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Abstract

Aluminum alloys (A.A.) are interesting for their low weight and good mechanical proper-
ties. The addition of graphene nanoplatelets (GNPs) can reduce the density and modify the
functional properties and mechanical performance of the metal matrix. Graphene reinforced
A.A. matrix composites (AA-GNPs) were prepared by spark plasma sintering technique (SPS),
using commercial graphene nanoplatelets mixed with recycled milled A.A. chips. Monolithic
A.A. and aluminum composites with 2.5 wt.% of GNPs (AA-2.5GNPs) were compacted into
disc-shaped samples. The microstructure was studied and characterized by optical (O.M.)
and scanning electron (SEM) microscopies. Hardness was measured, and tribological prop-
erties were studied by the ball-on-disc technique. The coefficients of friction and wear rates
were evaluated. Worn surfaces were studied by SEM and confocal microscopy, and the ox-
idation level was measured using EDX spectrometry. The developed process presented here
provides promising results for preparing AA-2.5GNPs nanocomposites from low-cost recycled
A.A. chips with SPS.

K e y w o r d s: aluminum alloy, aluminum matrix composites, graphene nanoplatelets, spark
plasma sintering, wear

1. Introduction

Properties of aluminum-matrix alloys, low weight,
and very good mechanical behavior are the reason why
they are so interesting. The field of wide applications
of this high-conductivity metal, including Mg, Cu and
others, and aluminum matrix composites, is not only
in electronics and electrical engineering [1] but have
also been designed for high-tech and functional appli-
cations including aerospace, defense, automotive, ther-
mal management, sports and recreation, electronic
packaging, and armor [2]. With an ambition to shape
up both mechanical and tribological properties, and as
well electrical conductivity, these metal matrix com-
posites are strengthened by the addition of different
ceramic materials such as ZrO2 [3], Al2O3, SiC [4, 5],
B4C [6, 7], etc.; metal powders like W are possible
to be used for anti-radiation protection [7]. For re-
duction of the density and metal matrix properties
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modification, a suitable choice is the use of graphene.
Graphene, defined by superior tensile strength values
130 GPa and Young’s modulus 1 TPa, is a hopeful
nominee to act as a reinforcing material in metal ma-
trix nanocomposites [8, 9]. Due to its electrical con-
ductivity, there is a prospect of using these materials
in power transmission lines [10]. The history of the
study of aluminum matrix composites (AMCs) dates
to 1920; since then, much attention has been paid to
this research. Carbon as a reinforcing allowance can
be used in different forms, as carbon nanotubes or as
graphene nanoparticles [11–13], graphene nano-flakes
(GNF) [12–15], multilayer graphene (FLG) [16] or
its derivatives: graphene oxide and reduced graphene
oxide [17, 18]. Single layers of graphene were first
produced in 2004 by Novoselov et al. [19, 20]. Un-
til then, popular solutions have been to use conven-
tional AMCs reinforcements, such as equiaxial ce-
ramics, short fibers, whiskers, continuous fibers, and
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monofilament [2]. Few-layer graphene (FLG) is defined
by 3 to 9 layers, and the layer number limit when
graphene becomes graphite is 10 layers. The atomic
structure of graphene results in exceptional electrical,
optical, mechanical, and thermal properties [21]. Be-
sides graphene, carbon nanotubes have excellent me-
chanical and physical properties, such as ultra-high
strength and electrical conductivity, and are therefore
expected to be used as reinforcing additives to improve
the mechanical and electrical properties of conductive
metallic materials [22]. Nonetheless, previous research
has shown that the strength of pure metals can be
increased by using carbon nanotubes (CNTs) as re-
inforcement, but the electrical conductivity of these
nanocomposites was always lower compared to pure
metals [23–30]. Ebbesen et al. [31] and Wang et al. [32]
measured CNT and graphene electrical conductivity.
The results showed that the electrical conductivity of
graphene (∼ 67MSm−1) was significantly higher than
that of CNT (∼ 20MSm−1). Therefore, attention is
focused on graphene as a reinforcing parameter [33].
The requirement for producing these metal matrix re-
inforced composites is to obtain strong, solid, and cost-
effective materials for existing and future technologies
[34]. More emphasis is placed on the production as
environmentally friendly as possible (e.g., using waste
from processing pure metals or its alloys).
This study aimed to develop and present the fabri-

cation process of AA-2.5GNP composites by SPS tech-
nique using low-cost recycled A.A. chips.

2. Materials and methods

A.A. chips (Fig. 1a) used in this work were pro-
duced from a CNC machining centrum with varying
processing speeds and amounts of lubrication. This
resulted in thickness variation ranging from approxi-
mately 0.5 to 2 mm and a variable length with some
chips exceeding 100mm. The chip morphology can
be related to the tool wear and the surface integrity
of the machined part. The microstructure change on
the machined surface of the chip typically manifests
as the layer with homogenous or ultrafine grain mi-
crostructure. The layer is generated mainly from the
phase transformation from rapid heating and quench-
ing and from severe plastic deformation. All A.A. chips
were degreased with acetone and dried in an oven. Be-
fore further processing, grinding was executed to get
a more homogenous and finer blend of chips-powder,
averaging in diameter under 100µm to eliminate pos-
sible size effects regarding sintering and further mix-
ing with graphene. All prepared samples were based
on EN AW 5083 aluminum alloy marked as A.A.; their
structures may differ depending on the amount of tem-
perature arising from machining. These variations can
be seen by varying amounts of the darker intermetallic

Fig. 1. Morphology of monolithic A.A. chips (a), milling
disk chamber (b), and vibrational mill (c).

magnesium silicide (Mg2Si) phase. The brighter and
more evenly distributed intermetallic phase mainly
consists of iron, manganese, and silicon alloying ele-
ments and builds an undissolved and more evenly dis-
tributed always present phase of Al(FeMn)Si as pub-
lished in [35]. Additional deformation at elevated tem-
perature promotes oxide breakage caused by a wider
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Fig. 2. Preset temperature, pressure, piston speed, and
shrinkage curves used during fabrication of spark plasma
sintering (SPS) specimens with a maximum load of 11 kN,

equaling an applied pressure of 50 MPa.

spread between the hardness values of base metal and
the brittle surface oxide [36, 37]. The size reduction
of aluminum alloy chips was conducted in a vibra-
tional ”UFO” disc mill (home-made at IMR SAS, Slo-
vakia). The mill (Figs. 1b,c) consists of a 300 ml work-
ing chamber with a high-alloyed stainless-steel ring (ø
70mm).
The milling period was set at 20min. The exit sieve

with 55 µm mesh size holes was used. After that, the
20 g A.A. powder was added together with 0.5 g GNPs
and 10 stainless steel balls into the 3D Turbula mixer
and mechanically mixed for 30min. The SPS with a
graphite tool assembly was used to produce specimens
with a processing temperature of 550◦C and a maxi-
mum sintering pressure of 50MPa. As shown in Fig. 2,
specimens were heated to 550◦C within 10minutes,
followed by 10minutes of holding at peak temperature
and a controlled cooling step within seven minutes.
For comparison, a pure A.A. sample was also fabri-
cated under the same condition. The final samples had
a disc shape with 3mm thickness and 20mm diameter.
Sintered samples were polished using series of diamond
suspensions from 30 to 1 µm. The average grain size of
each composite was determined using the line method
on scanning electron microscopy (SEM) images, and
the density was determined by Archimedes’ method.
Tribology tests were performed on an automatic tri-
bometer (Bruker, USA) in reciprocating dry sliding
conditions, using a ball-on-disc geometry at room tem-
perature and pressure. A 100Cr6 steel ball with a
6mm diameter was used as a tribo partner. All tests
were carried out under 2 N normal load, 0.1 m s−1 slid-
ing velocity, and 5mm stroke length. The total sliding
distance was 50m. The coefficient of friction (COF)
was calculated by taking the ratio of the tangential
and normal forces, and it was reported versus the slid-
ing distance. The volume removed was measured using
confocal microscopy, where a hundred layers along the
depth of the track were recorded. The wear rate, W ,
was determined in terms of the volume loss V per dis-

Fig. 3. O.M. images showing sample microstructure: mono-
lithic A.A. (a) and AA-2.5GNPs composite (b).

tance L and applied load F according to the following
Eq. (1):

W =
V

L× F
. (1)

3. Results and discussion

3.1. Microstructure and hardness

The microstructures of monolithic A.A. and AA-
2.5GNPs composite produced by SPS method were
examined by Olympus O.M. (Figs. 3a,b). Optical mi-
crostructural analysis showed that in the monolithic
A.A. material, a dense microstructure with very low
porosity was found. In the AA-2.5GNPs composite
material, the distribution of GNPs was determined.
According to analyses, it was observed that GNPs
are distributed around individual grains and create
an electrically conductive grid that can enhance the
sintering process. The hardness of sintered monolithic
A.A. and AA-2.5GNPs composite samples measured
using Vickers indentation technique with a load of 25 g
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Fig. 4. SEM micrographs of wear tracks on A.A. (a, c, e) and AA-2.5GNPs composite (b, d, f) at translation speed of
0.1 m s−1, length of 50 m and friction force of 2 N, obtained from wear tests under dry conditions.

was approximately 100 HV0.025 and 109HV0.025, re-
spectively. According to literature, hardness values of
the A.A. alloys depending on heat treatment tempe-
rature and aging time are in the range of 75 HV [38].
The relative density of the samples calculated accord-
ing to Archimedes’ principle was approximately 99.5
and 97.5 %, respectively.

3.2. Tribological properties, coefficient
of friction, and wear

Figure 4 shows the microstructure of wear tracks
generated on the worn surfaces of A.A. and AA-
-2.5GNPs composite resulted from the tests under dry
conditions at R.T. in reciprocating sliding after 50 m

sliding distance. Figures 4c,e – the corresponding mag-
nified images of Fig. 4a – reveal the morphology of the
A.A. friction zone from wear track and Figs. 4d,f the
corresponding magnified images of Fig. 4b of the AA-
-2.5GNPs composite, respectively. It was observed
that the plastic deformation of the wear tracks be-
comes less severe at AA-2.5GNPs composite. The se-
vere plastic deformation with smeared surfaces oc-
cured due to the stronger adhesion between the fric-
tion ball and the samples during the tests. The ad-
dition of graphene to the A.A. matrix caused re-
lease/pulling out of GNPs particles at the friction,
which had a positive effect on decreasing the coeffi-
cient of friction. This could be related to a decrease in
abrasion by forming some friction film during sliding,
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Fig. 5. Axonometric plots of wear tracks on A.A. (a)
and AA-2.5GNPs composite (b) at translation speed of
0.1 m s−1, length of 50 m, and friction force of 2 N, ob-

tained from wear tests under dry conditions.

related to the flat patches observed on the wear track.
In Fig. 5a, many flat patches were observed, and an ap-
parent increase in the depth and increase in the width
of the track profile of monolithic A.A. as in Fig. 5b,
the corresponding axonometric plot of AA-2.5GNPs
composite. Therefore, more severe surface traction is
exerted towards the direction of the sample translation
by normal and tangential loads at the monolithic A.A.
sample. The appearance of smooth stripes illustrates
the plastic deformation of the sample surface created
in the sliding (Fig. 4e). These typical properties rep-
resent the typical abrasive wear behavior [39]. Com-
pared with the A.A. sample, the number of debris in
the AA-2.5GNPs samples is markedly decreased, and
the delamination is reduced. It is clear from Fig. 4 that
GNPs disperse uniformly on the wear surface with lit-
tle debris and furrows, which infers that the presence
of GNPs is beneficial to reduce the wear rate due to
the low shear force and friction coefficient between
graphene layers.
The typical mechanisms for AA-2.5GNPs compos-

ite can be summarized as follows: The GNPs form a
carbon friction film, which covers the surface and acts
as a solid lubricant, reducing the COF of composite.
The high thermal conductivity of GNPs improves the
thermal conductivity of the matrix [40], which reduces
the heat and keeps the hardness and strength of the

Fig. 6. COF vs. time graphs of A.A. and AA-2.5GNPs
composite at translation speed of 0.1 m s−1, length of 50 m
and friction force of 2 N, obtained from wear tests under

dry conditions.

composite in the wear test. The contact area between
the ball and the disc decreases, thus contributing to
the reduction and stability of the COF.
The GNPs embedded in the A.A. matrix were

found to significantly enhance not only the micro-
hardness and COF but also the wear resistance of the
composites due to its tribological effect. By adding a
GNPs phase, the depth and width of the wear track
decrease, as is documented in Figs. 5a,b. The COF
decreased from 0.8 for A.A. to 0.4 for AA-2.5GNPs
(Fig. 6). Figure 6 shows the friction coefficient curves
of the specimens. At the beginning of the dry slid-
ing wear test, the initial friction coefficient varies be-
tween 0.2 and 0.8 for the AA-2.5GNPs composite and
the monolithic A.A. specimens. After approximately
1 m of sliding distance, the friction coefficients raised
about 0.4 and 0.85 for the AA-2.5GNPs composite and
the monolithic A.A. specimens, respectively. The fric-
tion coefficients curves are unequal with both abra-
sion and adhesion phenomena. The average friction
coefficient decreased with the addition of GNPs par-
ticles and the increasing hardness of the AA-2.5GNPs
composite specimen. It is known that some materials,
e.g., steels [41] with harder phases, provide a lower
friction coefficient. However, heterogeneity of coarse
GNPs dispersion and higher hardness of composite
slightly decreased the relative density and raised the
delamination effect (Fig. 4). EDS analysis in Fig. 7a
shows that the main composition of the A.A. debris
region is Mg and Al. The beneficial effect of adding
GNPs in the A.A. matrix and potential to create fric-
tion film, a C is displayed by EDS in Fig. 7b. In
the regime of friction cycle under 2 N normal load,
0.1 m s−1 sliding speed, 50m wear cycle, the use of
GNPs as an additive (2.5 wt.%) in the A.A. matrix
resulted in a marked reduction of the wear rate from
144.1 to 35.6 × 10−5mm3 N−1 m−1.
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Fig. 7. SEM micrographs with EDS analyses of wear tracks
on A.A. (a) and AA-2.5GNPs composite (b) at translation
speed of 0.1 m s−1, length of 50 m and friction force of 2 N,

obtained from wear tests under dry conditions.

4. Conclusions

Monolithic A.A. and AA-2.5GNPs composite ma-
terials using low-cost A.A. chips (leftovers from ma-
chining) were successfully prepared by SPS in a vac-
uum. The fabricated materials have a dense mi-
crostructure and low porosity. The addition of GNPs
resulted in enhanced hardness, which was 100HV for
the reference materials and 109HV for the compos-
ite. The wear characteristics of the two materials were
evaluated under dry conditions at room temperature.
Among the key findings are the following: The wear

rate of the A.A. material is approximately four times
higher than that of the Al-2.5GNPs composite. The
main reason is the graphene friction film formed be-
tween the friction pair, which acts as a solid lubricant.
This leads to the reduction of friction forces and ad-
hesion. The coefficient of friction decreased from ∼ 0.8
for the A.A. down to ∼ 0.4 for the AA-GNP compos-
ite. The plastic deformation of the wear tracks was
more severe in monolithic material and resulted from
the stronger adhesion between the ball and the sur-
face of samples formed under dry conditions. Yet, in
both materials, the principal wear micromechanism

appeared to be adhesion accompanied by ploughing
and occasional delamination.
Overall, the work confirmed a positive influence

of SPS on the compaction of A.A. chips with GNPs
as an additive, but further work will be necessary to
achieve homogenous bonding and decrease the delam-
ination effect required for an industrial application.
Further optimization of sintering process parameters
may deliver more suitable processing, leading to su-
perior performance. A combination of grinding with
mixing in a high-energy ball mill (Attritor, for exam-
ple) may be used to enhance bonding additionally. The
AA-2.5GNPs composites could extend the lifetime of
recycled aluminum materials, offering higher mechani-
cal properties to weight ratios for typical AMCs appli-
cations. However, even with the observed reinforcing
effects, there still exist challenges for using these nano-
materials as reinforcement in A.A. composites which
require further research.
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laric, C. Volkmer, H. Höller, U. Wienecke, S. Roth,
H.-J. Fecht, Effect of size and shape of metal particles
to improve hardness and electrical properties of car-
bon nanotube reinforced copper and copper alloy com-
posites, Compos. Sci. Technol. 70 (2010) 2253–2257.
doi:10.1016/j.compscitech.2010.07.012

[26] W. M. Daoush, B. K. Lim, C. B. Mo, D. H.
Nam, S. H. Hong, Electrical and mechanical proper-
ties of carbon nanotube reinforced copper nanocom-
posites fabricated by electroless deposition process,
Mat. Sci. Eng. A-Struct. 513–514 (2009) 247–253.
doi:10.1016/j.msea.2009.01.073

[27] C. L. Xu, B. Q. Wei, R. Z. Ma, J. Liang, X. K. Ma,
D. H. Wu, Fabrication of aluminum-carbon nanotube
composites and their electrical properties, Carbon 37
(1999) 855–858. doi:10.1016/S0008-6223(98)00285-1

[28] Z. Y. Liu, B. L. Xiao, W. G. Wang, Z. Y. Ma, Ten-
sile strength and electrical conductivity of carbon nan-
otube reinforced aluminum matrix composites fabri-
cated by powder metallurgy combined with friction
stir processing, J. Mater. Sci. Technol. 30 (2014) 649–
655. doi:10.1016/j.jmst.2014.04.016

[29] B. Chen, S. Li, H. Imai, L. Jia, J. Umeda, M. Taka-
hashi, K. Kondoh, Carbon nanotube induced mi-
crostructural characteristics in powder metallurgy Al
matrix composites and their effects on mechanical and
conductive properties, J. Alloy. Compd. 651 (2015)
608–615. doi:10.1016/j.jallcom.2015.08.178

[30] W. Zhou, G. Yamamoto, Y. Fan, H. Kwon, T. Hashida,
A. Kawasaki, In-situ characterization of interfacial
shear strength in multi-walled carbon nanotube re-
inforced aluminum matrix composites, Carbon 106
(2016) 37–47. doi:10.1016/j.carbon.2016.05.015

[31] T.W. Ebbesen, H. J. Lezec, H. Hiura, J. W. Bennett,
H. F. Ghaemi, T. Thio, Electrical conductivity of in-
dividual carbon nanotubes, Nature 382 (1996) 54–56.
doi:10.1038/382054a0

[32] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H.
Tran, T. Taniguchi, K. Watanabe, L. M. Campos, D.
A. Muller, J. Guo, P. Kim, J. Hone, K. L. Shepard,
C. R. Dean, One-dimensional electrical contact to a
two-dimensional material, Science 342 (2013) 614–617.
doi:10.1126/science.1244358

[33] S. Zhang, G. Chen, T. Qu, G. Fang, S. Bai, Y. Yan,
G. Zhang, Z. Zhou, J. Shen, D. Yao, Y. Zhang, Q. Shi,
Simultaneously enhancing mechanical properties and

http://dx.doi.org/10.1007/s11837-015-1781-1
http://dx.doi.org/10.1126/science.1157996 
http://dx.doi.org/10.1016/j.matdes.2016.01.031
http://dx.doi.org/10.1016/j.msea.2011.07.043
http://dx.doi.org/10.3969/j.issn.1001-4381.2014.04.001
http://dx.doi.org/10.1016/j.compositesa.2014.10.010
http://dx.doi.org/10.1016/j.msea.2014.12.102
http://dx.doi.org/10.1016/j.pnsc.2014.03.012
http://dx.doi.org/10.1016/j.carbon.2014.10.044
http://dx.doi.org/10.1088/0957-4484/25/32/325601
http://dx.doi.org/10.1016/j.scriptamat.2012.01.012
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1016/j.egypro.2017.07.055
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1007/s00339-003-2424-x
http://dx.doi.org/10.1016/j.matchar.2005.05.003
http://dx.doi.org/10.1038/ncomms3202
http://dx.doi.org/10.1016/j.compscitech.2010.07.012
http://dx.doi.org/10.1016/j.msea.2009.01.073
http://dx.doi.org/10.1016/S0008-6223(98)00285-1
http://dx.doi.org/10.1016/j.jmst.2014.04.016
http://dx.doi.org/10.1016/j.jallcom.2015.08.178
http://dx.doi.org/10.1016/j.carbon.2016.05.015
http://dx.doi.org/10.1038/382054a0
http://dx.doi.org/10.1126/science.1244358


244 V. Puchý et al. / Kovove Mater. 59 2021 237–244

electrical conductivity of aluminum by using graphene
as the reinforcement, Mater. Lett. 265 (2020) 127440.
doi:10.1016/j.matlet.2020.127440

[34] I. A. Oviďko, Metal-graphene nanocomposites with
enhanced mechanical properties: A review, Rev. Adv.
Mater. Sci. 38 (2014) 190–200.

[35] B. Milkereit, Kontinuierliche Zeit-Temperatur-Aus-
scheidungs-Diagramme von Al-Mg-Si-Legierungen.
Ph.D. Thesis, University of Rostock, Rostock, 2010.
https://www.shaker.de/de/content/catalogue/
index.asp?lang=de&ID=8&ISBN=978-3-8322-9993-4

[36] C. N. Cislo, T. Fazokas, B. Buchmayr, Ch. Weiß,
Consolidation behaviour of aluminium alloy machin-
ing chips during the high pressure torsion process.
In the Conference Proceedings of XXXVIII. Verfor-
mungskundlichen Kolloquium, Zauchensee, 2019, pp.
114–119.

[37] C. N. Cislo, B. Kronthaler, B. Buchmayr, Ch. Weiß,
Solid state recycling of aluminum alloy chips via
pulsed electric current sintering, J. Manuf. Mater. Pro-
cess. 4 (2020) 23. doi:10.3390/jmmp4010023

[38] https://www.thyssenkrupp-materials.co.uk/
aluminium-5083.html

[39] Y.-S. Lee, Y. Kondo, M. Okayasu, Friction-induced
martensitic transformation and wear properties of
stainless steel under dry and wet conditions, Metals
10 (2020) 743. doi:10.3390/met10060743

[40] G. Xie, O. Ohashi, M. Song, K. Furuya, T. Noda, Be-
havior of oxide film at the interface between particles
in sintered Al powders by pulse electric-current sin-
tering, Metall. Mater. Trans. A 34 (2003) 699–703.
doi:10.1007/s11661-003-0104-2
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