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Abstract: In this study, aluminum matrix composites reinforced with Al2O3 and SiC nanoparticles, and graphene 
nanoplatelets produced by spark plasma sintering (SPS) were studied. The microstructural and mechanical 
properties of the composites were evaluated by changing the amounts of the reinforcing materials. The SEM images 
showed that the reinforcing particles were more distributed in the grain boundary regions. According to the results, 
the addition of alumina and SiC to the matrix caused an increase in the composite density whereas the composite 
density decreased by adding graphene nanoplatelets. The highest relative density of 96.3% was obtained for the 
composite containing 2 wt.% Al2O3. The presence of the reinforcing particles increased the hardness of all the 
samples compared to the pure aluminum (39 HV). The composite containing 1 wt.% Al2O3, 0.7 wt.% SiC, and 0.3 
wt.% graphene showed the highest hardness of 79 HV. Moreover, the plastic deformation of the specimens decreased 
and the slope of the plastic region increased by adding the reinforcing particles to the matrix. 

Keywords: Al composite, Spark Plasma Sintering, graphene nanoplatelets, Al2O3, and SiC. 

 

1. INTRODUCTION 

The ever-increasing demand for low-weight, high 
fuel efficiency, and high-strength materials in the 
automotive industry has led to the production of 
advanced composites. Metal matrix composites 
(MMCs) are extensively used in modern 
industries due to their mechanical behavior, 
tribological properties, and other desirable 
engineering properties [1, 2]. 
Among MMCs, aluminum matrix composites 
(AMCs) have recently attracted considerable 
attention in academic and industrial research. 
AMCs are lightweight and high-performance 
materials that due to enhanced strength and 
stiffness, improved compressive strength, 
increased wear resistance, increased hardness, 
decreased thermal conductivity, and improved 
dimensional stability, are a good choice for use in 
aerospace, defense, marine, medical, automotive, 
electronic packaging, and home appliances [3-5]. 
AMCs reinforced with particles such as silicon 
carbide (SiC) show improved physical and 
mechanical properties and can be characterized 
using conventional methods employed for metals 
[1, 2]. An increase of 1 wt.% SiC nanoparticles in 
Al 356 alloy while maintaining its high ductility 
can increase the ultimate tensile strength and 
yield strength by almost 100% [6]. 
The addition of low volume fractions of SiC 
particles (2-8 vol%) to an Al-12Si alloy 

considerably decreases in tensile strength at room 
temperature. As the amount of SiC content in the 
Al-12Si alloy increases, the weight loss due to 
sliding wear decreases [7]. Moreover, it was 
found that adding 5 vol% SiC improved the 
fracture strength of the aluminum matrix [8]. 
The first studies on the AMCs were conducted on 
aluminum matrix composites reinforced by SiC 
whiskers [9]. The applied stress can be transferred 
from the interface between the Al matrix and the 
SiC whiskers. Since the SiC whiskers act as a 
barrier for the movement of dislocations, the 
presence of whiskers improves the creep strength 
[10]. 
Another typical ceramic component for 
reinforcing MMCs is Al2O3. The effect of Al2O3 
on the abrasion properties of the MMCs is such 
that the addition of Al2O3 reduces the wear rate of 
the MMCs and increasing its particle size also 
reduces the amount of wear [11]. As the weight 
percentage and particle size of Al2O3 increase, the 
density of the AMCs increases, while the porosity, 
tensile strength, and hardness of the AMCs 
increase with decreasing size and increasing the 
weight percentage of the Al2O3 particles [12]. 
The presence of both SiC and alumina particles 
exerts pressure in the grain boundary regions and 
thus creates intragranular tensile stress, which 
strengthens the grain boundaries and weakened 
grains. Sun et al. used a model to study the 
fracture mechanism of SiC-reinforced 
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composites. They found a critical SiC level at 
smaller quantities of which the grain boundaries 
were not completely reinforced, and inter-grain 
fracture mainly occurred along the grain 
boundaries. The results showed, at SiC levels 
larger than the critical level, the grain boundaries 
were relatively stronger than the grains, and hence 
intragranular fracture initiated from grain 
boundaries was dominant [13]. 
In addition to ceramic compounds, other 
compounds are also used to reinforce metal 
matrix composites. Among these materials, 
graphene with excellent thermal, electrical and 
mechanical properties has been proposed as an 
excellent reinforcement for AMCs. Several 
studies, with the successful production of 
graphene-reinforced AMCs, have shown that 
graphene has a positive effect on the mechanical 
properties of the final products and the thermal 
conductivity of an aluminum matrix [14-16]. 
Furthermore, the presence of pores and voids in 
composite systems negatively influences creep 
resistance, mechanical behaviors, and tribological 
properties of composites. Therefore, one must 
ensure that materials are completely compacted 
during the sintering process. Studies show that 
pressure-assisted fabrication techniques such as 
hot-pressing are usually required to compress 
alumina-SiC composites [17, 18]. 
Spark plasma sintering (SPS) can provide a low-
temperature, time-saving, low-pressure, and high-

quality method for the fabrication of composites 
[15, 19]. Therefore, for the production and 
research of advanced materials as well as 
development in the powder metallurgy industry, 
this method has attracted a lot of attention [17, 18, 
20, 21] 
In the current work, the effect of simultaneous 
addition of Al2O3, SiC and graphene 
reinforcements on the mechanical properties of 
the aluminum matrix composites produced by the 
SPS method is investigated. Structural and 
mechanical analyses were performed to study and 
characterize the manufactured composites. 

2. EXPEROMENTS 

2.1. Raw materials 

Aluminum powder (ECKA, Germany), Al2O3 
nanoparticles (NPs) (Evonik Industries, 
Germany), graphene NPs (US Research 
Nanomaterials Inc.), and SiC NPs (US Nano Inc.) 
were used to produce the composites. The 
characteristics of the utilized powders are listed in 
Table 1. 

2.2. Composites production 

2.2.1. Powder preparation 

Eight composite samples containing various 
levels of the reinforcing particles were prepared 
(Table 2).  

Table 1. Specifications of used powders. 
Melting Point (°C) Density (g/cm3)* Purity Particle size Powder 

660 2.71 >99.9% <30 micron Al 
2072 3.95 99.7% 20 nm Al2O3 

2370 3.21 99.9% 40 nm SiC 
>4000 2.27 >99.5% 2-18 nm Graphene 

* Ref. [15, 22] 

Table 2. Specifications of prepared samples. 
Amount per 10 g sample (g) 

Competition (wt%) Sample 
SiC Graphene Al2O3 Al 

0 0 0 10 Pure Al S1 
0 0 0.2 9.8 Al-2% Al2O3 S2 

0.09 0.01 0.1 9.8 Al- 1% Al2O3- 0.9% SiC- 0.1% Graphene S3 
0.07 0.03 0.1 9.8 Al- 1% Al2O3- 0.7% SiC- 0.3% Graphene S4 
0.05 0.05 0.1 9.8 Al- 1% Al2O3- 0.5% SiC- 0.5% Graphene S5 
0.03 0.07 0.1 9.8 Al- 1% Al2O3- 0.3% SiC- 0.7% Graphene S6 
0.01 0.09 0.1 9.8 Al- 1% Al2O3- 0.1% SiC- 0.9% Graphene S7 
0.1 0.2 0.1 9.6 Al- 1% Al2O3 -1% SiC- 2% Graphene S8 
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First, the powder mixture was dispersed in 100 
mL of 99% ethanol and then ultrasonicated for 60-
70 min until completely uniform. The samples 
were then heated in an oven at 60-70°C for 36 h 
to remove alcohol and obtain a dry powder 
mixture. Then, to better mix the powders, they 
were milled for a limited time in a high-energy 
planetary ball mill (RETSCH, Germany) at room 
temperature under argon. The milling parameters 
were: ball to powder ratio: 10:1; powder mass: 15 
g; the mass of balls: 150 g; ball diameter: 15 and 
10 mm; material of ball and cup: hardened 
stainless steel; time: 120 min and rotation: 360 
rpm. Before grinding, 0.5wt.% stearic acid was 
added to prevent cold sintering of particles. 

2.2.2. Preparation of bulk composites 
Disc specimens with a diameter of 50 mm and a 
thickness of 2-3 mm were prepared by the SPS 
machine (a 10-ton model manufactured by the 
Iranian Company KHPF), mandrel, and graphite 
die. To this end, 15 g of the powder mixture was 
poured into a 50 mm diameter graphite die. An 
ISG-M303 graphite die was used with a 
thermocouple hole drilled into a punch. For easy 
separation of the sintered pellet sample and to 
prevent sticking (due to possible reaction between 
the powder and graphite die/punch from possible 
reactions between the powder and mandrel/die), 
sheets of graphite paper between the die and the 
powder as well as between inner wall of die and 
the powder were placed. The parameters used for 
sintering the composite samples are heating rate: 
100°C/min; cooling rate: 100°C/min; the 
temperature of sintering: 550°C; time of 
sintering: 200 s and pressure: 45 MPa. A pulse 
direct current was applied in 360 ms and 90 ms 
pulse durations. 
Following the sintering process, the composite 
discs were cleaned and the remains of the graphite 
sheets were removed from the surface. The 
surface of the discs was then sanded with #600 
grit sandpaper to obtain the discs with an 
approximate thickness of 2 mm. 

2.3. CHARACTERIZATION 

2.3.1. Structural properties 

X-ray diffraction (XRD, Bruker D8 
diffractometer, Germany) was used for phase 
analysis of the composites. The fracture surface, 
the surface morphology of the samples, and the 
EDX map showing the distribution of elements 

were investigated using a scanning electron 
microscope (SEM, Philips XL 30, the 
Netherlands). The density of composites was 
calculated using Archimedes' principle based on 
standard ASTM B 962-14. The theoretical density 
of the specimens was calculated using the 
following equation [22]: 
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where dapp represents the apparent density, Wα is 
the sample weight in the air, Ww is the sample 
weight in water, and ρ shows the density of 
distilled water at 25˚C (0.998 g/cm3). The relative 
density (dr) was obtained from Eq. 2: 
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where dt denotes the theoretical density. The dt of 
the composites can be determined by using the 
following equation: 
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Where wi and ρi are the weight fraction and 
density of component i. The density of Al, Al2O3, 
SiC, and graphene are 2.71, 3.89, 3.22, and 2.27 
g/cm3, respectively. The relative porosity was 
calculated from Eq. 4 employing the theoretical 
density and the apparent density. At the same 
volume, the relative porosity can be defined as the 
ratio of the mass of any volume of a material to 
that of an equal volume of water [22, 23]: 
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2.3.2. Mechanical properties 
To study the tensile properties of the specimens, 
the uniaxial tensile test on a wire-cut electric 
discharge machine was conducted by ASTM-
E008 (on a Universal Testing Machine, 
Hounsfield H25KS). For each composite code, at 
least three specimens were used in the tensile test 
to ensure the repeatability of the results. 
The hardness of the samples was determined and 
compared using a Buehler Micromet II 
microhardness machine employing a Vickers 
indenter at the load of 100 g and duration of 30 s. 
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This test was repeated 10 times on each sample 
and the average of the results was used to increase 
the accuracy and reliability of the results. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the changes in temperature and 
puncture displacements as a function of sintering 
time. The densification behavior of the 
composites is observed during the sintering 
process through punch displacement. Positive 
values in punch displacement correspond to 
sample shrinkage. The maximum displacement is 
recorded at the highest process temperature. 

 
Fig. 1. The processing temperature and the punch 
displacement as a function of the sintering time. 

Figure 2 illustrates the XRD patterns of various 
composite samples. In the XRD pattern of 
specimen S1 containing no reinforcing materials, 
no peaks related to the presence of impurities are 
observed. Therefore, it can be concluded that 
specimen S1 is pure aluminum (JCPDS No. 004–
0787).  

 

Fig. 2. XRD patterns of S1, S2, S4 and S7 samples. 

However, in the composite specimens of S2 and 
S4, the peaks related to Al2O3 (JCPDS No. 79-
1558) are observed. SiC NPs and graphene 
nanoplatelets, in addition to Al2O3, were utilized 
in producing the specimens S4 and S7, but the 
peaks related to Al2O3 were only found in their 
XRD patterns. The absence of the peak related to 
SiC (JCPDS No. 29-1129) and graphene in the 
XRD pattern could be due to their very low 
amount. The XRD results demonstrate the lack of 
reactions between the reinforcing particles and 
the Al matrix. Previous studies have reported the 
formation of gaseous reaction products (such as 
SiO2, Al2OC, and CO) in the reactions between 
SiC and Al2O3 at high temperatures [24]. 
Nevertheless, no reaction occurred in the 
detection limit of the XRD spectrometer in this 
study due to the absence of any additional peak in 
the XRD patterns. The presence of reinforcing 
materials such as Al2O3 and other additives in the 
structure could influence the mechanical 
properties of the composite specimens. This was 
evaluated through mechanical tests. 
Figures 3 and 4 show the SEM images taken from 
the surface of all composite samples. The 
presence of the reinforcing particles in the Al 
matrix caused a change in the microstructure and 
morphology of the samples. This could influence 
the mechanical and tribological properties of the 
resulting composites. As clearly shown in Fig. 2, 
the pure Al sample has a smooth surface free of 
any reinforcing phase. Therefore, dislocation 
movements would take place easily in this 
sample. Therefore, it was expected not to exhibit 
desirable mechanical behavior. In the specimens 
reinforced with various particles, the presence of 
these particles changed both the grain 
morphology and size. According to the literature, 
Al2O3 particles attract SiC particles inside them 
leading to their entrapment inside alumina [9]. 
The composite specimens showed that the 
reinforcing particles were distributed mainly in 
the grain boundary regions. This could affect the 
mechanical properties of the composites. The 
presence of particles such as graphene and 
alumina in the structure of the samples locked 
displacement movements and hence increased 
their strength compared to the specimens lacking 
any reinforcing material. The reinforcing particles 
in specimen S4 accumulated in the grain 
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boundaries leading to an improvement in its mechanical properties. 

 
Fig. 3. SEM images of S1, S2, S3 and S4 samples. 

 
Fig. 4. SEM images of S5, S6, S7 and S8 samples. 
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Moreover, except for specimen S4, the other 
composites showed a regular structure. The 
presence and deposition of reinforcing particles at 
the grain boundaries caused substantial changes 
in the mechanical properties of specimen S4. The 
presence of these particles influenced dislocation 
movements via several mechanisms causing an 
improvement in the mechanical properties of the 
composite specimens. This will be discussed 
when the mechanical properties of the samples 
are studied. 
According to the literature, agglomeration of 
reinforcing particles in composite systems is one 
of the most important reasons causing a decline in 
the engineering properties of the produced 
composites. Map analysis was used to study the 
distribution of the reinforcing particles in the 
structure of composites. Figure 5 shows the 
results of the map analysis for specimen S8. Map 
analysis shows the distribution of elements at the 
sample surface and the accumulation of 
reinforcing compounds at the grain boundary. The 
table in Figure 5 shows the weight percentage of 
elements in the image and at three points of the 

grain boundary (points A, B, and C). As can be 
seen, the percentage of elements of reinforcing 
compounds at the grain boundary is higher than 
the average of the same elements in the whole 
image. This indicates the accumulation of 
reinforcing particles at the grain boundaries. This 
has happened to most graphene so that most of the 
graphene is at the grain boundary. 
Figure 6 displays the fracture surface morphology 
of the specimens S4 and S8. It suggests a different 
mechanism of hardening including crack 
deflection, SiC and graphene whisker bridging, 
and protruding in this specimen. Large graphene 
shells in the fracture surface improve the length 
of crack deflection. EDX results at different 
points of the fracture edges show that the amount 
of carbon element is higher than the total 
percentage of carbon in the sample, considering 
that the amount of silicon has not changed 
significantly, so it can be concluded that graphene 
accumulation was higher in these points. 
Consequently, graphene can be considered a 
desirable reinforcing material for strengthening 
alumina-SiC composite [25].

 

 
Fig. 5. SEM, map and EDX analysis of S8 sample. 
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Fig. 6. SEM image and EDX of fracture surface of specimen S4 and S8. 

 
Table 3 lists the changes in the density and 
porosity of the various SPS samples. The results 
for specimens S1 and S2 show that the addition of 
the alumina reinforcing material to the aluminum 
matrix causes an increase in the relative density 
and a decrease in the relative porosity. However, 
replacing part of alumina with graphene and SiC 
decreased the relative density and increased the 
relative porosity of the composite specimens. The 
densities of alumina, SiC, graphene nano-
platelets, and pure aluminum are 3.95, 3.21, 2.3, 
and 2.7 g/cm3, respectively. Therefore, the 
addition of alumina and SiC to the matrix 
decreased the composite density, whereas the 
addition of graphene caused a decrease in the 
composite density. According to the results, the 
highest relative density of 93.7% and the highest 
relative porosity of 6.3% were obtained for 
specimen S8. 

Porosity tends to reduce the mechanical 
properties of metal matrix composites. The 
formation of porosity, which depends on the 
composition and structure of the matrix, has a 
significant effect on the elastic modulus, yield 
strength, ultimate tensile strength, and ductility of 
composites [26]. Cramer et al. investigated the 
effect of pore distribution on the mechanical 
properties of aluminum sheets containing 
multiple holes by experimental study. The results 
showed that the overall elastic properties were 
almost insensitive to the actual pore-uniform 
distribution or the pore clusters. However, the 
fracture toughness of the specimens is strongly 
affected by the mutual position of the individual 
pores [27]. Porosity can significantly reduce 
compressive yield stress but does not change the 
fundamental characteristics of grain-size 
dependence [28].

Table 3. Density, porosity and tensile strength of all prepared samples. 
tensile strength 

(MPa) 
Porosity (%) dr (%) dapp (g/cm3) Sample 

98 5.9 94.1 2.55 S1 
134 3.7 96.3 2.61 S2 
168 4.4 95.6 2.59 S3 
177 4.4 95.6 2.59 S4 
79 5.5 94.5 2.56 S5 
78 5.2 94.8 2.57 S6 
96 5.5 94.5 2.56 S7 
61 6.3 93.7 2.54 S8 
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Figure 7 compares the hardness of samples 
containing reinforcing particles. As clearly seen, 
the presence of the reinforcing particles increases 
the hardness of all the specimens compared to 
pure aluminum (39 HV). This means that the 
presence of the reinforcing particles in the 
composite improves the mechanical properties of 
the specimens. Similar results were obtained in 
other studies [29, 30]. Specimen S4 with a 
hardness of 79 HV showed the highest hardness 
among the specimen. This could be due to the 
effective presence of the reinforcing particles in 
suitable sites in the structure of the related 
specimen. The specimens with a higher relative 
porosity exhibited a lower hardness. Hossain et al. 
[31], noticed that the hardness and density of SiC 
and Al2O3 reinforced aluminum samples were 
interrelated. They proved that the reinforcing 
particles changed the relative density and 
increased the hardness. According to the 
literature, the force applied to a composite 
structure is distributed between the metal matrix 
and the reinforcing particles. In the hardness test, 
a vertical force is applied to the structure, and the 
applied stress is divided between the metal matrix 
and the reinforcing particles. Therefore, the stress 
applied to the metal matrix is reduced to apply 
changes in the plastic structure. 

 
Fig. 7. Micro-hardness of all samples. 

According to the results, Al2O3 particles play an 
important role in increasing the hardness so that 
the hardness of the specimen S2 was about twice 
that of pure aluminum. However, graphene 
decreased the hardness. In the specimen S8 
contained 2% graphene, the hardness (34 HV) 
was lower than the other composites and even 
lower than pure aluminum. The addition of the 
optimum amount of SiC (0.7%) and graphene 
(0.3%) together with alumina caused specimen S8 

to have the highest hardness. Dwivedi et al. found 
that the simultaneous addition of the optimum 
amounts of Al2O3 and SiC increased the 
aluminum hardness by up to 82 BHN [32]. In fact, 
the reinforcing particles used in this study had 
strong structures and lower plasticity compared to 
the matrix (aluminum). Therefore, the major part 
of the stress applied to the structure is transferred 
to the reinforcing particles, and hence less stress 
is used to deform the aluminum matrix. 
Therefore, the presence of reinforcing particles in 
the aluminum matrix increased the hardness of 
the samples. The appropriate amount of these 
particles and their deposition at the grain 
boundary increases the dislocation locking, the 
hardness of the structure increased significantly. 
The increased hardness caused by the presence of 
the second phase can be explained by several 
mechanisms. The changes in the texture, in the 
energy of the grain boundaries in the presence of the 
secondary phase (the Hall-Petch relation), and 
dispersion strengthening (Orowan’s theory) are 
among the reasons offered for the increase in the 
hardness caused by the presence of secondary 
particles [33-36]. Orowan strengthening depicts the 
effect of dimensions and inter-particulate spacing of 
secondary-phase dispersoids. This mechanism, 
caused by the resistance of closely spaced 
reinforcements to the passing of dislocations, is 
important for aluminum matrix nanocomposite but 
is not a significant strengthening factor for 
traditional metal matrix composites at room 
temperature [37, 38]. According to Orowan’s 
theory, the presence of Al2O3, SiC and graphene 
cause dislocation locking and prevent their 
movements and, eventually, lead to increased 
hardness of the specimens. The increased hardness 
of the composite samples has also been proved in 
several other studies [39, 40]. 
Figure 8 presents the results of the tensile test for the 
prepared samples. It shows that the specimen S1 
lacking any reinforcing particle for manufacturing 
the composite exhibited the highest plastic 
deformation. It was also observed that the presence 
of these particles in the specimens severely reduced 
plastic deformation and increased the slope of the 
elastic region. This indicated that the presence of the 
reinforcing particles increased the strength and 
reduced the plasticity of the specimens. The increase 
in the strength in the presence of the reinforcing 
particles can be attributed to locking and 
accumulation of dislocations..
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Fig. 8. The stress-strain curve obtained from the tensile test for all samples. 

Table 3 lists the tensile strength values of all 
samples. It is clear that nanosized reinforcements 
have a significant effect on the tensile strength of 
nanocomposites. The enhanced strength of the 
nanocomposite is attributed to the stronger 
diffusional bonds and homogeneous distribution 
of reinforcements in the aluminum matrix during 
spark plasma sintering. Homogenous and uniform 
distribution of reinforcements in the aluminum 
matrix leads reinforcements to act as a barrier to the 
dislocations movement strengthening the matrix 
through the creation of high dislocations density 
regions during cooling at room temperature 

4. CONCLUSIONS 

The present study successfully produced aluminum 

matrix composites reinforced with Al2O3, SiC, and 
graphene using Spark Plasma Sintering (SPS). 
The structural and mechanical properties of 
composites were investigated. The results showed 
that the addition of reinforcing particles increases 
the density and reduces the porosity of the 
composites. It was correctly proved that the samples 
with less relative porosity had more hardness. The 
composite containing 1 wt.% Al2O3, 0.7 wt.% SiC, 
and 0.3 wt.% graphene showed higher hardness than 
other composites. In fact, the force applied to the 
composite structure is distributed between the metal 
matrix and the reinforcing particles. However, the 
presence of reinforcing particles severely reduces 
the plastic deformation and increases the slope of 
the elastic region. 
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