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Abstract. In this study, Si3 N4 and graphene-reinforced aluminium matrix composites (AMCs) with various contents
(Si3 N4 : 1, 3, 6, 9 wt%; graphene: 0.1, 0.3, 0.5 wt%) were produced by the powder metallurgy method. The phase and
microstructure analyses of the composites were performed by X-ray diffractometry and scanning electron microscopy,
respectively. To investigate the tribological behaviour of Al–Si3 N4 and Al–Si3 N4 –graphene composites, pin-on-disc experiments were conducted with different loads (F = 10, 20 and 30 N) at a constant sliding speed (200 rpm). Thus, the effects
of Si3 N4 and graphene contents on microstructure, Vickers hardness, apparent density, porosity, wear rate and friction coefficient of AMCs were investigated. Test results reveal that the highest Vickers hardness (66 ± 1 HV), the lowest porosity
(5.6%), wear rate (3.1 × 10−5 mm3 N−1 m−1 ) and friction coefficient (0.13) were obtained for Al–9Si3 N4 –0.1 graphene.
After attaining 0.1% graphene content, agglomeration was detected from the microstructure images of Si3 N4 –graphenereinforced AMCs. It was concluded that Si3 N4 had an outstanding wear resistance and graphene was a good solid lubricant
for AMCs.
Keywords.

Aluminium; silicon nitride; graphene; composite; wear.

1. Introduction
Aluminium matrix composites (AMCs) are one among the
high-technology materials. These composites have been
developed for high strength and low weight applications in
the automotive and aerospace industries because of their superior combination of better wear resistance and high-specific
strength [1]. AMCs can be produced by squeeze casting, melting or powder metallurgy (PM) methods [2]. PM method is
a preferred method on account of obtaining a good chemical homogeneity. This method is a near-net-shape forming
process, meaning that it is suitable for the fabrication of
complex-shaped and large-scale engine parts. Some properties of the fabricated parts such as porosity, wear resistance,
sound, vibration damping and mechanical strength can be
controlled by the PM method [3–5].
Graphene nanoplatelets (GNPs) and silicon nitride (Si3 N4 )
were used as reinforcement materials in this study. Si3 N4 has
remarkable properties such as excellent chemical resistance,
outstanding wear resistance, good thermal shock resistance,
high fracture toughness, high hardness and compressive
strength. Due to these extraordinary properties, Si3 N4 can
be preferred for wearing parts such as turbocharger rotors,
tappet shims, turbine blades, valves, cutting tools, rotating
wearing balls and rollers [6]. The other reinforcement material is GNPs which are two-dimensional materials and a
single layer of graphite. Besides, each layer of graphene consists of sp2 -hybridized carbon atoms [7–10]. GNPs are an
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allotrope of carbon atoms that have attracted the attention
of many researchers owing to their extraordinary properties
such as excellent thermal conductivity [11], good electrical
conductivity [12,13], high elastic modulus [14–20] and selflubricating behaviour [21–23].
According to recent research, a few studies were available
in the literature related to the wear behaviour of Al–Si3 N4
and Al–GNPs composites [24–32]. Kumar et al [24] investigated the wear behaviour of Al2618 alloy reinforced with
some ceramics such as Si3 N4 , AlN and ZrB2 in situ composites. These composites were fabricated by the stir casting
method with various reinforcement ratios (0, 2, 4, 6 and
8 wt%). The minimum wear rate (0.0005 mm3 m−1 ) and friction coefficient (0.1) were obtained for Al2618–8% Si3 N4
composite. It was concluded that increase in the reinforcement ratio and normal load decreased the wear rate and
coefficient of friction. Ul Haq and Anand [25] researched
the wear behaviour of AA7075–Si3 N4 composites (Si3 N4 :
0, 2, 4, 6, 8 wt%) produced by the stir casting route. It was
concluded that the addition of 8 wt% Si3 N4 led to an enhancement in the wear resistance up to 61%. Ambigai and Prabhu
[26] examined the friction and wear behaviour of Al–Si3 N4
nanocomposite and Al–Si3 N4 –graphite hybrid composite fabricated by the stir casting method. The results reported that
the wear rate and friction coefficient of Al–Si3 N4 –graphite
composite decreased by nearly 15% when compared with
Al–Si3 N4 nanocomposite. Kumar and Xavior [27] studied
the wear behaviour of Al6061–graphene composites with
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various graphene contents (0.2, 0.4 and 0.6 wt%) and
normal loads (30, 60 and 90 N) fabricated by the PM method.
The minimum mass loss (0.02 mg) and the maximum Vickers
hardness (65 HV) were determined for Al–0.4GNPs composite under 30 N load. This study showed that graphene
is a good solid lubricant for aluminium-based composites.
Tabandeh-Khorshid et al [28] investigated the tribological
performance of pure aluminium and graphene-reinforced
aluminium composites (0, 0.1 and 1 wt% GNPs) under different loads (5–15 N). The lowest mass loss (0.005 g) and
the lowest coefficient of friction (0.24) were obtained for
Al–0.1GNPs and Al–1GNPs composites, respectively. The
results indicated that the increase in the load increased the
mass loss and decreased the coefficient of friction. Zeng
et al [29] researched the wear rate of aluminium alloy (Al–
7 wt% Si alloy) composites reinforced with graphene oxide
(GO; 0.3, 0.5 and 0.7 wt%) nanosheets and silicon carbide (SiC; 10 wt%) particulates under a load of 1, 2, 2.5
and 3.2 N. The lowest wear rate (0.413 × 103 mm3 m−1 )
was determined for Al–Si–10SiC–0.7GO under 1 N load.
The addition of GO to the Al matrix led to a drop in the
wear rate of the composites. Zhang et al [30] examined
the wear and friction behaviour of 0.1 vol% graphenereinforced aluminium (A355 Al–Si alloy) matrix composites.
The coefficient of friction and wear rate of Al–0.1 vol%
graphene composite decreased the rate from 39.1 to 85.0%
when compared with Al alloys. As a result, the tribological performance of composites significantly improved with
addition of graphene to the Al matrix. Fathy et al [31]
examined the wear properties of Al–10Al2 O3 –xGNPs composites (x = 0, 0.2, 0.4, 0.6, 1.0 and 1.4 vol%) under
5, 10, 15 and 20 N loads. The results indicated that an
increase in graphene content improved the hardness, compressive strength and antifriction properties of composites. In
comparison with pure aluminium, 2.45-fold increase in hardness, 1.52-fold increase in strength and 19.2-fold increase
in the wear rate of Al–10Al2 O3 –1.4GNPs composites were
achieved. Şenel et al [32] investigated the influence of GNP
amount (0.1–0.5 wt%) on tribological and mechanical properties of aluminium-based composites. The minimum wear
rate and the maximum Vickers hardness were obtained for
Al–0.1GNPs composites. The results showed that graphene
is a good solid lubricant and a very effective reinforcement
element for aluminium-based composites. In these studies
[24–32], only Si3 N4 or only GNPs were preferred as a reinforcement material due to their high abrasion behaviour and
mechanical properties. In Ambigai and Prabhu’s study [26],
graphite and Si3 N4 were used to provide a synergic effect
because of the solid lubricant properties of graphite and high
wear properties of Si3 N4 . In contrast, graphene provides, as
a reinforcement material, both solid lubricant properties and
high mechanical properties when compared with graphite.
For this reason, both graphene and Si3 N4 were selected as
reinforcement materials in this study. In addition, there is
no study about the microstructure and tribological behaviour
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of both graphene and Si3 N4 -reinforced aluminium hybrid
composites.
The current research was aimed at investigating the effect
of graphene (0.1, 0.3 and 0.5 wt%) and silicon nitride
(1, 3, 6 and 9 wt%) content on characterization, wear
and friction behaviour of Al–Si3 N4 –GNPs and Al–Si3 N4
composites.

2. Experimental
2.1 Fabrication of Al–Si3 N4 –GNPs composite
Commercial aluminium powder was used as the main element
with the purity of 99.9% and mean particle size of 10 µm
which was supplied by Alfa Aesar Inc. (UK). GNPs (99.5%
purity, 5–8 nm thickness and 120–150 m2 g−1 surface area)
and silicon nitride (99% purity and 800 nm average particle size) were used as reinforcement elements. Si3 N4 and
graphene were provided by Ube (Japan) and Grafen Chemical
Industries (Turkey), respectively. The theoretical densities of
aluminium, GNPs and Si3 N4 are nearly 2.70, 2.25 and 3.20 g
cm−3 , respectively. Al–Si3 N4 and Al–Si3 N4 –graphene composites were fabricated by the PM method (figure 1). GNPs
(0.1–0.5 wt%) and Si3 N4 (1–9 wt%) powders were dispersed
in ethanol by using an ultrasonic homogenizer for 1 h. At the
same time, aluminium powders were mixed into an ethanol
solution by using a mixer. Graphene and Si3 N4 solutions were
added to the aluminium solution drop by drop. Then, the solution was mixed by using the mixer for 1 h to obtain a homogeneous mixture. The mixture was filtered, and then dried
at 60◦ C. After drying, uniaxial cold pressing was conducted
under 650 MPa pressure. The sintering conditions (tS =
180 min and TS = 630◦ C) were determined from our previous
paper [33].
2.2 Density and hardness measurements
The apparent and green densities were determined by
Archimedes’ principle. The results were evaluated by averaging at least six measurements. The apparent density of
composites was expressed as follows:


ρD = m K × (m D − m A )−1 ρW

(1)

where ρW is the density of water, m A is the mass of the
specimen submerged in the water, m D is the mass of watersaturated specimen and m K is the mass of specimen in
air [34].
The micro-Vickers hardness measurements were performed on the cross-section of the fabricated composites by
using a Vickers hardness tester (HV1000-B). In this test, a
200 gf load was applied for 15 s. For each specimen, at least
six measurements were conducted, and the mean hardness
value for each composite was calculated.
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Ultrasonication of Si3N4-GNPs
powders in ethanol for 1 h

Mixing of Al powders in
ethanol for 1 h

Mixing of Al-Si3N4GNPs-ethanol solution
Filtering of the mixture
by filtering equipment
Drying at 60 °C
during 12 hours
Pressing with uniaxial
press under 650 MPa
Sintering at Ts=630 °C
and tS=180 min
Fabricated test
specimens
Figure 1. Fabrication scheme of Al–Si3 N4 –GNPs composites by the PM method.

2.3 Friction and wear test results
Friction and wear tests were performed using a pin-on-disc
wear test unit at ambient temperature under dry conditions.
The material of the counterpart disc consists of stainless steel
(440C) with a radius of 20 mm, and a hardness of 60 HRC.
The wear tests were actualized by using a constant rotational
speed (200 rpm), sliding distance (500 m) and various loads
(10, 20 and 30 N).
Before wear and friction tests, the surfaces of the samples
were polished with 600-grit and 2000-grit abrasive paper. In
the wear test, the friction force values were recorded per second for 20 min. After the wear and friction tests, the wear rate
and mass loss of the composites were detected. Hence, the

mass loss, sliding distance, wear rate and friction coefficient
between particles can be determined for each composite.
First of all, the sliding distance (L) should be calculated to
determine the wear rate as follows:
L =2×π × R×n×t

(2)

where t is the test period (20 min), R is the radius of counterpart disc (20 mm) and n is the rotational speed (200 rpm).
Hence, L is calculated to be 500 m.
The volume of worn material (V ) may be expressed as
given in equation (3):
V = m/ρ.

(3)
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Figure 2. SEM micrographs of (a) pure Al, (b) GNPs and (c) Si3 N4 powders.

In this equation, m and ρ can be expressed as the mass
loss and apparent density, respectively. The wear rate (W ) of
composites can be expressed as given below:
W = V /(F × L)

(4)

where F is the normal load (N) and W is the wear rate (mm3
N−1 m−1 ).
2.4 Characterization
Scanning electron microscopy (SEM) and SEM-energy dispersive X-ray (SEM-EDX) micrographs were obtained by the
use of the Jeol JSM 7001F SEM device. The worn surface
morphologies and the microstructure images of the composites were examined using SEM. Also, the morphologies and
particle sizes of the powders were observed via SEM. The
particle size analysis of the powders was also carried out by
using the Malvern Mastersizer 3000. X-ray diffraction (XRD)
analyses were conducted to identify the crystalline phases of
the powders and composites by using the Rigaku Smart-Lab
XRD device.

3. Results and discussion
3.1 Characterization of powders and composites
Figure 2 demonstrates the SEM micrograph of the as-received
pure Al, GNPs and Si3 N4 powders at a magnification of
×200, ×20000 and ×20000, respectively. As seen from
figure 2a, aluminium powders have an irregular morphology with a mean particle size of 10 ± 3 µm. Graphene
nanoparticles have a multi-layered and two-dimensional
structure with a mean thickness of 8 ± 2 nm and a diameter of 10 ± 3 µm (figure 2b). From the SEM micrograph
of powders, silicon nitride (Si3 N4 ) powders are nearly a
spherical form with a mean particle size of 0.8 ± 0.2 µm
(figure 2c).
XRD patterns of Si3 N4 , GNPs and pure Al are illustrated
in figure 3. From XRD analysis, Si3 N4 , GNPs and pure Al
are presented at 2θ = ∼26, 35, 38, 43, 53, 57, 67, 69, 77◦ ;
2θ = ∼26◦ and 2θ = ∼38, 45, 64, 78◦ peaks, respectively.
The XRD analysis of powders is important in terms of analysis
of the phase structures of the composites. Also, this analysis
is an excellent guide to detect the formation of the secondary
phases after sintering.
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Figure 3. XRD patterns of (a) pure Al, (b) GNPs and (c) Si3 N4 powders.
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Figure 4. XRD of pure Al, Al–9Si3 N4 and Al–9Si3 N4 –GNPs
composites.

Figure 4 shows the XRD patterns of Al–9Si3 N4 –GNPs,
Al–9Si3 N4 composites and pure Al. In Al–Si3 N4 composites, the intensity of α-Si3 N4 peaks raises with the increase

in the amount of Si3 N4 . The peak of GNPs (2θ = ∼26◦ ) is
not involved in any Al–Si3 N4 –GNPs composites because of
the nanometric size of GNPs, the low detection limit of XRD
device and the low content of GNPs. There is no evidence for
the existence of Al4 C3 and AlN phases in any composite structure. The formation of aluminium carbide (Al4 C3 ) between C
and Al elements can damage the structure of GNPs. Also, the
formation of Al4 C3 can adversely affect the improvement of
graphene. However, the critical temperature required for the
formation of Al4 C3 was experimentally nearly 830◦ C. Our
sintering temperature is 630◦ C which is quite below for the
formation of the Al4 C3 phase. The formation of AlN phase
starts at 600◦ C when some salts are used such as NH4 Cl. N is
easily bond with Al due to the low decomposition temperature of NH4 Cl. In this study, Si3 N4 is used as a reinforcement
element. The melting point of Si3 N4 is nearly 1900◦ C because
of its strong covalently bond structure. Therefore, very high
temperature is required to break the nitrogen atom from Si3 N4
for reaction with Al. For all these reasons, Al4 C3 and AlN did
not form in this study.
The SEM and SEM-EDX images of Al–Si3 N4 –GNPs, Al–
Si3 N4 composites and pure Al are given in figure 5. From
SEM images, the well-bonded and dense microstructure was
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Figure 5. SEM images of (a) pure Al, (b) Al–3Si3 N4 , (c) Al–9Si3 N4 , (d) Al–9Si3 N4 –0.1GNPs, (e) Al–
9Si3 N4 –0.3GNPs, (f) Al–9Si3 N4 –0.5GNPs, SEM-EDX images of (g) Al–9Si3 N4 –0.3GNPs and (h) Al–
12Si3 N4 composites.
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Density, porosity and Vickers hardness of pure Al, Al–Si3 N4 and Al–Si3 N4 –GNPs composites.
Density of unsintered
material (g cm−3 )

Pure Al
Al–1% Si3 N4
Al–3% Si3 N4
Al–6% Si3 N4
Al–9% Si3 N4
Al–9% Si3 N4 –0.1% GNPs
Al–9% Si3 N4 –0.3% GNPs
Al–9% Si3 N4 –0.5% GNPs

2.47 ± 0.02
2.49 ± 0.01
2.50 ± 0.01
2.51 ± 0.01
2.53 ± 0.01
2.55 ± 0.02
2.43 ± 0.01
2.42 ± 0.01

observed after sintering for all specimens (figure 5a–f). Si3 N4
and GNPs particles were distributed homogeneously in Al–
3Si3 N4 and Al–9Si3 N4 and Al–9Si3 N4 –0.1GNPs composites
(figure 5b–d). The agglomerated GNPs were detected in
Al–9Si3 N4 –0.3GNPs and Al–9Si3 N4 –0.5GNPs composites
due to the electrostatic attractive forces (figure 5e and f).
Also, SEM-EDX images of Al–9Si3 N4 –0.3GNPs and Al–
12Si3 N4 composites show the presence of Si3 N4 and GNPs
and agglomerated GNPs and Si3 N4 particles (figure 5g and
h). These agglomerations are thought to deteriorate the
mechanical and tribological properties of the aluminium composites.
3.2 Mechanical properties of composites
The green density, apparent density, porosity and Vickers
hardness of Al–Si3 N4 , Al–Si3 N4 –GNPs composites and pure
Al are presented in table 1. The apparent densities of all
specimens improved with the sintering effect. The Vickers
hardness and density of Al–Si3 N4 samples improved with
the addition of silicon nitride. The highest apparent density (2.59 ± 0.01 g cm−3 ) and porosity (5.6%) were obtained
for Al–9Si3 N4 –0.1GNPs composite. The Vickers hardness
and density of Al–9Si3 N4 –xGNPs composite enhanced up
to 0.1% GNPs content. Once the GNP content is higher than
0.1 wt%, the density and hardness decreased with the increase
in GNP content. This is due to the non-uniform distribution of
GNPs in the Al matrix. Similarly, the highest Vickers hardness
(66 ± 1 HV) was determined for Al–9Si3 N4 –0.1GNPs composite. However, 0.1 wt% GNPs and 9 wt% Si3 N4 contents
have a negative effect due to the agglomeration and friction
between the particles. This causes a decline in the contact area
between the main and reinforcement elements, which led to
the higher porosity and less hardness values [35,36].
The development of the mechanical strength can be
explained by grain refinement, load transfer, Orowan looping, thermal mismatch, Hall–Petch and fine-grained mechanisms. Especially, Hall–Petch and fine-grained mechanisms
expressed the enhancement in the strength of Al–Si3 N4 –
GNPs composites. In these mechanisms, GNPs act as an

Density of sintered
material (g cm−3 )

Porosity (%)

Vickers hardness
(HV0.2)

2.50 ± 0.02
2.53 ± 0.01
2.54 ± 0.01
2.56 ± 0.01
2.58 ± 0.01
2.59 ± 0.01
2.53 ± 0.01
2.52 ± 0.01

7.4
6.5
6.4
6.2
6.1
5.6
7.8
8.2

30 ± 2
32 ± 1
38 ± 2
39 ± 2
49 ± 1
66 ± 1
62 ± 2
54 ± 1

obstacle to resist the grain growth. The dislocations do not
easily move on account of the fine-grain microstructure. It led
to the improvement of the mechanical strength of aluminiumbased composites [37].
3.3 Wear and friction analysis of composites
The mass loss and wear rate variations of Al–Si3 N4 , Si3 N4 –
GNPs composites and pure Al for various loads are shown in
figure 6. The minimum wear rate (3.1 × 10−5 mm3 N−1 m−1 )
and mass loss (4 mg) were obtained for Al–Si3 N4 –0.1GNPs
composite under a load of 10 N (figure 6a and b). The mass
loss and wear rate were raised because of the clustered GNPs
above a content of 0.1%. Also, it was determined that the
wear rate and mass loss increased with an increase in the
load. With regards to the variation of wear rate with the
normal load, in the literature, Archard’s equation demonstrates that the wear rate is directly proportional to the normal
load.
The Archard’s equation gives the relationship between the
hardness and the volume of the worn surface as given in equation (5) [38]:
V = μ×F×L/H

(5)

where H is the hardness, μ is the coefficient of friction,
F is the load, L is the sliding distance and V is the
volume of the worn surface. The higher Vickers hardness
resulted in the enhancement of wear resistance of Al–Si3 N4 –
GNPs composite. In this work, the lowest wear rate and the
highest Vickers hardness were detected for Al–9Si3 N4 –
0.1GNPs composite. Thus, this study was verified with
Archard’s equation.
From the wear tests, the coefficient of friction reduced
with the rise of both Si3 N4 and GNPs for Al–Si3 N4 –GNPs,
Al–Si3 N4 composites and pure Al (figure 7). The friction coefficient of pure aluminium decreased from 0.52
(pure aluminium) to 0.13 (Al–9Si3 N4 –0.1GNPs) (figure 7a).
Above a graphene content of 0.1 wt% in the Al matrix, the
friction coefficient slightly raised because of the
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Figure 6. Variation in (a) mass loss and (b) wear rate of Al–Si3 N4
and Al–Si3 N4 –GNPs composites for various loads.

Figure 7. Variation in friction coefficient of Al–Si3 N4 –GNPs
composites for various (a) graphene contents and (b) normal
loads.

agglomeration tendency of GNPs. The lowest coefficient of
friction was calculated to be 0.52 for Al–9Si3 N4 –0.1GNPs
composite under a load of 30 N. Once the normal load reduced
from 30 to 10 N in the wear test, the friction coefficient of Al–
Si3 N4 –0.1GNPs was increased from 0.13 to 0.18, respectively
(figure 7b). Otherwise, the increase in the load resulted in a
decrease in the friction coefficient and an increase in the wear
rate. The coefficient of friction decreases with an increase in
contact load. This might be due to the severity of the contact
pressure over the asperities tips, which could be enormous
[24,27]. The wear tests demonstrate that GNPs are so good
solid lubricators because of their self-lubricating properties.
After the wear tests, the worn surfaces of the Al–Si3 N4 , Al–
9Si3 N4 –xGNPs composites and pure Al were investigated by
the use of SEM. Figure 8 demonstrates the SEM micrographs
of the worn surfaces of Al–9Si3 N4 –0.1GNPs, Al–9Si3 N4 –
0.3GNPs, Al–9Si3 N4 –0.5GNPs, Al–9Si3 N4 composites and
pure Al at a constant sliding speed (200 rpm) under a load of
30 N. From the SEM micrographs, the abrasive wear

mechanism was observed at the surface of all composites.
The parallel grooves in the sliding direction were observed
at the worn surfaces. The deepest grooves and the broadest depths were detected at the surface of pure Al. Also, the
SEM micrograph revealed that the narrow width and shallow depth of the groove were observed on the surface of
Al–9Si3 N4 –0.1GNPs composite. The abrasive wear of Al–
9Si3 N4 –0.1GNPs composite improved with the increase in
the load at a constant speed. The SEM microstructure images
on the worn surface were verified with the pin-on-disc wear
test results. The minimum wear rate was determined for Al–
9Si3 N4 –0.1GNPs under a normal load of 10 N when wear
test results and SEM micrograph images of the worn surfaces
were evaluated together. The clustering of graphene occurs
using a large amount of GNPs in Al–9Si3 N4 –xGNPs. These
agglomerations were distributed locally which deteriorate
the wear behaviour of Al–9Si3 N4 –0.5GNPs and Al–Si3 N4
–0.3GNPs composite. GNPs in the Al hybrid structure act
as solid lubricators at the interface and improve the effect of
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Figure 8. Worn surface of (a, b) pure Al, (c, d) Al–9Si3 N4 , (e, f) Al–9Si3 N4 –0.1GNPs,
(g, h) Al–9Si3 N4 –0.3GNPs and (i, j) Al–9Si3 N4 –0.5GNPs composites.
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lubrication. Therefore, the lowest friction coefficient and wear
rate for Al–9Si3 N4 –0.1GNPs composite were recorded. As a
result, it can be stated that graphene nanoparticles are very
effective self-lubricators in the Al hybrid composites.

4. Conclusions
In this work, the influences of Si3 N4 (1, 3, 6 and 9 wt%)
and GNPs amount (0.1, 0.3 and 0.5 wt%) and normal loads
(10, 20 and 30 N) on the Vickers hardness, green density,
apparent density, porosity, wear rate, coefficient of friction
and microstructure of Al matrix composites. The experimental findings were summarized as below:
(1) The highest density (2.59 ± 0.01 g cm−3 ), Vickers
hardness (66 ± 1 HV) and the lowest porosity (5.6%)
were obtained for Al–9Si3 N4 –0.1GNPs composite.
Above a GNPs content of 0.1 wt%, the Vickers hardness
and apparent density were reduced because of clustered
graphene nanoparticles.
(2) Similarly, the lowest mass loss (4 mg under a load of
10 N), wear rate (3.1 × 10−5 mm3 N−1 m−1 under a
load of 10 N) and friction coefficient (0.13 under a
load of 30 N) were detected for Al–9Si3 N4 –0.1GNPs
composite. The wear rate, mass loss and coefficient of
friction increased above a GNPs content of 0.1 wt% on
account of agglomerated graphene. Also, an enhancement in the normal load resulted in an increase in the
wear rate and a decrease in the coefficient of friction.
A decrease in the friction coefficient led to an increase
in contact load. This may be due to the severity of the
contact pressure, which can be tremendous.
(3) XRD analysis reveals that graphene peaks were not
observed in any Al–Si3 N4 –GNPs composites due to
the low detection limit of the XRD device and the low
GNPs amount. Also, in situ reactions were not detected
for all compositions such as Al4 C3 and AlN.
(4) From SEM analyses, strong bonding between the particles was detected. The SEM analysis verified with the
presence of graphene at the aluminium grain boundary.
SEM images of the worn surfaces in the Al–Si3 N4 –
GNPs composite showed that abrasive wear could
be defined as the main wear mechanism. Also, the
depth of the grooves decreased up to an amount of
0.1 wt% graphene owing to the solid lubricant property of graphene. Above a GNPs content of 0.1 wt%, the
wear scars of the surface increased due to the agglomerated GNPs.
(5) In conclusion, Si3 N4 is an effective ceramic material
to decrease the coefficient of friction and wear rate.
Also, GNPs have a beneficial effect on both friction and
wear properties of the AMCs up to a certain amount
(0.1 wt%) due to the self-lubricating property of GNPs.
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