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Abstract

In this study, graphene nanoplatelets (GNPs) with a thickness of 50-100 nm have been utilized to improve the mechanical

and tribological properties of A360 alloy due to their extraordinary mechanical properties and solid lubricant nature.

For the investigation of tribological properties, ball-on disc tests were carried out at various temperatures including

room temperature (RT), 150 �C, and 300 �C. According to the hardness and ball-on-disc test results, the nanocomposite

samples reinforced with GNPs exhibited improved hardness and wear resistance. The improvement in the wear behav-

ior of nanocomposites was referred to the temporarily formed solid lubricant film of harder GNPs during the wear, and

hence coefficient of friction (COF) and volume loss were considerably reduced. Abrasive-adhesive, oxidative, and mild-

to-severe were found to be main wear mechanisms at RT, 150 �C, and 300 �C, respectively. Overall, the results show

that the nanocomposites fabricated by casting method combined with mechanical stirring and ultrasonication have

promising wear performance, especially at elevated temperatures. This may suggest that these developed materials

could be potential candidates to be used in the engineering applications requiring high temperature wear performance.
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Introduction

Owing to their high specific strength, high specific

modulus and low density, aluminum (Al) and its

alloys are broadly employed in the automotive and

aerospace industries to reduce weight, hence energy

consumption and CO2 emission.1,2 Despite improved

mechanical properties of Al alloys, the majority of

these alloys suffer from their low hardness and wear

resistance at elevated temperatures. The use of suitable

lubricants between contact surfaces is one of the widely

applied solutions to deal with the wear phenomenon,

but reduction in coefficient of friction (COF) and

volume loss may not be achieved under challenging

conditions, such as high temperature and high pres-

sure.3 Therefore, many efforts have been devoted to

improve wear resistance of Al alloys, these include

introduction of proper reinforcing materials into

alloys and surface coating applications in order to

meet the requirements in specific engineering applica-

tion.4,5 Numerous research studies have shown that the

addition of micron-sized discontinuous reinforcements

into Al matrix by a suitable mixing technique signifi-

cantly enhanced the wear resistance of monolithic

alloys.6–8 However, unlike the strength and wear resis-

tance, the ductility generally tends to decrease in these

composites due to considerable brittle reinforcement

content. This limitation hampers the use of such wear

resistant composites with micron-sized reinforcement

in broad engineering application areas. On the other

hand, several studies9–15 revealed that the addition of
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nano-sized ceramic and/or carbon (C)-based reinforce-
ments increased strength and wear resistance of metal
matrices by promoting effective stress transfer and
grain refinement. Graphene has been widely considered
to be one of the promising and attractive reinforce-
ments for different matrices including polymers follow-
ing its synthesis in 2004 due to its outstanding physical
and mechanical properties.16,17 In addition, due to the
weak van der Waals bonds, layered structure of gra-
phene nanoplatelets (GNPs) which consist of several
layers of graphene could be sheared easily, and hence
it can be expected that the incorporation of GNPs into
metals exhibits a solid lubrication effect on contact
surfaces to reduce friction and consequently wear.18

Moreover, graphene layers could reduce volume loss
and prevent the cracks which may take place during
sliding by acting as barriers to crack propagation.19–21

There are several investigations reported in the liter-
ature regarding the introduction of GNPs into metals
in order to improve their mechanical and/or tribologi-
cal performance.22–24 GNPs were commonly incorpo-
rated into such matrices by means of powder
metallurgy which is thought to be an effective tech-
nique in terms of obtaining a uniform dispersion of
finer reinforcements through matrix. Tabandeh-
Khorshid et al.22 investigated the effect of GNPs on
the tribological properties of Al matrix nanocompo-
sites produced by powder metallurgy. The results
showed that 0.1wt.% GNP addition exhibited better
wear resistance than unreinforced Al and the composite
reinforced with 1wt. % GNP. In addition, the highest
wear rate was observed in the sample with 1wt.%
GNP. This result can be attributed to the formation
of GNP clusters formed due to relatively high content
of GNPs in the matrix, which induced a significant
volume loss during sliding in the wear test. El-
Ghazaly et al.25 reported that the wear rate of Al/
GNP (3 and 5wt.%) nanocomposites fabricated by a
combination of ball milling and hot extrusion process
decreased compared to that of unreinforced Al alloy.
However, the composite containing 3wt.% GNP dis-
played lower COF value and greater wear resistance
than those of the composite with 5wt.% GNP. This
result suggests that during the sliding a temporary pro-
tective interlayer could not be formed on the contact
surface due to the potential agglomeration of relatively
high amount of GNPs in Al/5wt.% GNP samples.

Besides powder metallurgy, casting is one of the
most frequently preferred fabrication techniques by
the industry in terms of providing relatively scalability,
simplicity, and low-cost.26 However, it is evident from
the published studies that only a few attempts on the
production of GNP reinforced Al matrix nanocompo-
sites by liquid state routes were made to date.27,28 Like
other nano-sized reinforcement types, poor wettability,

high surface-to-volume ratio and thus agglomeration
tendency of GNPs are regarded as the main barriers
for their uniform dispersion into molten metals to
achieve good interfacial bonding and hence enhanced
mechanical properties. In these cases, the introduction
of high intensity ultrasonic waves into melt, namely
ultrasonic mixing of GNPs, and/or the use of partial
powder metallurgy in the process are the most fre-
quently referred approaches to facilitate deagglomera-
tion of GNPs.

It is crucial to understand friction and wear behav-
iors of engineering components operating at elevated
temperatures, such as piston-cylinder system and tur-
bine parts since strength of materials is significantly
reduced and adhesion characteristics of contact surfa-
ces is altered with increasing temperature.
Consequently, applications involving high tempera-
tures may show completely different wear mechanism
resulting in serious wear rates. In this regard, according
to the best of our knowledge, there is no available data
associated with the investigation of high temperature
wear behavior of GNP reinforced Al matrix nanocom-
posites fabricated by solidification processes in the lit-
erature. It is therefore aimed at investigating the
influence of GNP additions on both ambient and
high temperature dry sliding wear characteristics of
composites which are fabricated by means of a combi-
nation of stir casting and ultrasonic mixing in the pre-
sent work. Along with the detailed microstructural
analyses, the wear mechanisms in the fabricated sam-
ples are also explored and discussed based on the worn
surface observations.

Experimental

In this work, A360 (Aluminum Association
Designation) commercial aluminum, one of the
widely used alloys in industry, was used as the matrix
material and its chemical composition is given in
Table 1. Since silicon (Si) imparts castability to the
alloy, the presence of relatively high Si content in the
alloy can be beneficial for the ease of composite cast-
ing. Another aspect of choosing A360 alloy is the
potential of its higher Si content to suppress the reac-
tion between Al and GNPs, which forms undesirable
Al4C3 phase at the matrix-reinforcement interface.
Thus, a strong bonding and hence improved mechani-
cal properties can be achieved. GNPs which have an
average thickness of 50-100 nm and diameter of 5 mm

Table 1. Chemical composition of A360 alloy (wt.%).

Al Si Fe Cu Mn Mg Zn Ti

Bal. 10.0 0.5 0.10 0.50 0.35 0.10 0.15
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were used as the reinforcement. The scanning electron
microscopy (SEM) images of the GNPs are shown in
Figure 1.

GNPs were not directly fed into the matrix in order
to prevent them from floating due to the oxide layer
formed on the melt surface in spite of using protective
gas. They were introduced into the liquid matrix with
Al powders in the form of master alloys (tablets). Prior
to the casting process, the ball milling (Retsch PM 200)
operation was performed for 2 h at 350 rpm to blend
the Al and magnesium (Mg) powders along with
GNPs. The purpose of incorporating Mg powders
was to reduce the relatively high surface tension of
A360 alloy. During the ball milling operation, stainless
steel balls were used with a ball to powder ratio of 9:1.
The Al and Mg powders with an average size of
�75 mm and purity of 99% were utilized for the deag-
glomeration of GNPs. After the ball milling process,
the mixture was cold pressed into 30mm diameter tab-
lets under 250MPa.

The experimental arrangement for composite fabri-
cation is shown schematically in Figure 2. Once
approximately 200 g A360 alloy was melted in a graph-
ite crucible by an electric resistance furnace at 700 �C,
the tablet feeding process was launched. During the
feeding, mechanical stirring was applied for 15min. at
400 rpm in order to facilitate the erosion (fragmenta-
tion) of tablets and hence the distribution of GNPs
throughout the matrix. Then, 15min. ultrasonic treat-
ment was applied to the liquid composite at 675 �C by
an ultrasonic device (Q700-Qsonica, LLC with
12.7mm diameter grade 5 titanium probe and power
output of 700W) in order to obtain homogeneous rein-
forcement distribution and dispersion. After sonica-
tion, the liquid composite was cast into a pre-heated
permanent steel mold at around 300 �C. The GNP con-
tents in composites were set to be about 0.25 and

0.5wt.% for different sets of samples. The reference
alloy without the addition of GNPs was also prepared
with the same method followed for the nanocomposite
fabrication to observe any potential individual effect of
GNPs on the matrix.

The samples were ground and polished up to 1mm
surface finish with traditional metallographic sample
preparation steps for microstructural analysis. An opti-
cal microscope (Leica DM2500 M) and SEM (FEI
Quanta FEG 250) fitted with an energy dispersive X-
ray spectroscopy (EDX) were utilized to examine the
microstructures. Transmission electron microscope
(TEM, FEI Tecnai F30 with an EDX system) with an
operating voltage of 200 kV was also used to observe
the reinforcement-matrix interface. For TEM sample
preparation, an ultramicrotome device (Leica EM
UC6) was employed by sectioning the composite into
very thin electron transparent layers. The average grain
sizes of samples were determined according the linear
intercept method (ASTM E112 standards). Vickers
hardness (HV) tests were performed based on ASTM
E92-82 standards under a load of 1 kgf and 10 s dwell
time. At least ten indentations were made on each
sample and the average data was reported.

In order to investigate the dry sliding wear behavior
of reference alloy and composites, the specimens were
machined from the cast blocks into 15mm diameter
and 7mm height discs. The disc surfaces which will
be exposed to the contact were then ground and pol-
ished down to 1 mm finish. The ball-on-disc tests were
conducted three times for each case against the AISI
52100 steel ball (62 HRC) in 10mm diameter by a
tribometer (CETR-Bruker UMT-2 model equipped
with S21ME1000 lower rotary drive, DFH-20 dual fric-
tion/load sensors and suspension for load of 200N and
30N, respectively.), as schematically shown in Figure 3,
at various temperatures, i.e. RT, 150 �C and 300 �C.

Figure 1. a) Low and b) high magnification SEM images of the GNPs used in this study.
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It is considered that working in these temperature
ranges can provide the similar tribological conditions
that the majority of Al alloys will show in high temper-

ature applications. Thus, the obtained test results are
most likely to be comparable to those of real cases. The
wear test parameters are given in Table 2. The Hertz

contact stress was estimated to be around 380MPa
which is nearly equal to the compressive strength of
reference alloy. For this reason, the ball-on-disc test

was designed in three steps: track generation, check
run, and long period (real test) with a total sliding dis-
tance of 1000m and 7mm track diameter. The track

generation step was done to shift conditions from point
to elliptical contact being closer to those occurring in
ball, sliding bearings and other sliding contacts. The

sample surface was lubricated with unmodified (with-
out additives) oil (ExxonMobil SpectraSyn 8) to gener-
ate a smooth surface. After this stage, the lubricant was

immediately washed out with acetone and ethanol. In
the second step, check run, the sample was worn for a
short period of time prior to long-term test in order to

observe any problems related to the samples such as
premature failure due to the presence of micron-sized
pores. In addition, testing of aluminum alloys is some-

times associated with significant vibrations, and check
run is required to assess the state of device (especially
that of force sensor). After performing three wear tests

for type of material and condition, the volume losses
were calculated with the help of 3D laser scanning
machine (Bruker Contour GT-K) and their average

values were presented along with COF results.

Results and discussion

Figures 4 and 5 show the optical micrographs and aver-
age grain sizes of reference alloy and composites,
respectively. As seen, the introduction of GNPs into

the matrix partially inhibited the growth of dendrites
that were already available in the A360 alloy as prima-
ry a-Al grains (Figure 4(a)), leading to a limited grain

refinement. Although several mechanisms have been

proposed for grain size reduction by the addition of
reinforcement, the mechanism in this case is more
likely to be the fact that the GNPs act as nucleating
agents during solidification of a-Al. In addition, when
the GNP content increased from 0.25 to 0.5wt.%, the
grain size refinement potency is weakened presumably
due to the clustering tendency and non-uniform disper-
sion of relatively high amount of reinforcements.

As seen in Figure 6, the SEM micrographs of com-
posites show relatively homogeneous dispersion and
distribution of potential GNPs into the matrix, sug-
gesting that the ball milling process used prior to the
composite fabrication as well as ultrasonication may
have played a substantial role in terms of deagglomer-
ation of GNPs. Despite the effective distribution of
reinforcement throughout A360 alloy, it seems that
some GNP clusters still exist in the microstructures,
particularly in those of the composite with 0.5wt.%
GNP (Figure 6(b)). For example, such a potential
GNP cluster with the point EDX analysis is shown
for the A360/0.25wt.% GNP composite in Figure 7.
The significant C concentrations in the analysis are
most likely to indicate the presence of GNPs in that
location of Al matrix. It can be also noticed from
Figure 7 that the size of GNPs incorporated into the
produced sample is smaller than the size of as-received
GNPs. This may be due to the fracture of GNPs during
the ball milling process. It can be suggested that in
several locations of the A360/0.5wt.% GNP composite
the GNPs may appear as relatively larger clusters or
agglomerates as illustrated in the EDX elemental map-
ping in Figure 8. This observation implies that increas-
ing GNP content is likely to further complicate its
distribution into the matrix. Also, such agglomerates
can be expected to result in a reduction in the mechan-
ical properties and high volume loss in the wear tests
due to effortless detachment of comparatively porous
GNP agglomerations from the alloy.

The TEM images and EDX analysis of the compos-
ite with 0.25wt.% GNP prove that the GNPs were
randomly embedded into the matrix, showing no

Figure 2. Scheme of the experimental arrangement for the fabrication of GNP reinforced Al nanocomposites.
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Figure 3. (a) Schematic illustration of ball-on-disc mode wear test at elevated temperatures, and (b) pictures and arrangement of the
tribometer device used in the present work.

Table 2. Parameters of ball-on-disc test.

Steps Load (N) Duration (min.) Speed (rpm) Temperature (�C)

Track Generation 20 1 1 RT / 150 / 300

Check run 2 1 273 RT / 150 / 300

Real test 2 83 273 RT / 150 / 300
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preferential orientation, as indicated in Figures 9

and 10. The horizontally and vertically oriented

GNPs are displayed in Figure 9(a) and (b), respectively.

Figure 10 presents the areal EDX analyses for the var-

ious locations marked in Figure 9(a). The presence of

GNPs in the matrix can be also verified by the mea-

sured interplanar distance of 0.34 nm which is consis-

tent with the literature29 (Figure 9(b)). As seen, there is

no detectable void or additional phase at the
reinforcement-matrix interface, which may infer that

a clean bonding was achieved for effective load trans-

fer. This clean bonding can be attributed to the rela-

tively high level of Si content with at least 10wt.% in

the vicinity of reinforcement to prevent any chemical
attack between the GNPs and Al matrix as stated ear-

lier (see the Si peak in Figure 10(c)).30

Figure 11 shows the average hardness values of ref-

erence alloy and composites at ambient conditions. It is

clear that the GNP reinforced samples exhibited
enhanced hardness results compared to the reference

alloy due to harder nature and grain refining effect of

GNPs. Figure 12(a) compares the average COF values

obtained from the ball-on-disc wear tests of all samples

at the indicated test temperatures. As seen, despite the
divergent COF outcomes for all samples, the composite

containing 0.25wt.% GNP reached the minimal aver-

age COF values among the others over the whole tem-

perature range, indicating the solid lubricant effect of

effectively distributed GNPs on the matrix surface (see
Figure 7).18 Besides, the composite with 0.5wt.% GNP

showed considerably higher COF values which deviat-

ed over a very narrow band compared to those of

the composite with 0.25 at all test temperatures.

Figure 4. Optical micrographs of (a) A360 reference alloy, (b) A360/0.25wt.%GNP and (c) A360/0.5wt.%GNP composites.

Figure 5. Average grain sizes of the unreinforced alloy and the
composites with 0.25wt.% and 0.5wt.% GNPs at ambient
temperature.
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This circumstance can be obviously explained by the

agglomeration and non-uniform dispersion of GNPs

throughout the composite (see Figure 8). It is also spot-

ted that the COF result for the reference alloy sharply

increased at the highest test temperature (300 �C),
which is most likely to be due to a dramatic increase

in the ductility with increasing temperature, hence

resulting larger contact area under the load, in the

absence of reinforcement.
Figure 12(b) reveals the influence of GNP contents

and temperature on the wear loses of the alloy discs. It

seems that the samples exhibited comparable trends for

both COF and wear loss results at all conditions, ver-

ifying the close relation between friction and wear. In

other words, both friction and wear outcomes having

intermediate levels at RT went through a minimum at

150 �C and then reached to their maximum values at
300 �C for all samples with only one exception as A360/
0.5wt.% GNP composite displayed very similar COF
data at all test temperatures. This trend could suggest
that there is a change in the wear regime between
150 �C and 300 �C. At ambient condition, the A360/
0.25wt.% GNP composite possessed a significant
decrease in the wear loss by 40%, while the A360/
0.5wt.% GNP composite showed about 25% wear
loss increment compared to that of reference alloy
after 1000m sliding distance. The enhancement in
wear resistance by 0.25wt.% reinforcement content is
ascribed to the effective distribution of harder GNPs
into the alloy. This is corresponded to the hardness test
results as hardness is well known to be one of the
parameters affecting the wear rate based on the
Archard equation (Q¼KW/H, where Q is the total
worn volume per unit distance, K is the coefficient of
wear, W is the total normal load and H is the indenta-
tion hardness).31 However, there is a discrepancy
between the hardness test and calculated volume loss
results of reference alloy and composite with 0.5wt.%
GNP. This is presumably related to the ease of GNP
clusters fragmentation from the composite surface with
increasing GNP contents. Also, there could be more
available individual GNPs on the contact surface of
alloy with 0.25wt.% GNP compared to 0.5wt.%
GNP content. It is considered that the potential
GNPs of A360/0.5wt.% GNP sample could not be
released and not effectively cover the contact surface
as a solid lubricant during sliding due to the lack of
homogeneity.32,33 In other words, there might be a pos-
itive effect of GNPs in some areas of that sample, but
damage initiated in areas where GNPs tend to form
conglomerates leads to overall reduction in the wear
resistance. Therefore, A360/0.25wt.% GNP samples
exhibit better wear resistance than A360/0.5 wt.%
GNP. As temperature increases to 150 �C, the wear

Figure 6. Secondary electron SEM images of (a) A360/0.25wt.%GNP and (b) A360/0.5wt.%GNP cast composites showing potential
GNP sites.

Figure 7. Point EDX analysis for a region in A360/0.25wt.%
GNP composite.
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loses decrease for all samples and the A360/0.5 wt.%

GNP composite still exhibits the highest wear loss. In

addition, the wear loss difference between the unrein-

forced alloy and A360/0.25wt.%GNP composite
became negligible at 150 �C.

The representative 3D scanned surfaces for all sam-

ples after the wear tests conducted at various temper-

atures were given in Figure 13 in order to correlate

them with the volume loss data. When the scales were
evaluated at RT, relatively deeper wear scar zones were

observed in the unreinforced alloy as indicated in
Figure 13(a). On the other hand, A360/0.5 wt.%GNP
sample displayed a broader wear scar at ambient con-
dition compared to the composite with 0.25wt.% GNP

(Figure 13(b) and (c)). At 150 �C, it seems that the
A360/0.25wt.%GNP sample has the shallowest and

Figure 8. EDX elemental mapping for a region in A360/0.5wt.% GNP composite.

Figure 9. TEM images of (a) horizontally and (b) vertically embedded individual GNPs into A360/0.25wt.% GNP nanocomposite.
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narrowest wear scar among the other samples as shown
in Figure 13(e) (note that the color scale bars indicating
the depth level vary from sample to sample). It could be
suggested that considerable softening of the matrix at
300 �C led to uneven and catastrophic wear scars for
the reference alloy and nanocomposites compared to
the other worn surfaces (Figure 13(g) to (i)).
However, the composite containing 0.25wt.% GNP
displayed relatively lower wear depth.

Figure 14 reveals the SEM micrographs for the sur-
faces of unreinforced and GNP reinforced Al alloy
discs after the wear tests at RT, 150 �C and 300 �C.

The scratch marks which were oriented parallel to the
sliding direction can be directly identified from the
worn surfaces at RT (Figure 14(a) to (c)). Fine grooves
and ploughing marks indicate the abrasive wear that is
more likely to be predominant wear mechanisms
during the tests.34–35 Additionally, the presence of
delamination patches on all worn sample surfaces
may imply that adhesive wear mechanism operated as
well. A360/0.25wt.%GNP sample can be easily distin-
guished from the others as it has relatively smoother
worn surface due to the lubricious effect of GNPs,
which is consistent with the volume loss results (see

Figure 10. EDX results of the locations marked in Figure 9 for A360/0.25wt.% GNP nanocomposite.

Figure 11. Average hardness values of A360 alloy and its composites with 0.25 and 0.5wt.% GNPs at RT.
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Figure 12. Comparison of (a) the COF and (b) volume loss values of the alloys depending on GNP contents and wear test
temperatures.

Figure 13. 3D scanned surfaces of the reference alloy and nanocomposite discs worn at indicated temperatures.
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Figure 12(b)). The presence of GNPs on the worn sur-

faces can be seen in Figure 15 for the 0.25wt.% GNP

reinforced disc tested at RT.
The wear particles can be spotted on the sample

surfaces worn at 150 �C, as evidently shown in

Figure 14(f). The EDX analysis performed on such a

particle rich area contains high level of oxygen, indi-

cating the significant oxide formation due to increased

oxidation rate at elevated temperatures (Figure 16). It

is considered that the surfaces of composites were cov-

ered with oxide films to some extent with the inclusions

of GNPs, which is supported by the C content in the

EDX analysis. During sliding, it is argued that such

oxidized particles (resulting in formation of aluminum

oxide) entrapped between the mating surfaces may

serve as abradants for three-body abrasion or be inte-

grated into a surface to operate as two-body abra-

sion.36–37 It can be therefore suggested that the

dominant oxide particles could prevent the direct con-

tact between the softer matrix and steel counterface

leading to a reduction in the wear loses for all samples

at 150 �C. During the sliding process, it is also possible

that the freely moving oxide particles are accumulated

on the wear tracks, and the wear debris containing

these oxide particles are consequently compacted as a

result of compressive load to temporary form a

load-bearing layer.38–40 Such a partially formed protec-

tive layer contributing to the wear resistance is given as

a potential example in Figure 17 for the A360/0.25wt.

%GNP composite. Along with the reduction in the

wear loses, the noticeable drop of COF values in the

reference alloy and A360/0.25wt.%GNP composite

discs tested in comparison with the room temperature

data could be also attributed to the self-lubricating

effect of the oxide layers formed at 150 �C.41

It has been reported that the mechanical properties

of tribo-couples must be taken into account along with

the oxidation phenomena in order to document the

acting wear mechanisms at higher temperatures.42 It

is known that Al-Si alloys are significantly softened

when temperature exceeds 250 �C.35 Therefore, the pro-
tective oxide layer is unlikely to remain stable on the

surfaces worn at 300 �C due to the large amount of

plastic deformation of matrix, leading to continuous

fracturing of insufficiently supported oxide layers.

Then, the broken oxide layers can work as abrasive

particles. This suggests that the wear mechanism was

transformed from mild to severe wear, which can be

characterized by the laminated-shaped wear debris on

the worn surfaces as indicated in Figure 14(g).

Figure 14. SEM micrographs taken from the center of wear scars in the surfaces of reference alloy and nanocomposite discs after
ball-on-disc wear tests at indicated temperatures.
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Conclusions

In the present study, the effect of 0.25 and 0.5wt.%
GNPs additions on the microstructure, room and

Figure 15. SEM micrograph and EDX analysis of wear scar in the surface of A360/0.25wt.%GNP composite disc after the wear
test at RT.

Figure 16. EDX analysis of the wear debris found on the A360/
0.5wt.%GNP composite disc (Figure 14f) after the wear test at
150 �C.

Figure 17. Wear debris showing formed oxide protective layer
on the A360/0.25wt.%GNP composite disc (Figure 14f) after the
wear test at 150 �C.
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high temperature friction and wear behaviors of A360

alloy has been investigated. Based on the experimental

works, the following conclusions can be drawn:

1. The stir casting combined with the application of

ultrasounds has been found to be a promising

approach in terms of obtaining effective reinforce-

ment distribution throughout the matrix.
2. The electron microscopy images showed that a more

uniform dispersion and distribution of GNPs was

achieved for the 0.25 wt.% content rather than 0.5

wt.% GNP addition. No void or secondary phase

between the matrix and GNPs was detected, suggest-

ing that a clean bonding, hence effective load trans-

fer, was obtained.
3. At room temperature, 0.25 wt.% GNP addition into

A360 alloy resulted in a significant reduction in both

COF and wear loss compared to the reference alloy

due to the grain refining (hardening) and solid lubri-

cation impacts of GNPs. At 150�C, almost every

sample exhibited an enhancement in the friction

and wear resistance compared to their performance

at RT due to the formation of protective oxide layer

with sufficient support of base metal at elevated tem-

peratures and self-lubricating effect of GNPs. A

sharp increase in the COF and wear loss values

was observed for the reference and composite discs

at 300�C as a result of considerable softening of Al

and inability of the matrix to provide an adequate

support formed oxide layer.
4. Due to the presence of ploughing grooves and

delamination patches, abrasive and adhesive mech-

anisms were suggested to be the main mechanism at

RT. While the dominant wear mechanism at 150�C
was the oxidation wear based on the detected oxi-

dized wear debris, it was observed at 300�C that the

wear mechanism was transformed from mild to

severe wear due to the presence of laminated wear

debris on the worn surfaces.
5. Overall, the fabricated nanocomposite with 0.25 wt.

% GNP had promising wear performance, especially

at elevated temperature, as a result of effective

deagglomeration of GNP clusters. Therefore,

these materials could be further developed and

potential candidates to be utilized in the high

temperature engineering applications subjected to

substantial wear.
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