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4265 Håvik, Norway. 4.—Department of Materials Science and Engineering, Faculty of
Natural Sciences, Norwegian University of Science and Technology, 7491 Trondheim,
Norway. 5.—e-mail: mahmood.khan@ntnu.no. 6.—e-mail: mahmoodkhan77@gmail.com.
7.—e-mail: rafi_682@hotmail.com. 8.—e-mail: abdul.wadood@mail.ist.edu.pk. 9.—e-mail:
wilayat.hussain@ist.edu.pk. 10.—e-mail: shahid.akhtar@hydro.com. 11.—e-mail:
ragnhild.aune@ntnu.no

Aluminium matrix composites with high specific strength are attracting
attention for use in automobile and aerospace applications. Graphene nano-
platelets (GNPs) were added in 0.1, 0.5, and 1 weight fractions to an Al6061
matrix. Spark plasma sintering was used with a combination of solution
sonication and ball milling to disperse the GNPs in the Al6061 matrix. The
evolution of the microstructure was studied using optical and scanning elec-
tron microscopy. The uniformity of the GNP distribution is discussed in light
of selected ball milling parameters. Electron backscattered diffraction analysis
was used to measure the grain size and misorientation. X-ray diffraction
analysis and transmission electron microscopy revealed neat and clean
interfaces between the matrix and GNPs. Hardness and tensile testing re-
vealed a considerable increment in the strength of the final composite after
addition of GNPs. Traces of GNP clusters were found in the 1 wt.% composite
as well as premature failure at lower strain due to the insufficient load
transfer capability of the Al6061-T6 matrix. An illustrative two-dimensional
model was developed to explain the load transfer behavior and the deterio-
ration of the mechanical properties.

INTRODUCTION

Aluminum and its alloys are essential materials
for domestic and industrial applications.1 Develop-
ments in the field of high-performance materials are
of increasing importance.2 Aluminum matrix com-
posites (AMCs) containing lighter reinforcements
are amongst the established and proven composites
for use in specialized applications.3 Among emerg-
ing lightweight nanoreinforcements, graphene is
leading the race due to its exceptional properties in
terms of stiffness and high thermal and electrical
conductivity.4 GNPs have been added to aluminum
at different weight fractions (wt.%) to develop

aluminum/GNP composites (Al-GNPs). The advan-
tage of including GNPs in an aluminum matrix is
their direct interaction with dislocations.5 Besides
the above-mentioned advantages of graphene,
GNPs are light weight with extremely high surface
area (approximately 10 times greater than carbon
nanotubes (CNTs)6) and possess excellent load-
bearing capacity.7 These properties enhance the
mechanical properties of AMCs.8 Addition of GNPs
to AMCs affects the strengthening mechanism via:
(1) load transfer from the matrix to reinforcement,9

(2) pinning of dislocations,10 and (3) grain refine-
ment (studied herein). GNPs have become a favor-
able choice for nanoreinforcement due to their
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unique two-dimensional structure, which allows
them to act as a crack barrier and leads to deflection
and bridge effects that greatly enhance the tough-
ness of the Al6061 matrix.11 However, the nonwet-
ting nature of the surface of GNPs has always
resulted in severe issues with their dispersion in an
aluminum matrix.12

Achieving a uniform dispersion of GNPs in the
aluminum matrix is vital in order to translate the
superior properties of GNPs to Al-GNPs compos-
ites.13 Traditional AMC processing techniques, such
as stir casting, cannot overcome the problem of
clustering of nanoreinforcements.14 Various other
processing techniques have been developed to pro-
duce Al-GNPs, e.g., liquid infiltration,15 powder
metallurgy,16 friction stir processing,17 extrusion,
hot rolling,18 and spark plasma sintering (SPS).19

Powder metallurgy is unique amongst all the pro-
cessing routes for Al-GNP composites,20 due to (a)
its being a solid-state processing method and (b) its
comparatively lower processing temperatures. Pow-
der processing and associated ball milling allow
sufficient dispersion and minimal agglomeration of
the nanoreinforcement.21 Conventional powder
metallurgy ends with sintering into the final
shape.22 The sintering time and temperatures have
been reported to affect the final properties of the
composites. SPS achieves superior sintering due to
its unique nature and the versatile control over the
processing variables, i.e., sintering time and tem-
perature under the influence of the electric current
and pressure, simultaneously. SPS is applied due to
its distinctiveness, faster heating rates, lower sin-
tering temperatures, and shorter sintering times.
These features make SPS a favorable choice for the
manufacture of AMCs. SPS yields AMCs with near-
theoretical densification and fine grains, ultimately
resulting in enhanced mechanical properties.23 In
the work presented herein, an effort was made to
combine powder metallurgy and SPS to process Al-
GNP composites with 0.1 wt.%, 0.5 wt.%, and 1 wt.%
GNPs. Al6061 was used as a raw material due to its
good formability and suitability for structural appli-
cations, being widely used in transport, building,
marine, etc. fields.24

MATERIALS, PROCESSING,
AND CHARACTERIZATION

Gas-atomized Al6061 powder (99.6% purity) with
spherical morphology (Fig. 1a) was used. A particle
size of � 20 lm (Fig. 1c) was measured by a laser
diffraction-based particle size analyzer (Mastersizer
3000; Malvern Instruments, UK). GNPs were pur-
chased from Hongwu International, China, having
average diameter of 8–12 lm (Fig. 1b) and thick-
ness< 10 nm. Figure 1 shows SEM images of the
raw materials.

The required weight quantity of GNPs was added
to 70%/30% water/ethanol solution,25 which was
sonicated at frequency of 24 kHz using a UP400S

probe sonicator (Hielscher, Germany) for 1 h. The
corresponding amount of Al6061 powder (Table I)
was added to the same solution and sonicated for
15 min.26 The composite Al-GNPs powders were
then dried and subjected to ball milling at 200 rpm
for 2 h using a PM 400 planetary ball mill (Retsch
GmbH, Haan, Germany) with tungsten carbide
balls (10:1 ratio).

The sonicated composite powders were then
loaded into an SPS graphite die with inner diameter
of 20 mm. The composite powders were cold pressed
at 3 tons in a Torin� Big RedTM 10 hydraulic press
(model TY10003). The graphite die was then placed
in an SPS 825 Dr Sinter unit (Fuji Electronic
Industrial Co. Ltd., Japan) for SPSing at 450�C
under vacuum and pressure of 60 MPa with holding
time of 10 min. The Al-GNPs composites with all
three loadings, i.e., 0.1 wt.%, 0.5 wt.%, and 1 wt.%,
were prepared with fixed processing variables.
Table I presents information on the reference and
Al-GNP composites and their designated names as
used in the present study. A schematic of the
processing method applied to obtain the composites
is shown in Fig. 1d. All the samples were subjected
to solutionizing (Nabertherm P 330) by heating at
580�C for 30 min followed by quenching in water.
Later, all the quenched samples were subjected to
artificial ageing at 180�C for 8 h.

The Archimedes principle was applied to measure
the densities (Densitometer DahoMeter DH-300,
DogGuan HongTuo Instruments Co. Ltd., China) of
the SPS Al-GNPs composites, with accuracy of ±
10�3 g/cm3. For optical metallography, polished

surfaces were achieved by grinding with emery
papers of grit size 500, 800, 1200, and 2400 (Struers
Silicon) at 100 rpm to 200 rpm. The samples were
later polished using alumina and diamond paste of
5 lm, 3 lm, and 1 lm. To reveal the microstructure,
etching was carried out by immersion for 30 s in
Keller’s reagent (190 ml distilled water with 3 ml
HCl, 5 ml HNO3, and 2 ml HF) followed by washing
in a stream of water. An optical microscope (Axio
Scope A1, Carl-Zeiss-Straße, Germany) was then
used, at magnifications up to 500 9 .

Scanning electron microscopy (SEM, Supra 55VP;
Zeiss) equipped with energy-dispersive spectroscopy
(EDX, OCTANE PRO-A, EDAX, AMETEK Inc.) was
used to examine the polished surfaces of the refer-
ence and composite samples. A Bruker D8 Advance
DaVinci x-ray diffractometer was used for XRD
analysis to determine the presence of phases result-
ing from SPS. For microstructure evaluation, elec-
tron backscattered diffraction (EBSD) analysis was
used. The reference and composite samples for
EBSD were subjected to ion beam milling using a
Hitachi IM-3000 flat ion miller (Hitachi High-Tech-
nologies Corporation, Tokyo, Japan). A JEOL JEM
2010 was used at an accelerating voltage of 200 kV
for interfacial study of the Al-GNPs composites via
transmission electron microscopy (TEM).
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Micro Vickers hardness testing was carried out to
determine the effect of the GNPs on the Al6061-T6
matrix. A Leica VMHT MOT (Leica Mikrosysteme,
GmbH) was used to measure the hardness by
applying an indenter load of 50 gf for 10 s. The
mechanical behavior was determined by tensile
testing performed on a Zwick/Roell Z2.5 (ZwickRoell
GmbH & Co. KG, Germany), equipped with a load
cell with nominal force of 2.5 kN (type Xforce HP, S/
N 764965) at strain rate of 1 mm/min. The
length 9 thickness 9 width dimensions of the ten-
sile samples were 10 mm 9 1 mm 9 3 mm
(± 0.1 mm 9 0.02 mm 9 0.05 mm).

RESULTS AND DISCUSSION

Densities

The theoretical densities were calculated by the
rule of mixture as given by Eq. (1).27

qc ¼ qGNPVGNP þ qMVM þ qB4CVB4C; ð1Þ

where q is the density and V is the wt.% in the
matrix, and the subscripts ‘‘c,’’ ‘‘GNP,’’ and ‘‘M’’
indicate the composite, GNPs, and Al6061 matrix,
respectively. The experimental densities of the
reference and composites are presented in Table I.

Fig. 1. SEM images of raw materials: (a) Al6061 powder and (b) GNPs, (c) particle size analysis of Al6061, and (d) schematic of processing
steps
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Figure 2a shows the graphs of the theoretical and
experimental densities plotted against the content
of GNPs. Addition of GNPs lowered the density of
the resulting composites as compared with the
reference sample. The GNPs are lighter (� 2 g/
cm3) than the Al6061 matrix (2.7 g/cm3), thus the
reduction in the density of composites is greatly
influenced by the processing method.28 The results
of the present study agree with earlier work by
Rashad et al. on pure aluminum with GNPs.29 The
deviation of the experimental densities from the
theoretical densities is related to the physical
attachment of the GNPs to Al6061 grains. Gener-
ally, single-layer exfoliation of GNPs is impossible
practically, resulting in the presence of a few layers
at grain boundaries or interlocked between grains.
These layered graphene structures are stacked over
each other, with defects induced due to ball milling.
These partially stacked and exfoliated GNPs result
in the comparatively lower density of the composites
compared with the theoretically achievable values.

XRD Analysis

Figure 2b shows the XRD patterns of the refer-
ence and Al-GNPs composites. Typical peaks per-
taining to aluminum dominate the XRD spectra.
The signal corresponding to the (111) plane with the
maximum intensity remained the main contributor
to the XRD patterns for all the reference as well as
Al-GNPs composites. No peaks corresponding to
GNPs appeared in the patterns of the Al-GNPs
composites,30 mainly due to their low content, which
is not detectable by the XRD instrument. Indeed,
the detection limit of the XRD equipment results in
a fundamental limitation31 of � 3 wt.% of second
phase/reinforcement. Moreover, peaks correspond-
ing to Al2O3 or Al4C3 phases were not detected,
indicating the absence of any phase or interphase at
the Al/GNP interfaces.32 SPS is superior to other
processing techniques due to _ENREF_14its shorter

Table I. Description and properties of reference and Al-GNPs composites

Sample
Thermal
condition Description

Theoretical
density
(g/cm3)

Experimental
density
(g/cm3)

Grain
diameter

(lm)

ASTM
grain
size
(#)

Hardness
(HV)

Tensile
strength
(MPa)

Al6061 T6 Reference
sample

2.7 2.7 ± 0.0 12.41 ± 0.05 9.37 72 ± 2 294 ± 8

Al6061-0.1
GNP-T6

T6 0.1 wt.%
GNPs

2.699 2.695 ± 0.001 11.87 ± 0.05 9.5 80 ± 2 327 ± 12

Al6061-0.5
GNP-T6

T6 0.5 wt.%
GNPs

2.694 2.693 ± 0.001 11.75 ± 0.1 9.53 88 ± 3 373 ± 12

Al6061-1
GNP-T6

T6 1 wt.% GNPs 2.688 2.685 ± 0.002 11.72 ± 0.1 9.54 ± 90 ± 3 287 ± 15

Fig. 2. Graphs showing; (a) theoretical and experimental densities
of reference sample and Al-GNPs composites w.r.t GNP content and
(b) XRD spectra of reference and Al-GNPs composites
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exposure time at higher sintering temperatures,
which is a reason for the restricted formation of
Al4C3 in Al-GNPs composites.33 In contrast, forma-
tion of Al4C3 was reported by Yolshina et al.34 under
the pressure and temperature with longer exposure
time used in hot pressing. The inset in Fig. 2b
shows a shift of the XRD peaks corresponding to
(111) planes to lower 2h values.35 This shift indi-
cates an increase in the d-spacing owing to the
presence of stresses in the lattice planes.36 These
stresses are induced due to the presence of GNPs in
the Al6061 matrix in addition to Mg2Si precipitates
(Fig. 4a).

Microstructure Evolution

Optical and SEM micrographs of the reference
and Al-GNPs composites are shown in Fig. 3. In
general, the optical microstructures of all the SPS
samples showed densification without any indica-
tion of processing-induced porosity. The microstruc-
tures shown in Fig. 3a, c, e, and g reveal a grain
morphology consisting of deformed and distorted
particles, in contrast to the raw Al6061 powder
(Fig. 1a). The reason is the presintering consolida-
tion and SPS of the reference and composite pow-
ders. The densification and distorted grain
boundaries are relatable to the dual compaction of
the raw Al6061 powder and ball-milled composite
powders, which changed the spherical shape of the
particles to a ball-milled morphology and finally to
compressed sintered composites.

GNPs are optically transparent under light micro-
scopy.13 The GNPs were trapped in the sintered
Al6061 grains.37 A decrease in the grain size was
observed with increasing content of GNPs (Fig. 3b) in
comparison with the microstructure of the reference
sample (Fig. 3a). This observation is in accordance
with the results of Saboori et al.18 Entrapped GNPs
wrap around the grains and tend to hold them
together by interlocking and anchoring after sinter-
ing. Lumps or agglomerates of GNPs were not found
by optical microscopy at the mentioned magnification
(Fig. 3c, e, and g). This observation can be attributed
to the uniform distribution of the GNPs after ball
milling with the selected parameters. Thicker grain
boundaries can be seen in the microstructure of the
Al6061-1 GNP-T6 composite (Fig. 3g), indicating the
higher content of GNPs.

Secondary-electron SEM images of the polished
unetched Al6061 reference samples in T6 state
(Fig. 3b) and Al-GNPs composites are shown in
Fig. 3d, f, and h. No evidence of significant porosity
can be seen, owing to the good compaction and
subsequent SPS sintering. Unetched samples
revealed no grain boundaries, thus tracing of lumps
or agglomerates became possible. An almost plane-
polished surface of the Al6061 matrix can be
predominantly seen in Fig. 3b, d for the reference
and Al6061-0.1GNP composite. Scarcely any

clustered GNPs could be seen in the Al6061-
0.5GNP composite (Fig. 3e, f). These GNPs are
mechanically interlocked and surrounded by
Al6061 matrix grains. Addition of 1 wt. % GNPs
resulted in many uniformly distributed lumps of
GNPs (Fig. 3h).

Figure 4 shows TEM images of the reference and
Al6061-1 GNP-T6 composite. Entrapped and
anchored GNPs are present at the grain boundaries.
A clean interphase-free aluminum/GNP interface
can be seen in Fig. 4b, without any nanoparticles or
precipitates. This evidence strengthens the XRD
results. A strong mechanical interface indicates
better load transfer capabilities during mechanical
testing32.

EBSD

EBSD is a powerful tool for microstructural
analysis,38] providing data on grain crystallographic
orientations, morphology, and grain boundaries.39.
Figure 5 shows the inverse pole figures (IPFs) of the
Al-GNPs composites. Addition of GNPs to the
Al6061 resulted in a grain size reduction from
12.4 lm to � 11.7 lm. The EBSD results of the
present study are in accordance with our earlier
findings based on optical microscopy of Al6061 with
the same raw material.34 Randomly distributed
black spots can be seen in the IPF images in Fig. 5b,
c, and d. These unindexed points can be related to
fractional deviation of the pattern matching at or
near grain boundaries (or due to the presence of
GNPs). The average decrease in grain size is � 5%
(Table I).

Figure 6a shows the grain diameter (lm) and
corresponding ASTM grain size number plotted
against the content of GNPs in the Al6061 matrix.
Potential areas suspected to be GNPs at the grain
boundaries are marked with circles in Fig. 5b, c,
and d. Addition of GNPs resulted in a decrease in
the grain size of the Al6061 matrix. The grains
were partially surrounded by GNPs. Thus, sinter-
ing was restricted at the edges covered by GNPs
(Fig. 5b), causing comparatively lesser grain
growth than in the monolithic Al6061-T6 matrix
(Fig. 5a). Further addition of GNPs to 0.5 wt.%
(Fig. 5c) resulted in a more uniform distribution
across the matrix grains, causing a decrease in the
grain size as seen in Fig. 6a. At 1 wt.% GNPs
(Fig. 5d), the minimum grain size was observed
due to the maximum dispersion and clustering in
the Al6061 matrix. Saturation of GNPs surround-
ing the maximum Al6061 matrix grains is seen in
Fig. 6a. This trend for saturation can be associated
with the distribution of GNPs as controlled by the
selected ball milling parameters. In other words,
addition of 1 wt.% GNPs could be the limit beyond
which further dispersion of GNPs and achievement
of improved properties in the Al6061 matrix is not
possible.
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Fig. 3. Microstructures: (a) optical and (b) SEM images of reference T6 sample, (c) optical and (d) SEM images of Al6061-0.1 GNP-T6, (e)
optical and (f) SEM images of Al6061-0.5 GNP-T6, and (g) optical and (h) SEM images of Al6061-1 GNP-T6 composite
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Hardness

The hardness values of the reference T6 samples
and Al-GNPs composites are plotted in Fig. 6b and
presented in Table I. The reference Al6061-T6 sam-
ple showed a hardness value of 72 ± 2 HV, which
increased to 80 ± 2 HV when adding 0.1 wt.%
GNPs. Further addition of GNPs to 0.5 wt.% and 1
wt.% increased the hardness to 88 ± 3 HV and
90 ± 3 HV, demonstrating a rise of 17% and 19%,
respectively. A similar trend of increasing hardness

with addition of GNPs was reported by Latief
et al.40 in pure aluminum.

According to the Hall–Petch relationship, the
reduction in grain size observed in the EBSD
analysis will result in an increase in the hardness.
A higher number of grain boundaries per unit
length indicates a higher number of dislocations.
The grain growth is also associated with the sinter-
ing temperature and time, as reported by Bisht
et al.,41 thus controlling the sintering time can
restrict the grain growth and eventually increase
the hardness of the Al6061 matrix as observed. The
absence of the intermetallic phase Al4C3 is another
reason for the increase in hardness, as reported by
Bartolucci et al.42 and Khan et al.43

Tensile Testing

Figure 6c shows the stress–strain curves of the
reference and Al-GNPs composites in T6 condition.
An increase in the yield point and ultimate tensile
strength can be seen at the cost of a reduction in
ductility. The baseline data of the T6 reference
sample show strength, tensile strength, and failure
strain values of 189 ± 4 MPa, 294 ± 3 MPa, and
12 ± 1.5%, respectively. An increase of up to 60%
and 11% in the yield and ultimate tensile strength
were observed for the Al6061-0.1GNP-T6 compos-
ites, while the ductility responded adversely with a
decrease of 50% (Fig. 6b). Further addition of GNPs
up to 0.5 wt.% in the Al6061 matrix yielded
increases of 80% and 27% in the yield and tensile
strength. A drastic decrease in the failure strain
was observed (� 67%). The minimum improvement
in the yield and ultimate tensile strength was
recorded for the Al6061-1GNPs-T6 sample, viz.
13% and –2.5% compared with the Al6061-T6
reference standard. The ductility almost diminished
to 2% of the failure strain.

The contribution of the GNPs at grain boundaries
was seen in the XRD pattern as a shift of the typical
crystallographic peaks due to stresses. The effect of
these lattice strains remained inactive until the
stress reached the level of hindrance within the
crystal lattice due to Mg2Si precipitates (Fig. 4a).
The dislocation density increased with a grain size
reduction due to the presence of GNPs at grain
boundaries. A higher amount of stress is required to
overcome this strain hardening effect. When
increasing the content of GNPs to 0.5 wt.%, higher
yield and ultimate tensile strength were recorded
for this composite. The strain hardening effect can
be seen in the stress–strain curves. Because of the
higher stress that must be applied to overcome the
accumulated strain in the lattices and dislocation
pile-up, the plasticity of the composite was compro-
mised. Therefore, higher strength and minimal
plasticity are exhibited. The failure of the Al6061-
1 GNP-T6 composite at lower stress was dominated
by the presence of evenly distributed lumps of GNPs
in the Al6061 matrix (Fig. 5d). These clusters of

Fig. 4. TEM images of (a) Mg2Si precipitate in Al6061-T6 matrix and
(b) GNPs entrapped between two grains in Al6061-1 GNP-T6
composite sample

Physical and Mechanical Properties of Graphene Nanoplatelet-Reinforced Al6061-T6
Composites Processed by Spark Plasma Sintering

2301



GNPs act as stress concentration areas, leading to
crack propagation.

CONCLUSIONS

The following conclusions can be drawn from the
present study in light of employed processing and
characterization techniques:

1. A uniform dispersion of GNPs was obtained at
the selected ball milling parameters.

2. Near-theoretical densities of the reference and
Al-GNPs composites were achieved after opti-
mization of SPS parameters.

3. GNPs affected the microstructure by causing
grain refinement and anchoring between Al6061
matrix grains.

4. Varying the content of GNPs improved the grain
refinement by spreading across grain bound-

aries and interacting with dislocations, result-
ing in an enhancement of the mechanical
properties.

5. The XRD patterns showed typical aluminum
peaks with the absence of any potential inter-
phase at Al6061/GNPs interfaces. The TEM
results complemented the XRD data by reveal-
ing neat and clean interfaces.

6. The observed increase in the hardness and
tensile strength can be related to the Hall–
Petch effect dominated by the grain refinement
and anchoring contribution of the GNPs.
Al6061-0.1GNP-T6 showed the maximum ten-
sile strength, whereas the composite with 1
wt.% GNPs failed prematurely owing to the
presence of evenly distributed GNP lumps
which acted as crack initiation points.

Fig. 5. EBSD IPFs with grain data of (a) reference T6 sample and (b) Al6061-0.1 GNP-T6, (c) Al6061-0.5 GNP-T6, and (d) Al6061-0.1 GNP-T6
composites
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