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Abstract: Al matrix nanocomposites are interestingly employed in the automotive, military, aerospace
and electronics packaging industries. In this study, Graphene Nanoplatelets (GNPs) reinforced
AlSi10Mg nanocomposites were produced via powder metallurgy. The effect of GNPs content on
density, microstructure and mechanical characteristics of the AlSi10Mg/GNPs nanocomposites was
investigated systematically. To this aim, AlSi10Mg/GNPs nanocomposites reinforced with 0.5, 1.0
and 2.0 wt.% of GNPs were produced by wet mixing method following by hot compaction at 600 ◦ C.
To evaluate the effect of GNPs on mechanical properties of the as-fabricated nanocomposite, Vickers
hardness and tensile properties of composites analyzed at room temperature. According to the results,
it was found that the fabrication of AlSi10Mg/GNPs nanocomposites is faced with several challenges
such as agglomeration and non-uniform dispersion of GNPs that should be addressed to achieve
the desirable thermal and mechanical properties. For instance, surprisingly, it is revealed that the
mechanical and thermal properties of nanocomposites were deteriorated in the presence of a high
quantity of GNPs (>1.0 wt.%), which can be attributed to the GNPs agglomeration and accordingly
introduction of internal porosity in the nanocomposite. The relatively low fraction of GNPs can
uniformly be dispersed in the matrix and improve the performance of the nanocomposite.
Keywords: metal matrix nanocomposite; Al alloys; graphene; mechanical properties; microstructure

1. Introduction
Graphene is composed of a single atomic layer of sp2 hybridized carbon atoms, which attracted
more attention as an interesting reinforcement in metal matrix nanocomposites (MMNCs) owing to
the particular properties such as electrical [1–3] and mechanical properties [4,5], and it’s fascinating
thermal properties [4,6]. The few-layer graphene (FLG) with high specific surface area is well-known
as a desirable reinforcement in MMNCs, so that results in the production of MMNCs with excellent
mechanical properties [7]. Moreover, low density of Graphene Nanoplatelets (GNPs) causes the
increase of its applications in weight-reduction of MMNCs, ceramics or polymers [8–10]. Regarding
the application of GNPs in the production of Ceramic Matrix Nanocomposite (CMNCc), Wang et al.
indicated that in the presence of 2.0 wt.% GNPs, the fracture toughness of Al2 O3 can be improved by up
to 53% [10]. In another work, the fracture toughness of monolithic Si3 N4 was enhanced up to 136% by
the addition of 1.5 vol.% GNPs [11].
Nevertheless, according to recent research, the production of GNP reinforced MMNCs has been
attracting worldwide attention due to their excellent characteristics. Thus far, among the MMNCs
reinforced by GNPs, Mg–GNPs [12,13], Cu–GNPs [14–16] and Al–GNPs [17,18] nanocomposites are the
Metals 2019, 9, 1000; doi:10.3390/met9091000

www.mdpi.com/journal/metals

Metals 2019, 9, 1000

2 of 12

most interesting nanocomposites that have been developed. For instance, in 2014, Rashad et al. found
that the better GNPs dispersion within aluminum achieved by the liquid state mixing of GNPs in Al
powder [19]. Their results showed that through the uniform distribution of GNPs within the metallic
matrix, it would be possible to effectively improve the final properties of composites. In another work,
Wang et al. produced Al-Multilayered Graphene (Al–MLG) through the combination of conventional
powder metallurgy and hot extrusion [20]. Saboori et al. investigated the effect of GNPs on the
microstructure and mechanical properties of Al/GNPs nanocomposites produced via powder metallurgy
and hot rolling methods [21]. They have shown that a uniform dispersion of GNPs within the matrix
can be achieved only at low GNPs contents, and after a specific quantity, the GNPs agglomerates start
to form and deteriorate the final mechanical properties of the composite. In another work, it was found
that by increasing the GNPs content, the compressibility and sinterability of Al composites decrease
markedly, which resulted in the higher porosity content in the final composites [22]. Rashad et al.
studied the mechanical performance of magnesium matrix composites reinforced by GNPs, and their
results indicated that a homogeneous dispersion of GNPs can result in an increment in microhardness,
tensile strength and fracture strain of those composites [23]. The Cu-GNPs nanocomposite is another
interesting nanocomposite that was developed by Saboori et al. [16]. In fact, they produced Cu-GNPs
composites via classical powder metallurgy followed by hot isostatic pressing (HIP). It was found that
the relative density of Cu and Cu composites increases by using the HIP process. In fact, by using HIP
as post-process, it would be possible to eliminate the residual porosities and consequently improve the
mechanical properties and thermal conductivity of the composites. Bartolucci et al. fabricated Al/GNPs
composites via HIP and extrusion [24]. Their findings indicate that GNPs are prone to forming Al4 C3
during the process that accordingly deteriorates the hardness and tensile strength of Al composites.
Saboori et al. fabricated Cu-GNPs nanocomposites using a wet mixing method followed by conventional
powder metallurgy [3]. In their work, ball milling and wet mixing as two different mixing methods to
disperse the GNPs within the copper powder were considered and compared. Their microstructural
evaluations showed that ball milling is not a proper method to disperse the GNPs within the Cu matrix,
whereas the wet mixing method has great potential to be employed as a dispersion method.
Nevertheless, to date, there are few studies that have investigated the association between the
microstructure, mechanical and thermal properties of AlSi10Mg alloy and the GNPs content. Therefore,
this research aimed to explore the effect of GNPs on the microstructure, mechanical and thermal
properties of AlSi10Mg alloy. Thus, different weight percentages of GNPs (0, 0.5, 1.0 and 2.0 wt.%)
were added to AlSi10Mg by using the wet mixing method followed by hot compaction at 600 ◦ C.
Thereafter, thermal conductivity and mechanical characteristics of AlSi10Mg-GNPs nanocomposites
were evaluated, as well as the microstructure.
2. Materials and Methods
In this study, graphene nanoplatelets with 99% purity, 100 nm thickness and 25 µm width together
with a spherical gas-atomized AlSi10Mg powder with 35 µm average size were used as starting
materials. The chemical composition of the starting AlSi10Mg powder is shown in Table 1. Based on
the datasheets, the densities of GNPs and AlSi10Mg powders were 2.2 and 2.67 g/cm3 , respectively.
Table 1. Chemical composition (wt.%) of the AlSi10Mg alloy.
Al

Si

Fe

Cu

Mn

Mg

Ni

Zn

Pb

Sn

Ti

Balance

9–11

≤0.56

≤0.05

≤0.43

≤0.2–0.45

≤0.05

≤0.11

≤0.05

≤0.05

≤0.15

The nanocomposite powder mixture is prepared via a wet mixing method proposed by
Rashad et al. [25]. In this method, at first, GNPs were dispersed in ethanol through ultrasonication
for 45 min. Simultaneously, AlSi10Mg powders were separately dispersed via mechanical agitation
in ethanol. Then, to achieve the final mixture of AlSi10Mg/GNPs, after ultrasonication, GNPs were
inserted dropwise into the Al powder slurry. Afterwards, to improve the homogeneity, the mixtures
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Figure 1. (a) Scanning electron microscope (SEM) micrograph of as-received AlSi10Mg power, (b) Light
3
Optical Microscopy (LOM) image of the cross-section of AlSi10Mg powder, (c) SEM micrograph of
graphene nanoplatelets.

Metals 2019, 9, x FOR PEER REVIEW

4 of 12

Figure 1. (a) Scanning electron microscope (SEM) micrograph of as-received AlSi10Mg power, (b)
Light Optical Microscopy (LOM) image of the cross-section of AlSi10Mg powder, (c) SEM
micrograph of graphene nanoplatelets.
Metals 2019, 9, 1000

4 of 12

Based on the Raman spectra, there are three distinct bands at 1331, 1580 and 2680 cm–1, which
are related
band (disorder
related),
G band
(graphite
related),
and
2Dand
band
(second-order),
Based to
onthe
theDRaman
spectra, there
are three
distinct
bands
at 1331,
1580
2680
cm−1 , which
respectively.
By
an
intensity
ratio
of
the
2D
band
to
G
band
it
was
confirmed
that
as-received
are related to the D band (disorder related), G band (graphite related), and 2D band (second-order),
graphene
is
not
a
single-layer.
In
addition,
the
presence
of
a
small
number
of
defects
in
as-received
respectively. By an intensity ratio of the 2D band to G band it was confirmed that as-received graphene
graphene
was confirmed by the ratio of G band over D band, which is equal to 0.12. However,
is not a single-layer. In addition, the presence of a small number of defects in as-received graphene
evaluation
of composite powder mixture after the mixing indicates that the ratio of G band over D
was confirmed by the ratio of G band over D band, which is equal to 0.12. However, evaluation of
band
remains almost unchanged (0.122) that confirms that through the wet mixing method it would
composite powder mixture after the mixing indicates that the ratio of G band over D band remains
be possible to mix the GNPs with the metallic powder without introducing any defect in its structure
almost unchanged (0.122) that confirms that through the wet mixing method it would be possible to
(Figure 2).
mix the GNPs with the metallic powder without introducing any defect in its structure (Figure 2).

Figure 2. Raman spectra of as-received graphene nanoplatelets and AlSi10Mg-GNPs nanocomposite
Figure 2. Raman spectra of as-received graphene nanoplatelets and AlSi10Mg-GNPs nanocomposite
powder after mixing.
powder after mixing.

The porosity evaluation of samples was performed via image analysis method on five images per
The porosity evaluation of samples was performed via image analysis method on five images
sample, and the average values are reported as the average porosity content of samples.
per sample, and the average values are reported as the average porosity content of samples.
This porosity analysis indicated that the porosity content of samples was fairly limited and is in the
This porosity analysis indicated that the porosity content of samples was fairly limited and is in
range of 0.04–0.25% for the AlSi10Mg–GNPs nanocomposites. Figure 3a–d demonstrates representative
the range of 0.04–0.25% for the AlSi10Mg–GNPs nanocomposites. Figure 3a–d demonstrates
microstructure of AlSi10Mg–x wt.%GNPs (x = 0, 0.5, 1.0, 2.0) nanocomposites after hot consolidation at
representative
microstructure of AlSi10Mg–x wt.%GNPs (x = 0, 0.5, 1.0, 2.0) nanocomposites after hot
600 ◦ C. As can be seen, the microstructure of AlSi10Mg (Figure 3a) consists of α-Al solid solution as
consolidation at 600 °C. As can be seen, the microstructure of AlSi10Mg (Figure 3a) consists of α-Al
the white matrix and dispersed eutectic Si particles that are detectable like a dark phase. In addition, it
solid solution as the white matrix and dispersed eutectic Si particles that are detectable like a dark
was found that despite a homogeneous dispersion of GNPs (the black phase at the grain boundaries)
phase. In addition, it was found that despite a homogeneous dispersion of GNPs (the black phase at
within the AlSi10Mg matrix after the hot consolidation, by increasing the GNPs content the number
the grain boundaries) within the AlSi10Mg matrix after the hot consolidation, by increasing the GNPs
of graphene agglomerates increased markedly (Figure 3b–d). Moreover, grain size evaluation via
content the number of graphene agglomerates increased markedly (Figure 3b–d). Moreover, grain
the intercept method showed that the grain size of nanocomposites decreases from 23 ± 3.5 µm for
size evaluation via the intercept method showed that the grain size of nanocomposites decreases from
AlSi10Mg to 15 ± 1.7 µm for AlSi10Mg–2%GNPs. It means the introduction of GNPs also resulted in
23 ± 3.5 μm for AlSi10Mg to 15 ± 1.7 μm for AlSi10Mg–2%GNPs. It means the introduction of GNPs
slight grain refinement in the nanocomposite materials.
also resulted in slight grain refinement in the nanocomposite materials.
As is revealed in Figure 3a,b, a rather homogeneous dispersion of GNPs particles in the AlSi10Mg
As is revealed in Figure 3a,b, a rather homogeneous dispersion of GNPs particles in the
matrix achieved that cause to the increment in mechanical features due to the grain reinforcement
AlSi10Mg matrix achieved that cause to the increment in mechanical features due to the grain
and Orowan strengthening mechanisms. However, in the case of AlSi10Mg-GNPs nanocomposites
reinforcement and Orowan strengthening mechanisms. However, in the case of AlSi10Mg-GNPs
with high GNPs contents, some large agglomerates of GNPs can be seen at the grain boundaries
nanocomposites with high GNPs contents, some large agglomerates of GNPs can be seen at the grain
(Figure 3c,d), which occur as a result of Pi–Pi interaction between graphene nanoplatelets. Therefore,
boundaries (Figure 3c,d), which occur as a result of Pi–Pi interaction between graphene nanoplatelets.
according to the findings of the previous works, it can be expected that this agglomerate formation
Therefore, according to the findings of the previous works, it can be expected that this agglomerate
adversely affects the mechanical performance of nanocomposite [26].
formation adversely affects the mechanical performance of nanocomposite [26].
Figure 4a–d is the Optical micrographs of AlSi10Mg–xGNPs (x = 0, 0.5, 1.0, 2.0 wt.%). These
images were achieved in the cross-section parallel to the hot consolidation direction. As shown in
Figure 4a, the microstructure of AlSi10Mg alloys is the same as its microstructure in the perpendicular
direction that brings the isotropic properties in this
4 material. The microstructure of Alsi10Mg-GNPs
nanocomposites shows that the GNPs had a preferred orientation during the consolidation and the
majority of nanoplatelets are oriented in the perpendicular direction of compaction. This preferred
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orientation of GNPs, which is also revealed in the literature [27], leads to anisotropic behavior of
materials. This anisotropic behavior could be due to the significant difference between the in-plane and
out-of-plane properties of graphene and its preferred orientation during the compaction. According to
inherent properties of GNPs, the out of plane strength (weak physical bonding between the layers)
of GNPs is much less than its in-plane strength (strong chemical bonding between the atoms of the
same 2019,
layer).
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In general, it is reported that in the MMNCs reinforced
by a reinforcing material, there are four
types of interfacial bonding, including van der Waals attraction, mechanical bonding, reaction bonding
and diffusion bonding [28]. Therefore, a more in-depth microstructural analysis demonstrates that
the interfacial bonding between the matrix (AlSi10Mg) and reinforcement (GNPs) is a mechanical
interlocking, which is the weakest type of interfacial bonding (Figure 5).

In general, it is reported that in the MMNCs reinforced by a reinforcing material, there are four
types of interfacial bonding, including van der Waals attraction, mechanical bonding, reaction
In general, it is reported that in the MMNCs reinforced by a reinforcing material, there are four
bonding and diffusion bonding [28]. Therefore, a more in-depth microstructural analysis
types of interfacial bonding, including van der Waals attraction, mechanical bonding, reaction
demonstrates that the interfacial bonding between the matrix (AlSi10Mg) and reinforcement (GNPs)
bonding and diffusion bonding [28]. Therefore, a more in-depth microstructural analysis
is a mechanical interlocking, which is the weakest type of interfacial bonding (Figure 5).
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6
properties leads to a decrease in the values of UTS and FS in comparison with that of AlSi10Mg. These
findings are also in line with a previous work on the
6 mechanical properties of AlSi10Mg-GNPs [29,30].
The mechanical features improvement of AlSi10Mg–0.5 wt.% GNPs can be related to the hindering
of dislocation motion across the matrix/reinforcement interface by GNPs during the tensile loading

see that the same trend of hardness with the GNPs content is also seen in the tensile properties. As
can be seen in Figure 7, by the addition of 0.5 wt.% of GNPs, the UTS value of nanocomposite is
gently increased, whereas additions exceeding 1 wt.% deteriorates the tensile characteristics. The
deterioration of tensile properties leads to a decrease in the values of UTS and FS in comparison with
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these defects individually plays a key role in the final properties of nanocomposites. For instance, the
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interface bonding between reinforcement and matrix
has a significant role in the load transfer from
the matrix to reinforcement [32,33]. This finding is also reported in the literature about the MMNCs
reinforced by GNPs [26]. The FESEM images of the fracture surface of the AlSi10Mg nanocomposites
with different GNPs contents are shown after the tensile test at ambient temperature. In principle,

mechanical properties, as is clear in Figure 8d, where an apparent brittle fracture area surrounds a
platelet. Each of these defects individually plays a key role in the final properties of nanocomposites.
For instance, the interface bonding between reinforcement and matrix has a significant role in the
load transfer
from the matrix to reinforcement [32,33]. This finding is also reported in the literature
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about the MMNCs reinforced by GNPs [26]. The FESEM images of the fracture surface of the
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3.3. Thermal Properties
3.3. Thermal Properties
Superior properties of GNPs make this material a proper candidate to be used in MMNCs to
Superior properties of GNPs make this material a proper candidate to be used in MMNCs to
improve their Thermo-physical properties and accordingly broaden their applications in electronic
improve their Thermo-physical properties and accordingly broaden their applications in electronic
packaging industries. Therefore, in this work to assess the effect of GNPs on the thermal conductivity
packaging industries. Therefore, in this work to assess the effect of GNPs on the thermal conductivity
of AlSi10Mg/GNPs nanocomposites at high temperatures, their thermal diffusivity was measured via
of AlSi10Mg/GNPs nanocomposites at high temperatures, their thermal diffusivity was measured via
laser flash method, and then their thermal conductivity was calculated. Figure 9 shows the thermal
laser flash method, and then their thermal conductivity was calculated. Figure 9 shows the thermal
conductivity of AlSi10Mg and its nanocomposites up to 400 ◦ C. As can be seen in this figure, the
conductivity of AlSi10Mg and its nanocomposites up to 400 °C. As can be seen in this figure, the
thermal conductivity of AlSi10Mg–0.5% GNPs slightly increases with respect to the AlSi10Mg alloy,
thermal conductivity of AlSi10Mg–0.5% GNPs slightly increases with respect to the AlSi10Mg alloy,
whereas the thermal conductivity of the nanocomposites with higher graphene contents (≥1 wt.%)
8
is deteriorated. This significant difference in the thermal
conductivities is directly attributed to the
graphene content. Indeed, as revealed earlier in Figure 3, by increasing the quantity of GNPs, the
number of agglomerates increases markedly, and higher porosity content is the first important
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Figure 9. Thermal conductivity of AlSi10Mg–x wt.% GNPs (x = 0, 0.5, 1.0 and 2) after hot consolidation.
Figure 9. Thermal conductivity of AlSi10Mg–x wt.% GNPs (x = 0, 0.5, 1.0 and 2) after hot
consolidation.
The
interfacial thermal resistance of the AlSi10Mg/GNPs can be estimated via the acoustic

mismatch model (AMM) model [34]:
The interfacial thermal resistance of the AlSi10Mg/GNPs can be estimated via the acoustic
ρin ρtran ϑ4in
mismatch model (AMM) model [34]:
1
(2)
h = ρin Cin
2
2
4 ϑtran )
ϑtran (ρin ϑin + ρtran

ρin ρtranϑin
1
h = ρinCin
(2)
( ρinϑin + ρtran
ϑtran )2 respectively. Terms of “in” and
where C, ρ and ϑ are the specific heat,2densityϑand
velocity,
tran phonon
“tran” as subscripts are referring to the incident and transmission sides of the phonon, respectively.
where C, ρ and ϑ are the specific heat, density and phonon velocity, respectively. Terms of ‘‘in’’ and
Since the transversal waves contribute to heat transfer, their velocities were taken into account. By using
‘‘tran’’ as subscripts are referring to the incident and transmission sides of the phonon, respectively.
the datasheet of starting materials and also data presented in the previous works [35] in Equation (2),
Since the transversal waves contribute to heat transfer, their velocities were taken into account. By
the interfacial resistance between the matrix and reinforcement is h = 5.3 × 107 W·m−2 ·K−1 , which is
using the datasheet of starting materials and also data presented in the previous works [35] in
slightly higher than the resistance that is reported for Al/GNPs (5 × 107 W·m−2 ·K−1 [36,37]).
Equation (2), the interfacial resistance between the matrix and reinforcement is h = 5.3 ×107 W·m−2·K−1,
is slightly higher than the resistance that is reported for Al/GNPs (5 ×107 W·m−2·K−1 [36,37]).
4.which
Conclusions
In this research, wet mixing method and hot consolidation (600 ◦ C) were used for synthesizing
4. Conclusions
of AlSi10Mg–xGNPs (x = 0, 0.5, 1 and 2 wt.%) nanocomposites. Based on the results, the following
In this can
research,
wet mixing method and hot consolidation (600 °C) were used for synthesizing
conclusions
be drawn:
of AlSi10Mg–xGNPs (x = 0, 0.5, 1 and 2 wt.%) nanocomposites. Based on the results, the following
•conclusions
Wet mixing
method
can be
drawn:has a great potential to be used as a mixing method to homogeneously
disperse a low quantity of GNPs within the AlSi10Mg matrix.
•
Wet mixing method has a great potential to be used as a mixing method to homogeneously
•
In the mixing of AlSi10Mg/GNPs, there is a critical threshold for the quantity of GNPs that should
disperse a low quantity of GNPs within the AlSi10Mg matrix.
be considered, in such a way that after this critical quantity GNPs start to for agglomerates and
•
In the mixing of AlSi10Mg/GNPs, there is a critical threshold for the quantity of GNPs that
deteriorate the final properties of nanocomposites.
should be considered, in such a way that after this critical quantity GNPs start to for
•
By increasing the quantity of GNPs, the residual porosity content increases dramatically.
agglomerates and deteriorate the final properties of nanocomposites.
•
Grain refinement is one of the significant effects of graphene addition on the microstructure of
•
By increasing the quantity of GNPs, the residual porosity content increases dramatically.
AlSi10Mg/GNPs nanocomposites and plays a key role in the strengthening of the nanocomposites
through the Hall-Petch strengthening effect.
•
In-depth microstructural investigations revealed
9 that the interfacial bonding between AlSi10Mg
and GNPs is one of the weakest types interfaces, which is called mechanical interlocking.
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The effect of GNPs addition on mechanical characteristics (UTS, YS, FS and hardness) of AlSi10Mg
was investigated. It was found that the AlSi10Mg nanocomposites with 0.5 wt.% GNPs presented
the highest hardness and UTS, which could be associated with the grain refinement as the primary
strengthening mechanism.
Surprisingly, AlSi10Mg–1 and 2% GNPs nanocomposites presented lower mechanical properties
with respect to the un-reinforced AlSi10Mg alloy, which might be as a consequence of GNP
agglomeration and higher porosity content.
The same trend of mechanical properties is also achieved in the thermal conductivity of the
nanocomposites in which, at the low quantity of GNPs, the thermal conductivity of the nanocomposite
increased slightly, whereas at higher GNPs contents, their thermal conductivities deteriorated.
The interfacial thermal resistance of the AlSi10Mg/GNPs was estimated via the acoustic mismatch
model (AMM) model, and the outcome shows that the interfacial resistance between AlSi10Mg/GNPs
is slightly higher than Al/GNPs.
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