powder produced by (a,b) SSBMr, (c,d) SSBMd and (e,f) SSBMu.
	Figure 5 XRD patterns for the ball milled powder.
	Figure 6 Crystallite size and microstrain for the ball milled powder.
	Figure 7 EDS elemental mapping for (a) SSBMr, (b) SSBMd and (c) SSBMu.
	Figure 8 Set of consolidated bulk composites.
	Figure 9 XRD pattern for Al/SiC bulk composites.
	Figure 10 Crystallite size and microstrain for bulk composites.
	Figure 11 Hardness results.
	Figure 12 stress-strain uniaxial compression curves.
	Table 1 Designation system.
	Table 2 Sintering parameters.
	Table 3 Physical properties of the produ cts.




