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Introduction

Nowadays, new materials with lightweight metal
matrix composites have shown outstanding applica-
tions in the area of transport, construction, aerospace,
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ABSTRACT

Novel composites of Al-graphene (0.1-0.3 wt%) have been prepared by powder
metallurgical processing. Powder composites were prepared by planetary ball
milling route in toluene medium by 5 h of milling under inert atmosphere. Then,
optimized high density compacted samples (prepared at 120 MPa) were sintered at
550 °C for 5 h. Various characterization of composites was done by using X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field emission scanning
electron microscopy, energy-dispersive spectroscopy (EDS), transmission electron
microscope, high-resolution transmission electron microscope (HRTEM), selected
area diffraction pattern (SAED), micro-Raman spectroscopy, electrical conductivity,
and microhardness to obtain an Al-graphene composite with improved micro-
hardness and electrical conductivity. Graphene was found in bi-layer form in the
typical sample aluminum-graphene (0.2 wt%) composite. Purity of samples con-
firmed from EDS analysis showing only peaks of Al and C. XRD, XPS, HRTEM, and
SAED studies establish the successful formation of Al and graphene composite. The
typical aluminum-graphene (0.2 wt%) sample show significantly higher electrical
conductivity (59.2 x 10°S/m) and microhardness (165 4 08 VHN) values than that
of pure aluminum, which shows electrical conductivity and microhardness values of
38.0 x 10°S/m and 65 + 05 VHN, respectively. The results further advance elec-
trical as well as structural, industrial applications of aluminum.

miniaturized microelectronic devices, thermoelectric
materials, etc., due to a low-density structure, excel-
lent thermal and electrical conductivity, and high
mechanical strength, simultaneously [1-4]. System-
atic observation with optimization of several critical
parameters is required to produce specific desired
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outputs in the metal matrix composites. The quality
of the final composite depends on some typical
parameters such as weight percentage, volume frac-
tion, size, shape, and orientation [5, 6]. The overall
physical and chemical properties of composites
depend on the dispersion nature of the reinforced
phase, including uniformity, non-uniformity, iso-
tropic or anisotropic distribution in the composites.
Among these materials, the aluminum (AD-matrix
composites have been potentially focused on by the
researchers owing to extraordinary properties such as
extremely lightweight, flexibility, malleability, corro-
sion resistance, conductivity, and also its easy avail-
ability [7-12]. Among all the metals such as nickel,
iron, magnesium, and chromium, it has the highest
abundance in the earth’s crust. It is commonly used
in various commercial applications, including mili-
tary applications such as helicopter instruments, fly-
wheels, and the retainer rings used in high-speed
motors, electronic/electrical equipment, automobile,
and a large number of building materials [13-16]. But
above applications are hardly observed in aluminum
in its pure form. Therefore, excellent features and
application areas can be better achieved when it is
subjected to reinforcement agents, which yields suc-
cessful composite with Al by improving uniform
dispersion properly in the matrix. Generally, Al is
used as a matrix phase in various material research
and industrial fields for producing advanced and
smart materials. Though aluminum metal and its
alloys/composites are quite attractive, still its elec-
trical and mechanical properties are limited in com-
parison to other advanced materials. It has been
reported that various materials including SiC, C,
Al,Os, SiO,, B, BN and B,C are added with the Al
matrix to improve its properties [8, 17].

It is reported in the literature that reinforcements of
CNTs (carbon nanotubes)/graphene have shown
amazing scope to improve the properties of com-
posites. This composite exhibits desired electrical,
thermal, mechanical, and functional properties
[9, 10]. Graphene has been considered to be better
choice material in several research fields across the
globe [10, 18-23]. Graphene is a single atomic layer of
C arranged in a honeycomb lattice. The novel Al-
graphene composite has great scope in material
research [19, 20]. Aluminum-graphene composite has
various potential applications because of exhibiting
high strength, low density, and having excellent
thermal and electrical conductivity. It can be used
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automotive industry, piston combustion face for
lowering engine emissions at elevated temperatures,
transportation materials, preparing defense compo-
nents, energy carrier material, wires and cables in
motors for electric vehicles, aerospace, space, and
satellite technologies, etc. [24-26]. This composite can
be used for making piston rings, brake shoes, and
various gears. In aerospace industries, brakes and
landing gears are specially can be developed. They
can be utilized in the making of antennas because of
their good electrical conductivity. Because of having
enhanced strength, lightweight bicycles and tennis
rackets can be manufactured by this composite. These
composites have a good surface area and high current
density potential, which make them useful for energy
storage purposes. These composites can be employed
in anodes and coatings [27].

Some literature suggests graphene addition
increases the electrical properties and microhardness
when it is incorporated into aluminum to form alu-
minum-graphene composites, whereas it is also
reported in the literature about the decrement values
of such properties. Some typical literature reports
related to our work are discussed here. Aluminum
with 1 wt% of graphene exhibits microhardness
increment up to 81 VHN in comparison to that of
pure Al [19]. Literature reports [20] that Al with
0.1 wt% of graphene shows the hardness of
27.7 VHN only. This value increased to 28.5 VHN by
increasing % of graphene up to 0.5 wt%. It has been
observed that the hardness value increased when the
sintering temperature increased from 550 to 650 °C
[20]. The minimum hardness value of 27.7 VHN was
obtained for the samples sintered at 550 °C (Al with
0.1 and 0.5 wt% graphene) while the maximum
hardness value of 28.4 VHN was obtained for the
samples sintered at 650 °C (Al with 0.1 wt% gra-
phene) [20]. Sinter product (at 560 °C for 4 h) of pure
aluminum and aluminum + 1 wt% graphene com-
posite show hardness of ~ 35 VHN and ~ 75 VHN,
respectively [28].

It was observed that the hardness of sintered (at
600 °C) pure Al and composite of Al/0.3 wt% of gra-
phene nanoparticles were 76 and 85 VHN, respectively
[29]. A higher hardness value of around 20 VHN was
achieved for sintered aluminum-graphene composite
(106 VHN) in comparison to the pure A1(81 VHN) [30].
In another work, the hardness of the pure aluminum
was found to be 64.0 & 2.0 VHN, whereas by addition
of the 0.7 wt% of graphene to Al matrix, the hardness
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value raised to 89.3 & 3.2 VHN [31]. When the gra-
phene % increases beyond 0.7 wt%, hardness value
shows decreasing tendency. The hardness of pure
aluminum, 0.1 wt% and 1.0 wt% graphene reinforce-
ment composites show microhardness of 111, 98 and
97 VHN, respectively [32]. It was important to observe
that when graphene content raised above 1% in alu-
minum matrix, the hardness value significantly
reduced. The decrease in the hardness was due to dif-
ficulty in making uniform distribution of graphene
reinforcement. The developed agglomeration tendency
of graphene in the matrix resulted in decreasing
mechanical properties of composites.

The electrical conductivity of Al/graphene
(0.5 wt%) composites was achieved 8.9% more than
that of pure Al [33]. At the same time, the electrical
conductivity was reported to be 30.6% lesser than that
of pure Al [34, 35]. This contradictory information
observed in literature encouraged us to work on Al-
graphene composite in view of improving properties.

In view of the above, it is worthwhile to mention
that more research and systematic approaches are
required to explore the properties of Al-graphene
composites. In this study, composites of Al-graphene
were prepared by 5 h of planetary ball milling of
mixtures of Al and graphene (0.1-0.3 wt%) in toluene
medium and under argon atmosphere. The following
optimized parameters were adopted during the syn-
thesis of composites: compaction of 120 MPa along
with sintering at 550 °C. In this paper, an attempt has
been made to prepare better quality aluminum-gra-
phene composites without the formation of alu-
minum carbide phase. The composite properties
were evaluated by using different techniques such as
X-ray diffraction (XRD), field emission scanning
electron microscopy (FESEM), X-ray photoelectron
spectroscopy (XPS), energy-dispersive spectroscopy
(EDS), transmission electron microscope (TEM), high-
resolution  transmission  electron  microscope
(HRTEM), selected area diffraction pattern (SAED),
micro-Raman spectroscopy, electrical conductivity,
and microhardness.

Experimental details
Al-graphene composite preparation

The starting materials used for the preparation of
composites were pure aluminum powder (purity 99%
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and density 2.78 g/cc) and graphene (purity 99% and
density 2.26 g/cc). At first, graphene was dispersed
in 100 mL of ethanol using an ultrasonic bath
(40 kHz) for 2 h, then the aluminum powder was
added to it, and the mixture was thoroughly mixed.
The weight percentage of graphene in the aluminum
matrix was maintained at 0.1, 0.2 and 0.3 to obtain
different Al-graphene composites. The mixed com-
posites were subjected to ball milling, and the ball to
powder ratio was maintained at 10:1. The ball milling
was carried out for 5 h at 350 RPM under toluene
atmosphere. After ball milling, different composites
were dried in a vacuum oven for 24 h at 100 °C.
Then, powders were taken for cold compaction at the
pressure of 100-150 MPa to prepare samples of size
around 20 mm diameter and 30 mm thickness. At
120 MPa, maximum compaction of composites was
achieved. The compacted samples were subjected to
sintering in a furnace at a temperature of 550 °C for
5h under the argon atmosphere. Then, sintered
samples were characterized and evaluated for the
physical, electrical and microhardness properties by
employing techniques.

Determination of density of composites

At first, compaction of pure Al ball-milled sample
was carried out a load of 100 MPa, 120 MPa and
150 MPa followed by sintering at 550 °C under argon
atmosphere in a furnace for 5 h. From Table 1, it is
observed that as compaction of load increase from
100 to 150 MPa, density was found to be increased. In
our work, maximum densification was developed at
a compaction load of 120 MPa because of improved
packing between the powder particles. Following the
above results, it was decided for compaction of Al-
graphene (0.1-0.3 wt%) composites under the opti-
mized load of 120 MPa followed by sintering of
550 °C for 5 h.

Characterization of composites

PANalytical X'Pert Pro diffractometer equipped with
Cu target was employed for recording X-ray diffrac-
tion patterns of various composites. Micro-Raman
characterization of all samples was done by Ren-
ishaw invia Reflex (UK) spectrometer. Morphological
and elemental composition were carried out with the
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Table 1 Green and sintered density of pure aluminum and aluminum—graphene composites sintered at 550 °C for 5 h compacted at

different applied loads

Sample ID Compaction load (MPa) Green density (g/cm?) Sintered density (g/cm?®)
Pure Al 100 2424 2.499
120 2.702 2.699
150 2.678 2.698
Al-graphene (0.1 wt%) 120 2.666 2.689
Al-graphene (0.2 wt%) 120 2.612 2.655
Al-graphene (0.3 wt%) 120 2.605 2.644

help of field emission scanning electron microscope
(FESEM) and energy-dispersive spectrometer (EDS)
were used, which is made by ZEISS SUPRA 55 and
Oxford, X-Max system attached with FESEM. In
order to study the high-resolution morphological
picture of samples, transmission electron microscope
(TEM) was carried out (TECNAI G? (200 kV, FEI
Netherland). At the time of TEM analysis, HRTEM
pictures, SAED patterns and EDS characterizations
were taken. 5 mL of ethanol was taken in a test tube.
A very small quantity of sample was added to it.
Then, the sample was sonicated for 30 min in an
ultrasonic bath. Using a 10 pl pipette, take a small
amount of liquid in the sonicated sample. Put a car-
bon-coated Cu grid with carbon face on top in a clean
tissue paper, then add one drop of liquid with the
sample to it and dry it using IR lamp. When it was
completely dried, the sample was ready for testing in
TEM. X-ray photoelectron spectroscopy (XPS) analy-
sis was done for calculation of binding energy (B.E.)
of different elements by using model S/N:1000:1,
Privacy, Poland. The electrical conductivity of com-
posites was measured by using Keithley 6221 Mul-
timeter. With the help of tester-LECO with a load of
0.5 kg and 14 s dwell time, the microhardness of
composites was determined by using Berkovich type
diamond indenter. Density measurement of com-
pacted pellets was determined ten times for each
sample by following Archimedes principle by
weighing the samples in the air as well as after dip-
ping in 100 °C distilled water for 4 h. Further by
using the four-probe method, electrical resistiv-
ity/conductivity (dc) was determined. Very fine
W wire probes of 4 numbers were mounted on the
pellet samples (circular in shape) at their central
regions in a zone of 4 mm radius. Using the formula
p=2ns (V/I) [36, 37], resistivity/conductivity of
samples was determined (where V is the voltage

between 2 inner probes and [ is the current measured
between 2 outer probes). Measurement parameters
were as follows: current: 1 pA-100 mA, voltage:
1 nV-100 V. More than 10 readings per sample were
carried out to calculate the arithmetic average values
of resistivity /conductivity.

Results and discussion
XRD analysis

XRD patterns of pure aluminum and aluminum-
graphene (0.1-0.3 wt%) composites (compacted at
120 MPa and sintered at 550 °C) are shown in Fig. 1.
Pure aluminum shows only diffracted peaks of Al
with the plane orientation of (111), (200) and (311).
Al-graphene (0.1-0.3 wt%) composites show peak of
Al and graphene. Graphene peak of C (002) is
observed at around 2 theta of 26.5°, which is found to
be similar to our earlier reported observation [38].
The typical Al-graphene (0.2 wt%) composite shows
the relatively strong intense peak of graphene and Al.
This result may be due to its good dispersion in Al
matrix. Interestingly in this composite, it is also
observed that FWHM of graphene peak is signifi-
cantly higher than other Al-graphene composites.
This outcome indicates reducing particle/grain size
with proper exfoliation of different layers of gra-
phene in the composite. XRD confirms the successful
preparation of composites between aluminum and
graphene.

From XRD spectra, the average crystallite size has
been calculated for Al and C phases considering only
their high intense peaks by applying Scherer equa-
tion [39]:

0=0.91/Bcos0 (1)
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Figure 1 XRD spectra of pure aluminum versus aluminum-—
graphene (0.1-0.3 wt%) composites.

where / is the X-ray wavelength and f is the FWHM
(full width at half maximum) in radian for the peak
observed at 20 diffracting angle. Al and C (graphene)
show crystallite size in the range of ~ 80-97 nm
and ~ 30-62 nm, respectively.

Micro-Raman spectra

Micro-Raman spectra of sintered Al-graphene com-
posites (compacted at 120 MPa and sintered at
550 °C) are shown in Fig. 2. Al is found absent in
spectra because of its metallic nature. The Al-gra-
phene (0.1-0.3 wt%) composites show 3 following
peaks: lattice of graphite (G peak), first-order disor-
der in graphite lattice (D peak) and second-order
disorder in graphite lattice (2D peak) [40, 41]. It is
observed that Al with 0.2 wt% graphene exhibits
downshifting of peak positions with relatively more
broadening, which confirms about proper Bernal
stacking of the graphene layers in the composite. This
result also indicates a reduction in size of plane sp”
domains which is caused due to the optimized effect
of ball milling. This result can be corroborated by the
higher FWHM value observed for the graphene peak
in its XRD study. A similar kind of observation is
reported in the literature [40]. From micro-Raman
spectra, Ig/Ip (intensity ratio between G peak and
2D peak) was determined. The typical Al-graphene
(0.2 wt%) composite infers Ig/Irp ratio around 0.9,
indicating bi-layer graphene present in the composite
(Table 2).
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Figure 2 Micro-Raman spectra of composites of aluminum—
graphene (0.1-0.3 wt%).

Microstructural investigation

FESEM analysis of pure Al and the typical Al-gra-
phene (0.2 wt%) composite (prepared by compaction
of 120 MPa and sintered at 550 °C) is presented in
Fig. 3. FESEM result of ball-milled pure Al (Fig. 3a)
shows high dense microstructural nature possible
due to applying optimized compaction. The particle
size was found to vary between 1 and 5 um. EDS
analysis was carried out on FESEM image of typical
Al-graphene (0.2 wt%) composite. EDS analysis of
marked phase 1 in Fig. 3b presented in Fig. 3c show
the peak of Al, whereas EDS carried out on marked
phase 2 in Fig. 3b presented in Fig. 3d infers peak of
C. In the EDS result, no impurity is traced. Graphene
layers with transparency type microstructure were
observed in the FESEM (Fig. 3b) microstructure of
typical Al-graphene (0.2 wt%) composite. Graphene
sheets were observed to be thin in structure. The
composites show a high dense microstructure. No
surface defect and porous behavior were observed
from FESEM analysis. This shows the quality of
composites prepared by the ball milling route fol-
lowed by compaction and sintering. Such a type of
microstructural improvement and level of dispersion
of graphene phase in Al matrix is hardly found in the
literature.
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Table 2 Raman shift and ; ; ;
determination of I/Ip values Sample ID D peak (cm™) G peak (cm™) 2D peak (cm ™) Is/ILp
from micro-Raman spectra AL-0.1 wt% graphene 1350 1580 2720 1.3
Al-0.2 wt% graphene 1338 1575 2670 0.9
Al-0.3 wt% graphene 1345 1580 2702 1.2

Intensity (a.u.)

0 2 4 6 8 10 12 14 16 18 20
KeV

Intensity (a.u.)

0 2 4 6 8 10 12 14 16 18 20
KeVv

Figure 3 FESEM characterizations: a Pure Al, b Al-graphene (0.2 wt%) composite; EDS study on FESEM b of Al-graphene (0.2 wt%)
composite: ¢ EDS taken on marked phase 1; d EDS took on marked phase 2.

The TEM results of 0.1 wt% and 0.2 wt% of the
graphene reinforced Al composites are shown in
Fig. 4. Two types of phases, white and dark, were
found to be developed in the composites. Composite
with 0.1 wt% graphene (Fig. 4a) shows the non-ho-
mogeneous distribution of dark phases on white
matrix, whereas the typical composite having 0.2 wt%
graphene (Fig. 4b) almost shows the homogenous
distribution of dark phases on white matrix. Well-de-
fined-grained microstructures (Fig. 4b, ¢) were
observed in composites with 0.2 wt% graphene.

0.3 wt% graphene reinforced Al composite shows
non-homogeneous and agglomeration of phases in
TEM image (Fig. 4d) similar to the microstructure
observed for the 0.1 wt% graphene reinforced Al
composite. Figure 4e shows HRTEM study taken on
TEM (Fig. 4c) of Al-graphene (0.2 wt%) composite.
Two kinds of lattice fringes inter-planner spacing of
0.333-0.334 nm and 0.223-0.224 nm are identified to
be due to C (002) (graphene) and Al(111), respec-
tively. SAED pattern of 0.2 wt% graphene with Al
taken on its TEM image (Fig. 4c) is presented in
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Figure 4 TEM and HRTEM '
results of Al-graphene (a)
composites: a TEM of Al-

graphene (0.1 wt%); b and

¢ TEM of Al-graphene

(0.2 wt%); d TEM of Al-

graphene (0.3 wt%);

e HRTEM of Al-graphene

(0.2 wt%) taken on TEM c.

”’934 nm

i

Fig. 5a. It shows diffracted spots with ring like pat-
terns. SAED result indicates that even after ball mil-
ling followed by compaction and sintering the size of
the unit cells of graphene and Al are not changed.
The bright diffraction spots confirm the constitutes of
composite as Al and C (graphene). The new Al (220)
diffracted plane was observed SAED pattern, which
was absent in its XRD result possibly due to its low
intensity present in the pattern. HRTEM and SAED
studies corroborated XRD and XPS characterization
results for addressing the successful formation of Al
and graphene composite without any presence of
aluminum carbide. EDS analysis was carried out on
TEM microstructure (Fig. 4c) for the identification of
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(b)

Al(lll)
0.223 nm ay111)

white and dark grains. EDS analysis carried out on
marked area 1 on Fig. 4c showed peaks of Al and C
as shown in Fig. 5b. On the other hand, EDS analysis
carried out on marked area 2 on Fig. 4c showed peaks
of only C as shown in Fig. 5c.

Cu is shown in EDS because of using Cu coated
carbon grid for TEM study. Al particles are found
well dispersed and interacted in the larger sheet of
graphene. TEM microstructure with sheet-like mor-
phology and less contrast is indicating graphene in
bi-layer/monolayer developed in the composite. On
sheet of graphene, aluminum particles are almost
uniformly distributed.



C(002)

Al(111)

Al(200) —
Al(220)

Al(311)

. (b)

—
=: C
o
o
> Cu
-
N
c
[0
t
- Cu

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

KeV
[+
. (c)
=
o
-
>
=
2 Cu
[0
-
£
Cu

S o " KeV

2.00 4.00 6.00 8.00 10.00 12.00 14.00

Figure 5 a SAED result on TEM (Fig. 4c) of Al-graphene
(0.2 wt%) composite; b and ¢ EDS taken on TEM (Fig. 4c) of Al-
graphene (0.2 wt) composite on marked phases 1 and 2,
respectively.

XPS study

Figure 6 and 7 shows XPS study in Al 2p and C 15
core levels of typical Al-graphene (0.2 wt%) com-
posite compacted at 120 MPa and sintered at 550 °C.
The analysis of the binding energies (B.E.s) shows Al
atoms participation in Al-Al bonds and interaction of
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Figure 6 De-convoluted Al 2p core level XPS spectra for typical
Al-graphene (0.2 wt%) composite.

atoms for the formation of composite with C (gra-
phene) by decreasing intensity corresponding to the
lattice of Al The peak identification was made by
referring to the literature [42]. The Al 2p de-convo-
luted core level spectrum exhibits 2 peaks at 71.9 eV
and 73.9 eV and corresponds to Al-Al (lattice bond-
ing) and Al-C (bonding of the Al atoms with gra-
phene), respectively. Here, C refers to graphene. The
intensity of peak for Al-C is found higher than peak
associated with Al-Al. It is maybe due to carbon
being very sensitive to XPS analysis and layers of
graphene are found to be almost coated/cover the
grains of aluminum as seen in the FESEM analysis
(Fig. 3b) of Al-graphene (0.2 wt%) composite. The
specific surface area is very high in the case of gra-
phene, i.e., 2630 m?/g, so 0.2 wt% can cover a large
area in comparison to Al powder, increasing the
intensity of Al-C in comparison to Al-Al. It may also
be due to the strong bonding that exists between
intercalated Al atoms and graphene interlayers. This
provides Al matrix additional chemical forces (be-
cause of the strong Al-C interactions) and may
strengthen the adhesion between Al and graphene,
eventually having the scope to improve the
mechanical property of the matrix. The assumption is
reflected on the improvement of hardness of typical
Al-graphene (0.2 wt%) composite in comparison to
pure aluminum.

Similarly, Cls de-convoluted core level spectra
exhibit peaks for bonding of the C atoms with Al(C-
Al) and lattice bonding of C-C at B.E.s of 282.4 eV
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Figure 7 De-convoluted Cls core level XPS spectra for typical
Al-graphene (0.2 wt%) composite.

and 284.7 eV, respectively. The bonding between Al
and C (graphene) confirms that Al atoms interacted
in the graphene interlayer and make covalent bond-
ing with the C atoms of graphene. This bonding will
provide Al matrix with the additional molecular
forces (due to AIl-C interactions), which leads to
enhancing the mechanical behavior of the composite.

Determination of electrical conductivity
and microhardness values

Electrical conductivity of sintered pure Al and Al-
graphene composites (compacted at 120 MPa and
sintered at 550 °C) were determined and presented in
Table 3. Pure Al shows electrical conductivity of
38 x 10°S/m. Among the samples, Al-graphene
(0.2 wt%) composite shows significant improvement
in electrical conductivity (59.2 x 10°S/m) in com-
parison to that of pure Al. Our observed electrical
conductivity for Al with 0.2 wt% graphene was
found to be higher than the reported value for Al
with 0.5% graphene [35].

The microhardness of pure Al and Al-graphene
composites (compacted at 120 MPa and sintered at
550 °C) were evaluated and presented in Table 3 and
Fig. 8. Microhardness of pure Al was found 65 + 08
VHN. It is observed that increasing graphene % in
the composites microhardness value increases. Al-
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graphene (0.2 wt%) exhibits a higher hardness
(165 = 08 VHN) value than that of pure Al The lit-
erature reports microhardness value for Al/0.6 wt%
graphene nanoparticles is 85 + 5 VHN [29]. In other
work, microhardness for Al-graphene (0.5 wt%)
composite (compacted at 60 MPa and sintered at
650 °C) was determined around 28.4 VHN. Similarly,
other researchers [10, 42] reported the hardness of
graphene reinforced composites in the range of
89-122 VHN.

The literature reports three Al-xGNPs (x = 0, 0.5,
1.0 wt%) nanocomposites prepared by powder met-
allurgy route [43]. For the compaction of the powder
sample, 500 MPa pressure was chosen. The sintering
of composites was carried out for 6 h at 620 °C under
an inert atmosphere (N,). The maximum hardness of
57 + 4.2 VHN was observed for Al-1.0 wt% GNPs
composite. In the composite sample, a maximum
density of 2.695 g/cm® was observed for Al-0.5 wt%
GNPs. Pure aluminum sintered sample shows a
maximum sintered density of 2.646 g cm™. Impres-
sive homogeneous distribution of graphene is found
in aluminum matrix. But in our case, we prepared
Al-graphene composites (0.1-0.3 wt%) at optimized
compaction and sintering of 120 MPa and 550 °C for
5 h under the argon atmosphere, respectively. Our
Al-graphene (0.2 wt%) composite shows more than
3x of hardness in comparison to the Al-1.0 GNPs.
More analysis results of complex dielectric, complex
electric modulus, and AC electrical conductivity were
reported by the literature [44] for fabricated Al/(5%
graphene (Gr)-PVA)/p-Si (metal-polymer-semicon-
ductor) type structures for use in ultra-capacitor. An
attempt had taken to develop a high dielectric
material which leads to an increase in the capaci-
tance, and it can store a higher charge of energy. But
in our work, we have taken attempt to develop alu-
minum—graphene composites for various potential
applications because of exhibiting high strength, low
density and having excellent thermal and electrical
conductivity. It can be used automotive industry,
preparing defense components, energy carrier mate-
rial, energy storage devices, aerospace, space, and
satellite technologies, etc.

The observed hardness value in our work was
found significantly higher than the reported value by
other workers. In our work, microhardness and
electrical conductivity of composite with 0.3 wt%
graphene was found to show a lower value in com-
parison to that of 0.2% graphene. Relatively
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Table 3 Electrical
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conductivity and Sample ID

Electrical conductivity (x 10% S/m)

Microhardness in VHN

microhardness values
determined for Al and Al-
graphene composites

Al

Al-graphene (0.1 wt%)
Al-graphene (0.2 wt%)
Al—graphene (0.3 wt%)

38.0 65 £ 05
44.43 82 £ 03
59.1 165 £ 08
54.6 150 £ 10

1604 .\
1 o

140
120 -
100 -

o

60

Microhardness (VHN)

T T T T

0.0 0.1 0.2 0.3
Wt% of graphene in Al matrix

Figure 8 Comparison of microhardness values of pure Al versus
Al-graphene composites.

microhardness and electrical conductivity values of
composite with 0.2% graphene are increased may be
due to better packing developed between Al and
graphene and almost homogenous distribution of
graphene in Al matrix microstructure. Even after
0.2 wt% reinforcement of graphene, the density of
composite was found to be 2.655 g/cm®. The litera-
ture reports [45] that better final property of Al-gra-
phene composite depends on the suitable amount of
reinforcement of graphene with homogenous distri-
bution, and strong interfacial bonding between gra-
phene and Al matrix which is confirmed from our
XPS study. In this work, the optimized composition is
0.2 wt% graphene reinforcement in aluminum
matrix. Above the threshold, the properties will
degrade beyond 0.2 wt% of graphene reinforcement,
possibly because of the non-homogeneous or
agglomeration formation of graphene in the Al
matrix [45] as shown in the TEM image for 0.3 wt%
graphene reinforced aluminum composite and can
result in decreasing mechanical property of com-
posite. With increasing graphene %, the number of
particles present will increase and agglomerate at the
grain boundary of aluminum. Refinement and

modification of grains lead to the finer size of grains.
It increases more number of grain boundaries
resulting in more resistance to electron motion which
may also lead to a decrease in conductivity of the
composite.

With increasing graphene %, more particles may be
present in the grain boundary of aluminum which
causes agglomeration and decreasing microhardness
property of composite. Due to grain modification,
finer becomes the grain size with increasing more
number of grain boundaries; which strongly resist
electron drifting and lead to decrease in electrical
conductivity of the composite. From the results and
discussion, it may be concluded that successful dis-
persion of graphene sheets in the matrix of Al and
development of suitable bonding between Al and
graphene under suitable compaction and sintering at
optimized conditions can improve structural, elec-
trical and mechanical properties of the composite.

Conclusion

The work reports successful Al-graphene
(0.1-0.3 wt%) composites preparation by 5 h of high
energy ball milling followed by compaction and 5 h
of sintering at 550 °C. The density of pure Al was
found to increase with increasing load from 100 to
150 MPa. The properties of pure Al and Al-graphene
(0.1-0.3 wt%) composites prepared under the load of
120 MPa and sintered at 550 °C were evaluated in
this work. XRD along with XPS, FESEM, TEM,
HRTEM and SAED studies confirm Al and graphene
composite formation. Composites were free from
oxidation and carbide forms of Al This result was
confirmed by EDS study. High transparency with
very thin and reduced contrast of graphene phases
was developed in the matrix of Al. The composite
with 0.2 wt% graphene shows a mostly homogenous
distribution of graphene in the composite. Different
peaks of carbon such as D, G and 2D peaks were
observed from Raman analysis. The microstructure of

@ Springer
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graphene was found bi-layer. In contrast, pure Al
shows hardness of 65 + 05 VHN; Al-graphene with
0.2 wt% shows hardness value of 165 £ 08 VHN. The
electrical conductivity of Al-graphene (0.2 wt%) was
found better (59.2 x 10° S/m) than pure Al. Such
microstructural, electrical conductivity and micro-
hardness results confirm that Al-graphene compos-
ites were prepared under optimized ball milling,
compaction and sintering conditions with improved
properties.
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