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Abstract: A 0.3wt% graphene nanoplatelets (GNPs) reinforced 7075 aluminum alloy matrix (7075 Al) composite was fabricated by spark
plasma sintering and its strength and wear resistance were investigated. The microstructures of the internal structure, the friction surface, and
the wear debris were characterized by scanning electron microscopy, X-ray diffraction, and Raman spectroscopy. Compared with the original
7075 aluminum alloy, the hardness and elastic modulus of the 7075 Al/GNPs composite were found to have increased by 29% and 36%, re-
spectively. The results of tribological experiments indicated that the composite also exhibited a lower wear rate than the original 7075 alumin-
um alloy.
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1. Introduction

Aluminum alloys  comprise  a  series  of  materials  that  are
extensively applied  in  the  automotive,  aerospace,  and  elec-
tronics fields due to their high strength, high toughness, and
low density [1]. As an important and indispensable material
in  the  aviation  industry  since  it  was  first  developed  in  the
1960s, 7075 aluminum alloy (7075 Al) in particular has reli-
able properties for the manufacture of aircraft wing spars, air-
craft fuselages, and rockets. Despite their wide range of ap-
plication, aluminum alloys need even higher strength to satis-
fy the special  requirements of  industrial  applications.  In re-
cent years,  an  increasing  number  of  aluminum-based  com-
posites  have  been  introduced  to  enhance  the  mechanical
properties  of  the  original  aluminum-matrix  materials.
Ramkumar et  al. [2]  investigated the mechanical  properties
of the 7075 Al/TiC matrix composite prepared using the stir-
casting route. The authors found that the bending strength of
the 7075 Al/7.5wt% TiC composite was higher than that of
the monolithic 7075 Al. Lu et al. reported that the 7075 Al
hybrid  composite,  which  is  reinforced  by  a  mixture  of
50vol% SiCp and  5vol% Cr  particles,  exhibited  lower  ther-
mal  expansion  and  higher  thermal  conductivity  than  7075
Al/SiCp [3].

Graphene, with its single-atomic-layer structure, has out-
standing mechanical, thermal, electrical, and magnetic prop-

erties. With respect to its mechanical properties, graphene has
a Young’s modulus of 1.0 TPa, a tensile strength of 130 GPa,
and a very low density of 1.06 g/cm3, and has thus attracted
significant  interest  in  its  use  as  a  reinforcement  material  in
various composites [4‒6]. Elghazaly et al. [7] compared the
properties  of  AA2124/3wt%  graphene  composite  with  the
unreinforced AA2124, the hardness of which was increased
by 133%, the wear rate decreased by 34%, and the friction
coefficient decreased by 25%. Zhai et al. [8] prepared a mul-
tilayer  graphene-reinforced  Ni3Al  matrix  composite  by  the
spark  plasma  sintering  method,  and  found  that  multilayer
graphene  can  significantly  improve  the  hardness,  elastic
modulus, and wear resistance of the composite. Meanwhile,
both  theoretical  simulation  and  experimental  performance
have proved that graphene provides excellent reinforcement
in a metal matrix, polymer matrix, and ceramic matrix com-
posite [9‒10]. However, graphene is prone to agglomeration
in matrices  because of  its  high specific  surface area,  which
results  in  unexpected  structures  and failures  to  enhance  the
mechanical  properties [11].  Graphene nanoplatelets  (GNPs)
consist of several graphene layers and the thickness of GNPs
ranges from 2.5 to 100 nm. Furthermore, GNPs have proper-
ties similar to those of single-layer graphene and uniformly
disperse more easily [12‒13]. Therefore, GNPs are an excel-
lent candidate for improving the mechanical properties of a
composite. For example, the titanium matrix composite with 

 
Corresponding authors: Lan Zhang      E-mail: tranquility11@sina.cn;        Hui-zhong Ma      E-mail: iehzma@zzu.edu.cn
© University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature 2020

International Journal of Minerals , Metallurgy and Materials
Volume 27, Number 9, September 2020, Page 1295
https://doi.org/10.1007/s12613-020-2009-0

https://doi.org/10.1007/s12613-020-2009-0
https://doi.org/10.1007/s12613-020-2009-0
https://doi.org/10.1007/s12613-020-2009-0


the  addition  of  merely  0.1wt%  GNPs  has  demonstrated  a
54.2%  higher  tensile  strength  than  the  original  titanium.
Based on these studies, the main strengthening factors were
reported  to  be  grain  refinement,  load  transfer  from  the  Ti
matrix material to the GNPs, and strengthening of the texture
of the composite [14]. Shen et al. [15] reported that the signi-
ficant improvement in the tensile strength and flexure prop-
erties of a GNPs/epoxy nanocomposite were attained by the
addition  of  GNPs.  Berman et  al. [16] investigated  the  fric-
tion and wear behavior of graphene-lubricated 440C steel and
found  the  coefficient  of  friction  of  the  graphene-lubricated
440C steel to be reduced to 0.15 compared with that of bare
steel (≈1). The wear rate of the steel test pairs also decreased
sharply. Nieto et al. [17] studied the effects of GNPs on the
fracture toughness and wear resistance of alumina ceramics
and  found  them  to  increase  in  the  composite  by  21%  and
39%,  respectively,  compared  with  unreinforced  alumina
ceramics.  However,  as yet  few studies have focused on the
use of aluminum alloy as the matrix.

Spark plasma sintering (SPS) has many advantages over
hot pressing, rolling, spray forming, and other conventional
techniques.  SPS  can  synthesize  composite  materials  at  a
lower temperature and shorter  holding time,  which contrib-
utes to  the  inhibition of  grain  growth and realizes  grain  re-

finement.  Meanwhile,  a  faster  heating  rate  can  reduce  the
processing time and increase productivity. Therefore, a com-
posite with full density can be sintered in a short time by SPS
[18‒19].

This paper  aims  to  explore  the  effect  of  graphene  nano-
platelets  (GNPs) on the mechanical  properties of  the GNPs
reinforced 7075 Al alloy matrix (7075 Al/GNPs) composite.
We fabricate  7075  Al/GNPs  composite  using  the  SPS pro-
cess and investigate the effect of the addition of GNPs on the
relative density,  hardness,  elastic  modulus,  and wear  resist-
ance of the composite. We discuss the strengthening mech-
anism based on our observations and analysis of the micro-
structures.

2. Experimental
2.1. Materials and methods

7075 Al  powder  with  an  average  particle  size  of  10  μm
and a purity of 99.8% was obtained from Changsha Tianjiu
Metal  Material  Co.  Ltd.,  China. Table  1 lists  the  chemical
compositions  of  the  7075  Al.  GNPs  with  a  purity  of
99.5wt%, an average thickness ranging from 4 to 20 nm, and
particle sizes ranging from 5 to 10 μm were procured from
TIME & NRNO, China.

To better disperse GNPs in aluminum alloy powder, GN-
Ps powder was first dispersed in ethanol for 10 min using an
ultrasonic process. Aluminum alloy powder was then added
to the GNPs solution, which was then exposed to ultrasonic
treatment for 30 min. The mixture of 7075 Al and GNPs was
then ball milled in a planetary ball mill (XQM-2, Changsha
Tianchuang Powder Technology Co. Ltd., China) for 2 h at
200 r/min at a ball-to-powder mass ratio of 4:1. The powders
were mixed to a pulp by mechanical stirring in water baths
for 3 h at 60°C and were subsequently dried at 80°C for 3 h in
a tubular oven (GSL 1400X, Hefei Kejing Material Techno-
logy Co. Ltd., China) in an argon atmosphere.

2.2. Preparation of 7075 Al/GNPs

Powder mixtures containing 0.3wt% GNPs were sintered
using an SPS process (SPS-10T-5, Shanghai Chenhua Elec-
tric  Furnace  Co.  Ltd.,  China)  with  a  graphite  mold.  The
samples were sintered at 550°C at a heating rate of 50°C/min
and a pressure of 50 MPa for a holding time of 6 min, and
were then cooled in the furnace by a water circulation system.
The temperature was measured via a thermocouple inserted into
a hole on the outside surface of the graphite mold. The cur-
rent was direct current (DC) pulsed using a 5 ms on/5 ms off
pulse profile. The size of the sintered compact cylinder was

ϕ20 mm × 5 mm. Three specimens were prepared using the
process described above.

2.3. Characterization

The densities of the sintered compacts were measured us-
ing Archimedes’ method with distilled water. We first meas-
ured the density of the distilled water at the experimental am-
bient  temperature.  After  polishing  with  grinding  papers  of
different grits (500, 800, 1000-grit, in that order), we determ-
ined  the  hardness  of  the  sintered  compact  using  a  Vickers
hardness tester (HXD-1000TMC, Shanghai Taiming Optical
Instrument  Co.  Ltd.,  China)  under  a  load  of  1.96  N  for  a
dwell time of 15 s. We averaged the values obtained by five
measurements  of  each  material.  Elastic  modulus  tests  were
conducted using an NHT2 Nano-indentation test system with
Berkovich indenters.

Wear  resistance  tests  were  conducted  using  a  tribometer
(Model MS-T3000; Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, China) under a load of 0.98 N
at  200  r/min  for  30  min  against  a  4-mm-diameter  stainless
steel grinding ball (GCr15) as the counter surface.

We observed the microstructure of the composite and the
surface morphology of the wear debris by scanning electron
microscopy (SEM, Zeiss, Auriga FIB, Germany) with an ac-

Table 1.    Chemical composition of 7075 Al wt%

Si Fe Cu Mn Mg Cr Zn Ti Others Al
0.4 0.5 1.2–2.0 0.3 2.1–2.9 0.18–0.28 5.1–6.1 0.2 0.15 Bal.
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celerating voltage of 15 kV. Phase compositions were identi-
fied  by  X-ray  diffraction  (XRD,  Panalytical,  Empyrean,
Netherlands) at 40 mA and 45 kV and a step size of 0.02° us-
ing Cu Kα radiation.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns of the 7075 Al/GNPs com-
posite  and  the  original  7075  Al,  in  which  no  characteristic
peak of Al4C3 or other metallic carbides are detected. On one
hand,  the  SPS  process  has  an  efficient  self-cleaning  ability
that reduces the formation of the second phase. On the other
hand, the surfaces of particles may be covered with a thin ox-
ide  film,  which  inhibits  the  formation  of  metallic  carbides.
We calculated the grain sizes of the original 7075 Al and the
composite  using  the  Scherrer  formula.  The  results  indicate
that the  grain  size  of  the  composite  had decreased signific-
antly to 76 nm compared with the grain size of the original
7075 Al, 106 nm, which confirmed that the addition of GN-
Ps  served  to  refine  the  grain  size  and  optimize  the  internal
microstructure.

3.2. SEM analysis

The micrograph in Fig. 2(a) shows that the raw aluminum
alloy  particles  have  a  spherical  morphology with  diameters
of  roughly  10  μm.  The  raw  GNPs  particles  were  found  to
have a sheet-like morphology that tends to occur in stacked
multilayers, as shown in Fig. 2(b). Fig. 2(c) shows an image

of the  mixture  of  GNPs  and  aluminum  alloy  powders  ob-
tained by ultrasonic dispersion, ball grinding, and drying, in
which a few clusters of GNPs are distributed in the alumin-
um  alloy  powder.  This  proves  that  the  aluminum  alloy
powder  undergoes  a  change  from  regular  to  irregularly
shaped spheres. It is clear from Fig. 2(d) that the GNPs (out-
lined by red circles) are homogeneously dispersed in the alu-
minum alloy matrix.

3.3. Raman analysis

Fig.  3 shows  the  Raman  spectra  of  pure  GNPs  and  the
7075  Al/GNPs  composite,  which  differ  significantly.  The
results reveal that there is a D-band at around 1350 cm−1 in
the spectrum of the composite, and the D peak is linked to de-
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Fig.  1.      XRD  spectra  of  the  7075  Al  and  the  7075  Al/GNPs
composite after sintering.
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Fig.  2.      SEM images  of  (a)  raw 7075  Al  powder,  (b)  raw GNPs  powder,  (c)  mixed  powder,  and  (d)  fracture  surface  of  the  7075
Al/GNPs composite.
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fects in the graphene structure. The emergence of a D band il-
lustrates that the use of high-energy ball milling and SPS to
produce composite  specimens  destroys  the  graphene’s  per-
fect structure to some extent.

3.4. Mechanical properties

We determined the mass of the specimens in air and water

separately  and  used  the  Archimedes  method  to  determine
their  densities. Table  2 lists the  densities  of  the  two  speci-
mens. The addition of the GNPs may slightly reduce the ac-
tual and relative densities due to the fact that GNPs easily ab-
sorb gas  elements  such  as  oxygen  and  nitrogen,  which  in-
creases the porosity of the composite to a certain extent and
reduces the relative density.

Fig. 4 shows the Vickers hardness and elasticity modulus
values  of  the  7075  Al  and  the  7075  Al/GNPs  composite.
Both  the  Vickers  hardness  and  elasticity  modulus  of  the
composite were found to be higher than those of the 7075 Al.
The values for the composite were HV 124.9 and 135 GPa,
respectively,  which  are  29% and  36% higher  than  those  of
the 7075 Al. The results clearly indicate that GNPs provide
a highly effective reinforcement of the 7075 Al matrix. The
dispersal  of  GNPs  in  the  matrix  also  serves  to  refine  the
grain  sizes  by  grain  boundary  pinning,  which  increases  the
hardness  of  the  composite.  The  XRD  analysis  above  also
indicates  that  the  addition  of  GNPs  refines  the  grain  size,
which  improves  the  strength  of  the  composite  [20].  The
matrix  and  GNPs  have  a  significant  mismatch  in  their
coefficients of thermal expansion, which leads to an increase
in the dislocation density of the matrix. The presence of GN-
Ps  also  inhibits  dislocation  in  the  aluminum  alloy  matrix.
Both  these  factors  result  in  the  increased  strength  of  the
composite.  The  wrinkled  morphology  of  GNPs  is  also
favorable  for  mechanical  bonding  between  the  matrix  and
GNPs. A good interfacial bonding is known to efficiently fa-
cilitate  load  transfer  and  improve  the  composite  strength
[21‒22].

Fig. 5 shows the variation in the friction coefficient of the
7075  Al  and  the  7075  Al/GNPs  composite  over  the  same
period of time. It is evident that the friction coefficient of the
7075 Al/GNPs composite is much lower than that of the 7075

Table 2.    Densities of the 7075 Al and the 7075 Al/GNPs composite

Specimen Actual density / (g·cm−3) Theoretical density / (g·cm−3) Relative density
7075 Al 2.6781 2.8100 0.9531
7075 Al/GNPs 2.6714 2.8034 0.9529
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Fig. 3.    Raman spectra of (a) the raw GNPs powder and (b) the 7075 Al/GNPs composite.
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Al. In addition, under the same wear test conditions, the wear
rate of the 7075 Al/GNPs composite is 0.00273 mm3/(N·m),
while  that  of  7075  Al  is  0.00342  mm3/(N·m).  The  7075
Al/GNPs composite shows better wear resistance. Thus, the
addition of GNPs is advantageous to the wear resistance of
the composite.

To investigate the tribological mechanism of the compos-
ite, the surface morphologies of the wear scars of the 7075 Al
and the 7075 Al/GNPs composite are shown in Fig. 6. The
surface of the wear scar of the 7075 Al exhibits delamination
and massive exfoliation,  which can cause severe wear.  The
worn  surface  of  the  7075  Al/GNPs  composite  is  smoother
than that of the 7075 Al, which contributes to a lower wear
rate  of  the  composite.  In  addition,  the  Archard  equation
demonstrates  that  the  wear  rate  is  inversely  proportional  to
the hardness of the sample, although it does not account for
any effect from the microstructure of a material [23‒24]. This
can  explain  why  the  composite  exhibits  a  lower  wear  rate
than the 7075 Al.

On the worn surface of the 7075 Al (Fig. 6(a)), big flake

debris  had  formed  and  its  removal  from  the  friction  sur-
face lessens the actual contact area between the friction sur-
face and grind ball, which tends to increase the friction coef-
ficient  [25].  In  contrast,  the  composite  has  a  smaller  grain
size  because  of  the  addition  of  GNPs (as  confirmed by the
XRD results), which can effectively resist deformation of the
friction  surface,  thus  reducing  the  friction  coefficient  and
wear rate [24]. Besides, it is speculated that the graphene film
that forms on the worn surface of the composite decreases the
direct  contact  between  the  matrix  and  grinding  ball,  which
results  in  a  decrease  in  the  friction  coefficient  of  the  7075
Al/GNPs composite [26].

Fig.  7 shows  the  topographies  of  the  wear  debris  of  the
7075 Al and the 7075 Al/GNPs composite. The SEM images
of the abrasive particles  reveal  that  the wear debris  of  both
the 7075 Al and the 7075 Al/GNPs composite have a flake-
like  structure.  The  average  particle  size  of  the  wear  debris
of  the  7075  Al/GNPs  composite  is  smaller  than  that  of  the
7075  Al,  which  is  conducive  to  the  lower  wear  rate  of  the
composite.

Based on the above results, the apparent improvement in
the wear resistance of the 7075 Al/GNPs composite can be
attributed to the following factors: the addition of GNPs is fa-
vorable for refining the grain size and improving the mech-
anical properties; GNPs have excellent lubricity and thus en-
hance  the  abrasion  resistance;  the  hardness  of  the  7075
Al/GNPs composite was found to be higher than that of the
7075  Al;  severe  plastic  deformation  occurs  in  unreinforced

7075 Al, which leads to a higher wear rate.

4. Conclusions

(1) A GNPs-reinforced 7075 Al composite  was success-
fully produced using a SPS process.

(2) The addition of graphene was found to significantly re-
fine the grain size and the mechanical properties of the alu-
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minum alloy. Compared with the original 7075 Al, the hard-
ness  and  elasticity  modulus  of  the  composite  increased  by
29% and 36%, respectively.

(3)  The  density  of  the  7075  Al/GNPs  composite  was
found to be lower than that of the 7075 Al, which is condu-
cive to increasing the specific strength of the composite.

(4) In terms of wear resistance, the 7075 Al/GNPs com-
posite was found to have a lower wear rate than the 7075 Al.
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