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ALUMINIUM OXIDE (Al.03)-FEW LAYER GRAPHENE (FLG) REINFORCED
ALUMINIUM HYBRID COMPOSITES

The present study investigates the microstructural and mechanical properties of few layer graphene (FLG, 0.1 to 5 wt.%)
and aluminium oxide (AL O;, 4 to 20 wt.%) reinforced Al6061 matrix composites prepared via mechanical alloying (MA),
uniaxial pressing and pressureless sintering. The effects of the amounts of Al,O; and FLG were studied. MA was carried out
at 300 rpm for 3 h in a planetary ball mill in argon atmosphere. The mechanically alloyed (MAed) powders were compacted
via uniaxial pressing (400 MPa) and sintering (620°C, 2 h). The microstructural and mechanical properties of the
Al-xALO3;-yFLG powders and bulk samples were investigated via X-ray diffraction (XRD), light microscopy (LM), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), the Archimedes’ method and a hardness test. In the XRD
analysis, the aluminium carbide (Al;C;) phase was not detected. The SEM, LM micrographs and EDS results show that the
produced composites have a homogeneous structure. Based on the Archimedes’ method, the densification rates of the rein-
forced samples were higher than the unreinforced sample. The Al-20A1,0;-3FLG sample exhibited the highest relative
density, 99.25%. According to the hardness measurements, the highest hardness value was 87.28 HV for the Al-20A1,0s;-1FLG

composite and increased twofold compared to Al6061.
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INTRODUCTION

Metal matrix composites (MMCs) are currently
being chosen to replace conventional metallic materials
in many engineering applications due to their out-
standing properties. MMCs are used in the aerospace,
construction, defence, electronic packaging and auto-
motive industries. They potentially provide a higher
strength-to-weight ratio, good thermal fatigue and creep
resistance, and a lower thermal expansion coefficient.
The properties of MMCs are affected by the particle
size distribution, particle type, volume ratio and rein-
forcement phase. In MMCs, the reinforcement materials
should be homogeneously distributed in the matrix, and
their agglomeration should be prevented. Some of the
most commonly used matrix materials in MMCs are Al,
Mg, Ti and their alloys. Aluminium matrix composites
(AMCs) stand out owing to their low density, high
toughness, tensile strength and elastic modulus, excel-
lent wear and corrosion resistance. At the same time,
the mechanical properties of AMCs can be modified by
heat treatment. In addition, Al alloys are characterized
by good corrosion resistance and outstanding mechani-
cal properties, but some problems still need to be solved
like low wear and seizure resistance. To date, additives
such as WC, AlL,O;, fly ash, graphite, mica, coconut
shell charcoal and SiC have been successfully incorpo-

rated in the Al matrix, helping to significantly improve
the properties of the alloy [1-14].

Heat treatable Al6061 alloys containing magnesium
and silicon as their major alloying elements exhibit out-
standing corrosion resistance, moderate strength, and
good weldability. They are used in the construction,
automotive, and marine engineering fields [6, 15, 16].

B4C, WC, AlLLOs, ZrC, TiC, SiC, graphite, carbon
nanotubes, graphene, and fly ash are also used to rein-
force AMCs. Graphene has outstanding properties
compared to other reinforcements. Graphene has a two-
dimensional hexagonal lattice structure and has shown
excellent mechanical, thermal and electrical properties
such as superior fracture strength (130 GPa), high
Young's modulus (1 TPa), high specific surface area
(2630 m°g™"), excellent electrical conductivity (10° S/m)
and good thermal conductivity (5000 Wm_lK_l) [4,7,9,
12, 17-21].

Al matrix composites reinforced with Al,O; and
graphene nanostructures have been produced by various
methods in some recent studies. Senel et al. [2] pro-
duced Al hybrid composites reinforced with Al,03/GNPs
binary particles via the powder metallurgy (PM) route
and investigated their hardness and compressive
strength. They found the highest hardness and ultimate
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compressive strength for Al-30A1,05-0.1 GNPs. The
amount of GNPs exceeding 0.1 wt.% reduced the hard-
ness and maximum compressive strength. Daha et al.
[22] produced reduced graphene oxide (RGO), and
AlyO; reinforced Al metal matrix composites via PM.
According to the wear test results, they observed that
the addition of RGO increased the wear resistance more
than Al,Os;. Furthermore, the hardness of the composite
samples reinforced with Al;O; and RGO was higher
than the samples reinforced with a single additive.
However, increasing the amount of Al,Os results in de-
terioration of the mechanical and tribological properties
of the hybrid and single reinforced samples as a conse-
quence of agglomeration. The optimum wear resistance
and hardness results were found for the composites,
including 0.3 wt.% RGO and 5 wt.% Al,0;. Omrani
et al. [23] produced Al-graphite nanoplatelet and
Al-graphite nanoplatelet-Al,O3; composites with various
amounts of reinforcements by the PM route. The high-
est hardness results were obtained for the Al-1graphite
nanoplatelet-2A1,03; composites. Moreover, they ob-
served that the wear rate and coefficient of friction
(COF) were reduced by 93 and 43%, respectively.
Kumar et al. [24] investigated the fatigue and wear be-
haviour of the Al6061-graphene (0.2, 0.4, 0.6 wt.%)
composite produced by PM. They found that the
Al6061-0.4 wt.% graphene samples have the highest
hardness and the lowest wear loss. Pournaderi et al. [25]
prepared Al6061-Al,0; composites via in-situ powder
metallurgy and investigated their wear behaviour.
The highest wear resistance was obtained by the com-
posite containing 20 vol.% Al,O;. Lemus et al. [26]
produced Al6061-A1,0; composites by PM and investi-
gated the wear behaviour. They observed significant
improvement in the wear resistance with Al,O3 rein-
forcement. There are few studies in the literature related
to graphene and Al,O; reinforcement in an Al6061 ma-
trix. Boppana et al. [27] produced Al6061 matrix com-
posites reinforced with AlLO; (5, 10 and 15% by
weight) and graphene (1% by weight) by the fluid met-
allurgy method and examined their mechanical per-
formance. With the addition of graphene and Al,Os,
there was a remarkable increase in hardness, tensile
strength and yield strength. The highest values were
attained by the sample reinforced with 1% by weight
graphene and 15% by weight Al,Os. Soni et al. [28]
produced hybrid nanocomposites based on A16061 rein-
forced with Al,O5 (2% by weight) and graphene (0.5, 1,
1.5, 2 and 2.5 wt.%) by the ultrasonic-assisted melt
mixing method. The mechanical properties increased
with the addition of graphene and Al,O;. They deter-
mined that Al6061 reinforced with 1% by weight gra-
phene and 2% by weight Al,O; had the highest hard-
ness, ultimate tensile and bending, and compressive
strength. As a result, the current research tries to under-
stand and investigate the effect of Al,O3 and FLG parti-
cles added to the A16061 alloy.

In this study, simultaneous various additions of
AlL,O5 and FLG were used in multiple proportions com-

pared to other literature studies. The present studies
aimed to prepare Al6061-xA1,0; (x =0, 4, 8, 12 and
20 wt.%)-yFLG (y = 0.1, 0.25, 0.5, 1, 3, and 5 wt.%)
composites by the PM route and investigate the micro-
structural and mechanical properties of the composites.
Firstly, five different sample groups containing differ-
ent amounts of Al,O; and FLG were produced. Later,
the AlL,O; was kept constant in the sample set that
shows the best hardness result, and three more groups
with different FLG ratios were produced. The effects of
the A1,0; and FLG reinforcements on the Al6061 alloy
matrix were studied.

MATERIALS AND METHODS

Al6061 (Nanografi, 99.5%, 43 um), Al,O; (Nano-
grafi, 99.5%, 90-125 pm) and FLG (Nanografi, 99.9%,
5 nm) were used as the starting powders. Al6061 was
used as the matrix material, and X-ray fluorescence
(XRF, Rigaku SuperMini200) analysis was performed
to determine its chemical composition. The obtained
XREF results are given in Table 1.

TABLE 1. Chemical composition of A16061 [wt.%]

Mg Si K Fe Cu Zn Ga Al

Al6061 | 0.96 | 0.84 | 0.07 | 0.17 | 043 | 0.22 | 0.02 | 973

Al,O3 in amounts of 4, 8, 12 and 20 wt.% and FLG
0.1, 0.25, 0.5, 1, 3 and 5 wt.% were added to the
Al 6061 matrix. The starting powders were mechani-
cally alloyed (MAed) in a planetary ball mill (Fritsch™,
Pulverisette 6) at 300 rpm for 3 h. A stainless steel mill-
ing vial (250 ml) and balls (@: 10 mm, ball to powder
ratio: 8:1) were used in the mechanical alloying (MA)
process. Additionally, as the process control agent
(PCR), stearic acid (2 wt.%) was added to the powder
mixtures to avoid cold welding of the Al particles and
agglomeration.

After MA, the prepared powders were compacted by
a hydraulic press (MSE™ MP0710) under the uniaxial
pressure of 400 MPa to produce cylindrical preforms
(diameter: 16 mm). Sintering was conducted at 620°C
for 2 h in a ProthermTm PTF 15/50/610 tube furnace
with a heating and cooling rate of 10°C/min under argon
flow (1 I/min). X-ray diffraction (XRD, PANalytical
X’Pert Pro) was employed to conduct phase analysis of
the powders and bulk sample with CuKa radiation
(40 kV, 40 mA). The density of the sintered samples
was obtained by the Archimedes’ method.

The number of layers and quality of FLG were in-
vestigated using Raman spectroscopy (Renishaw in Via
Reflex). The Raman spectra were measured from 500 to
3000 cm™' with an excitation wavelength of 532 nm.

The theoretical density of the sintered Al6061-
xALO5;-xFLG composites was determined by the rule of
mixtures (ROM) using the densities of Al 2.7 g/cm3,

Composites Theory and Practice 22: 2 (2022) All rights reserved
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AlL,Os 3.9 g/cm3 and FLG as 2.25 g/cm3 . ROM can be
briefly explained as follows:

P = Pric X Virg + pm X Vi (D

where Vi is the volume fraction of FLG and V), is the
volume fraction of the matrix materials. In addition,
pricand p,, are the density values of FLG and the matrix
materials, respectively [29].

Microstructural analysis of the sintered samples was
performed by a light microscope (LM, Nikon-Eclipse
MA100) and a Zeiss Evo® LS 10 scanning electron mi-
croscope (SEM) equipped with energy dispersive spec-
troscopy (EDS). Hardness testing was performed with
a QnessTM Q10 Hardness Tester under conditions of 5 kg
load for 15 s, and the mean values and standard devia-
tions were obtained based on at least ten measurements.

RESULTS AND DISCUSSION

The XRD patterns of the Al6061-xAl,05-yFLG
powders are shown in Figure la. In the XRD patterns,
only a-Al and a-Al,O; phases were observed. FLG was
not detected due to its low amount under the XRD de-
tection limit. No new phases related to Al, Al,O3 and
FLG were detected in the XRD analysis. Therefore, no
chemical reactions occurred between the compounds
during MA.
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Fig. 1. XRD patterns of Al6061-xAl,05-yFLG powders (a) and com-
posites (b)
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Especially the aluminium carbide (Al4C;) phase was
not detected. The XRD patterns of the composite pow-
ders were compatible with the literature. For example,
Al-Mosavi et al. produced o-Al,O;5 particle reinforced
AMC with various milling times. Gudlur et al. fabri-
cated Al-Al,05; composites at elevated temperatures via
the PM route. Balaraj et al. produced micro Al,Os parti-
cle reinforced Al6061 alloy metal composites via the
liquid metallurgy technique. The XRD results obtained
in the mentioned studies are compatible with our study
[23, 30, 31].

The XRD patterns of the sintered Al6061-xAl,05-
yFLG composites are given in Figure 1b. According to
the XRD analyses of the sintered composites, a-Al and
0-Al,O; phases were observed in all the specimens.
Furthermore, the peaks related to FLG, such as C and
AlL4C;, were unable to be detected in the XRD analysis
of the composites. Moreover, no chemical reactions
between the compounds occurred during the sintering
process. The XRD analyses results are consistent with
previous studies. Senel et al. produced Al-xAl,Os-
yGNPs composites via the PM method. They found
only a-Al and a-Al,O; phases resulting from the XRD
analysis for all the composites. Prakash et al. produced
an Al6061 aluminium sheet metal reinforced with
AL05/0.5 Gr hybrid surface nanocomposite via friction
stir processing. They detected that only a-Al and
a-Al,O; phases were observed in the composites struc-
tures [2, 32, 33].
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Fig. 2. Raman spectroscopy results for FLG

The Raman spectroscopy method was employed to
determine the characteristic bands of FLG. The obtai-
ned Raman spectroscopy results of FLG are given in
Figure 2. D, G and 2D bands are located at 1357 cm ',
1579 cm ' and 2705 cm ', respectively. The D band
shows defects in the structure of carbon-based materials
because of the lattice distortion introduced by impuri-
ties. The position and shape of the G band indicate de-
fects, the doping effect, stress, and the number of gra-
phene layers. The 2D band is the characteristic band of
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graphene, and its shape is related to the number of lay-
ers [20, 34].

According to the Raman spectroscopy results, the
Lg/Lyp ratio gives information about the total graphene
layers. Additionally, the Lp/L ratio is used to detect the
purity of the graphene. For graphene, the Lp/Ls ratio
should be between 0 and 1, and the purity of the gra-
phene is higher when it is close to zero. In the previous
literature study, for single-layer graphene the obtained
Lg/Lyp ratio was 0.25 [35]. For graphene, the detected
Lp/Lg and Lg/Lyp ratios were 0.23 and 2.74, respec-
tively. These ratios show that FLG has high purity and
approximately 10 layers.

The relative density values of the sintered compos-
ites are shown in Figure 3. The relative density values
of the composites vary between 90.40% and 99.25%.
As seen in Figure 3, the sintered Al6061 samples had
the lowest relative density (90.40%). In addition, the
Al-20A1,05-3FLG composites had the highest relative
density (99.25%), nearly 10% higher than the non-
reinforced Al samples. It is clearly seen that the rein-
forcement increased the densification rates of the sam-
ples by comparing the densities of the non-reinforced
and reinforced samples. The increase in relative density
can be explained by its high electrical and thermal con-
ductivity, and the thermal conductivity of graphene may
have improved the heat distribution during sintering by
increasing its sintering performance [36-38]. For the
Al6061-20A1,05.yFLG samples, the FLG reinforcement
reduced the densification ratios compared to the non-
reinforced A120A1,0; except for the 3 wt.% FLG addi-
tion. The reason for the decrease in relative density can
be said to be the high amount of FLG aggregated at the
Al grain boundaries [39]. In previous studies, rese-
archers reported that increasing the amount of rein-
forcement raised the densification rates of the samples.
Wang et al. produced graphene reinforced Al,O;-WC

matrix ceramic composites. They found that the gra-
phene reinforced sample has a higher relative density
compared to the non-reinforced sample [38]. Akcamli et
al. prepared B4C reinforced Al matrix composites, and
they observed that increasing the amount of B4C im-
proved the relative density [40]. Yazdani et al. produced
graphene and carbon nanotube reinforced Al,O; com-
posites. They reported that the lowest relative density
was seen in the unreinforced samples, and the densifica-
tion rates rose with increasing reinforcement [41].

100

Relative Density (%)

Al 4A-QIFLG 8A-025FLG 12A-0.5FLG 20A 20A-IFLG  20A-3FLG 20A-5FLG

Fig. 3. Relative density values of sintered Al6061-xAL,O5-yFLG

The microstructures of the Al6061-xAl,05-yFLG
composites were investigated by LM and the micro-
graphs are presented in Figures 4a-h. The LM micro-
graphs show uniform distribution of Al,O; and FLG
throughout the matrix. What is more, highly densified
structures with limited porosity can be seen in the over-
all microstructure of composites, and these results are
compatible with the density results.

Fig. 4. LM micrographs of Al6061-xALOs-yFLG composites, a) Al, b) Al-4ALO5-0.1FLG, ¢) Al-8A1,05-0.25FLG, d) Al-12A1,05-0.5FLG, e) Al-20AL0;,

f) Al-220ALOs-1FLG, g) Al-20AL05-3FLG, h) Al-20A1,05-5FLG

Composites Theory and Practice 22: 2 (2022) All rights reserved
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g

Fig. 5. SEM micrographs of Al6061-20A1,05-1FLG composites

The SEM micrographs of the Al6061-xAl,05-yFLG
composites are shown in Figure 5. Moreover, the SEM
micrographs and EDS mapping results for elements Al,
C and O belonging to the A16061-20A1,05-1FLG com-
posites are given in Figures 6a-e.

Fig. 6. a) SEM micrographs of Al6061-20A1,05-1FLG sample and ele-
mental mapping micrographs for (b) their overlapping mapping
microcraphs, (c) C, (d) O, and (e) Al

Composites Theory and Practice 22: 2 (2022) All rights reserved

Additionally, the results of the EDX compositional
analyses of the marked phases in Figure 6 are given in
Table 3. The SEM micrographs show that the structure
consists of a matrix phase, bright white particles and
dark regions. The EDX and mapping analysis results
determined that the bright white particles in the struc-
ture are Al,Os, and the dark areas are the regions where
the FLG particles are concentrated. Furthermore, as
shown in Figure 6¢, FLG exhibited homogenous distri-
bution throughout the composite structure. Fe occurred
due to the erosion of the steel grinding medium during
MA. The results are consistent with previous literature
studies [42-44].

TABLE 3. EDX analyses results of regions numbered as 1, 2 in

Figure 5
A f el EDX [wt.?
Marked regions mounts of elements detected by [Wt.%]
in Figure 7
Al o) C Fe
1 64.6 20.9 8 6.5
2 64.1 317 ; 42

The hardness values of the Al6061-xAL,O5-yFLG
composites are given in Figure 7. The hardness values
of the samples were found to be between 44.33 and
87.28 HV. There was a significant increase in the hard-
ness of the reinforced samples compared to the samples
without any reinforcement. The lowest hardness values
were observed in the Al6061 sample — 44.33 HV.
The highest hardness value was obtained by Al6061-
20A1,03-1FLG (87.28 HV) and the hardness increased
twofold compared to Al6061. In addition, 1 wt.% FLG
reinforcement increased the hardness by 54% compared
to the non-FLG reinforced Al6061-20A1,0; samples.
Furthermore, increasing the FLG reinforcement from
1 to 3 and 5 wt.% caused a decrease in hardness from
87.28 t0 67.71 and 65.98 HV, respectively.
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Fig. 7. Hardness values of Al6061-xAl,0s-xFLG (x =0, 0.25, 0.50, 3 and
5 wt.%) composites
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Similar results were obtained in previous studies in
the literature. Senel et al. [2] prepared Al,O5; and gra-
phene reinforced Al matrix composites and investigated
the mechanical properties of the composites. The high-
est hardness was found in the Al-30A1,0; sample. The
hardness properties were investigated by adding 0.1, 0.3
and 0.5 wt.% graphene to Al-30A1,0;. The highest
hardness was detected in the 0.1 wt.% graphene rein-
forced composite. Additionally, the hardness decreased
with an increasing amount of graphene. They suggested
that the reason for this decrease in hardness was the
clustering of graphene during the pressing process. Gao
et al. [18] prepared Al-graphene composites by electro-
static self-assembly and the PM route. They found that
the 0.3 wt.% graphene reinforced Al composites had the
highest hardness and the lowest weight loss. However,
it was found that increasing the graphene reinforcement
from 0.3 to 0.5 wt.% caused a decrease in the hardness
and wear resistance.

CONCLUSIONS

In the present study, A16061 matrix composites were
prepared via MA, uniaxial pressing and pressureless
sintering. The mechanical properties such as density,
microstructure and hardness were investigated. The
conclusions are as follows:

1. According to the XRD results, only o-Al and
a-Al,O; phases were observed for all the MAed
powders and sintered samples. Furthermore, the
peak related FLG was not found in the MAed pow-
ders or sintered samples. For the sintered samples,
the XRD results show that Al,C; was not formed in
the structure.

2. The densification rates increased with reinforcement
compared to the non-reinforced samples. The in-
crease in relative density can be explained by the
high electrical and thermal conductivity of graphene.
Graphene may have improved the heat distribution
during sintering, increasing the sintering perform-
ance. The highest relative density was detected for
the A16061-20A1,05-3GNP composites.

3. The SEM micrographs, EDX and mapping results
show that the microstructure of the composites con-
sists of the matrix phase (Al6061), bright white par-
ticles (AL,O3) and dark regions (FLG). In addition,
FLG exhibited homogenous distribution throughout
the composite structure.

4. The analysis of the experimental results revealed
a significant increase in the hardness of the AMC
with reinforcement compared with the Al base alloy
without reinforcement. The highest hardness values
were observed as 87.28 HV for the Al6061-
20A1,05-1GNP composite, which was increased
twofold compared to the Al6061. The optimum
amount of FLG was found to be 1 wt.%, and a de-
crease in hardness occurred due to FLG agglomera-
tion in the composites with greater amounts of this
reinforcement.

The produced Al alloy possessing high relative den-
sity and hardness is a candidate for use in the automo-
tive and aerospace industries. More detailed characteri-
zation studies are planned in future studies.
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