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Abstract
Recently, aluminum matrix composites have been fabricated by pure zirconia (ZrO2) or pure graphene in the aluminum
matrix because of good solid lubricant property of graphene and high compressive strength of ZrO2. Nevertheless, there
is no study on the effect of both ZrO2 and graphene reinforced aluminum composite. In this current work, the tribological
behaviors of Al-ZrO2 and Al-ZrO2-graphene composites with various contents (ZrO2: 1–12wt.%; graphene: 0.15–0.45wt.%)
were investigated under different loads (5 and 10 N) via the pin-on-disk wear test unit. The density, porosity, hardness,
and compressive strength were investigated by the Archimedes’ principle kit, Vickers hardness test unit, and universal test
machine, respectively. According to the test results, the micro-Vickers hardness, porosity, and compressive strength enhanced
from 30± 1.2 HV, 7%, 186± 4MPa (pure Al) to 75± 2 HV, 3.7%, 490± 4MPa (Al-9%ZrO2-0.15%graphene), respectively.
Similarly, the lowest friction coefficient (0.18 under a 10 N load), the mass loss (0.011 g under a 5 N load), and wear rate
(0.0031 mm3/(Nm) under a 5 N load) were obtained at the Al-9%ZrO2-0.15%graphene composite. The mechanical strength
and tribological behaviors ofAl hybrid composites deteriorated in the case of over 9wt.%ZrO2 and 0.15wt.%graphene contents
due to the agglomerations of graphene and ZrO2 nanoparticles. Therefore, it may be concluded that graphene is an excellent
solid lubricator, and ZrO2 has a remarkable wear resistance for Al hybrid composites.
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1 Introduction

Nowadays, research has continued to get over the monolithic
materials’ restrictions and produce cost-effective hybrid
materials with superior characteristics to meet industrial
demands [1]. In the automotive, aerospace, and aircraft
industries, aluminum metal matrix composites (AMMCs)
are fascinating because of their superior properties like their
high elastic modulus, excellent wear resistance, and low
density [2–4]. AMMCs have proven to be one of the most
promising engineering materials for different reinforcement
materials such as silicon nitride (Si3N4) [5], silicon carbide
(SiC) [6], boron carbide (B4C) [7], boron nitride (BN) [8],
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aluminum oxide (Al2O3) [9], titanium carbide (TiC) [10],
titanium diboride (TiN) [11], and zirconia (ZrO2) [12].

In recent years, aluminum matrix nanocomposites have
been thought to be influential materials due to their excellent
properties and multifunctionality [13, 14]. They are a new
type of composites comprised of combining one or a few
nano-reinforcements’ types incorporated into the Al matrix.
These composites enable them to utilize the unique superior
properties of individual contributing nano-reinforcements
[15]. The promising mechanical and tribological properties
of Al matrix nanocomposites are significantly contributing
to a fast enhancement in their popularity and a consider-
able widening in their application areas [16, 17]. Compared
with the conventional composites, Al hybrid nanocomposites
demonstrate excellent properties like the resistance to crack
propagation, high strength, and more phenomenal plasticity
at extreme loads [18]. Besides, nanocomposites provide an
increased variety of designs for the materials’ selection to
meet the application requirements [19]. The favorable mul-
tifunctional properties of nanocomposites are researched in
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many industrial areas like aerospace, automobile, marine,
and aeronautical [20–22].

Recently, graphene nanoplatelets (GNPs) may be used in
metal matrix composites as a reinforcement material due
to graphene’s unusual morphology and bonding structure
[23, 24]. The structure of graphene resembles a single layer
of graphite. It has a very high melting point and is very
strong because of its sizeable regular arrangement of carbon
atoms joined by covalent bonds. It has outstanding properties
such as high thermal/electrical conductivity, high hardness,
and high elasticity modulus. These properties have attracted
many researchers for improving the tribological, electrical,
thermal, and mechanical properties of metals [25, 26].

Among the various reinforcement element used, zirconia
is one of the most effective accessible materials. It has supe-
rior wear resistance and the ability to gain good mechanical
properties at a high temperature [27]. Zirconia (ZrO2) has
good corrosion and chemical resistance with no absence of
brittleness in advanced ceramics. This material’s other basic
properties include excellent hardness, low wear rate, low
friction coefficient, good electrical insulation, and thermal
conductivity [28]. Also, zirconia is used in various appli-
cations, such as valves, oxygen sensors, pump seals, cutting
blades, thread guides, driveshafts,metal forming, andmetrol-
ogy components. For the reasons mentioned above, ZrO2

nanoparticles are a good candidate for reinforcement ele-
ments in AMMCs [29].

Many researchers have investigated the mechanical, tri-
bological properties, and microstructure of Al-graphene
[30–39] and Al-ZrO2 [12, 29, 40–46] nanocomposites. Chen
et al. [30] investigated the tensile strength of Al2024-
graphene composites with various GNPs amounts (0.5, 0.8,
1, 1.5wt.%) via powder semi-solid processing and fric-
tion stir processing. The test results demonstrated that the
strength enhanced from 350MPa (Al2024 alloy) to 524MPa
(Al2024-1wt.%GNPs). Over 1wt.%GNPs contribution ratio,
the strength decreased because of the clustered GNPs.
AbuShanab et al. [31] researched the Al2024-graphene
composites with different graphene amounts (0.25-2wt.%)
produced via the mechanical alloying method. The elastic
modulus, yield strength, and hardness of Al2024-2%GNPs
improved by ~ 155%, ~ 134%, and ~ 97% compared with
Al2024 alloy, respectively. A rise in sintering temperature
enhanced the mechanical strength and microstructure of the
prepared samples. Shin et al. [32] focused on the thermal and
mechanical properties of Al2024 alloy, Al2024-5%carbon
nanotube, Al-5%graphene composites. The results indicated
that the strength of the prepared composites is ~ 2.5 times
higher than those of the Al2024 alloy. The thermal expansion
coefficient of Al-carbon nanotube and Al-graphene compos-
ites is ~ 20% lower than Al2024 alloy. Zheng et al. [33]
examined the properties of graphene nanoplatelets reinforced
aluminum composites. Test results showed that the yield

strength and ultimate tensile strength of Al-5vol.%GNPs are
62% and 60% higher than those of aluminum. The improved
mechanical strengthwas attributed to the effective load trans-
fer capacity of graphene. Chak and Chattopadhyay [34]
researched the tensile strength, hardness, and heat-treatment
effect of Al7075-GNPs composites. An increase of 37% in
tensile strength and 27% in hardness of Al7075-0.3%GNPs
was detected as compared to cast Al7075 alloy. Also, heat
treatment causes an improvement of 83% and 34% in hard-
ness and tensile strength compared with the heat-treated
Al7075 alloy.Yu et al. [35] focused on the physical properties
and mechanical strength of Al-5wt.%GNPs composite and
pure Al. The results indicated that the yield strength, hard-
ness, and fracture strain of Al-5wt.%GNPs composite were
determined as 248MPa, 73 HV, and 16%, respectively. Also,
the yield strength of the composite was obtained as ~ 65%
higher than pure aluminum. Khan et al. [12] investigated the
mechanical strength of Al-ZrO2-SiC composites produced.
SiC nanoparticles’ content was certain as 5wt.%, while zir-
conia nanoparticles’ contents were varied from 3 to 9wt.% to
research the mechanical strength of the fabricated nanocom-
posites. The best hardness (67 HV), compressive strength
(355 MPa), and yield strength (103 MPa) were obtained Al-
5%SiC-9%ZrO2 nanocomposite when compared to pure Al
and other fabricated composites. Boppana et al. [29] stud-
ied the microstructure and mechanical strength of Al6061
alloy, Al6061-1%ZrO2-0.5%GNPs, and Al6061-1%ZrO2-
0.75%GNPs nanocomposites. Compared to Al6061 alloy,
the yield strength and tensile strength of Al6061-1%ZrO2-
0.75%graphene nanocomposites improved by ~ 42.2% and
~ 38.9%, respectively. Pandiyarajan et al. [40] researched
the tribological and mechanical behavior of Al6061-ZrO2-
graphite composites fabricated with 2, 6wt.% ZrO2 and
graphite content by the stir casting method. An increase in
ZrO2 content improved wear resistance, hardness, and ten-
sile strength compared to Al6061 alloy. Also, an increase
in graphite content from 2wt.% to 6wt.% decreased the
mechanical strength and wear resistance. Kumar et al. [41]
focused on the physical, mechanical, and tribological proper-
ties of Al6061-ZrO2 nanocomposites. Four casts of various
reinforcement ratios vary between 0wt.% and 6wt.% were
produced using the stir casting method. The test results
demonstrated that hardness and tensile strength improved
by ~ 66% and ~ 90% compared to Al6061 alloy. Volumet-
ric wear decreased from 20 mm3 (Al6061 alloy) to 4 mm3

(Al6061-6ZrO2) for a load of 10 N and a sliding distance of
1.5 km. Wear experiment findings indicate that an increase
in nano-ZrO2 content improved the wear resistance of the
fabricated composites.

According to the literature research, although many stud-
ies are available related to the mechanical and tribological
properties of Al-graphene and Al-ZrO2 nanocomposites,
those properties of Al-ZrO2-graphene nanocomposites have
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not been examined. Since the powder metallurgy route has
a remarkable effect on the microstructural, tribological, and
mechanical behaviors of Al hybrid nanocomposites, it is thus
realistic to investigate the production of graphene and ZrO2

reinforced Al hybrid nanocomposites through the powder
metallurgy method to research these properties. In order to
rectify the deficiency of the papers on the influence of the
ZrO2/GNPs content on the tribological andmechanical prop-
erties of Al hybrid nanocomposites, a detailed investigation
of the effect of the ZrO2/GNPs contents on the tribological,
mechanical properties, and microstructure of Al hybrid com-
posites is also stated in this paper. This study will be the first
paper on the fabrication of GNPs-ZrO2 Al nanocomposites
using the powder metallurgy route. The intended properties
of binaryZrO2 andGNPs reinforcedAl nanocomposites con-
firm their development and their potential. Also, prepared
Al-ZrO2-GNPs composites may be used in various engi-
neering applications such as driveshafts, valves, pump seals,
thread guides, metrology components, gears, and bearings.

2 Experimental

2.1 Matrix and ReinforcingMaterials

Pure Al was chosen as the main material for the present
examination due to its uses in the aviation and automotive
industries. It was strengthened with graphene and ZrO2. Pure
aluminum has a purity of 98%, an average particle size of
~ 10 μm, and a theoretical density of 2.7 g/cm3. Zirconia
(ZrO2) varied between 1wt.% and 12wt.%, and graphene
changed between 0.15wt.% and 0.45wt.% for developingAl-
ZrO2-GNPs hybrid nanocomposites. Pure aluminum, ZrO2,
and graphene powders were supplied by Alfa Aesar, Merck,
and Grafen Chemical Industries, respectively.

The reinforcement element for this study was preferred
as ZrO2 due to its excellent properties, such as excellent
wear resistance and high hardness. The zirconium’s den-
sity is 5.67 g/cm3, and the melting point is more than 2600
°C. In this investigation, zirconium was supplied as a pow-
der with a 70 nm size. Graphene was considered as the
other strengthening material because of its lightweight, high
Young’s modulus, high electron mobility, and high thermal
conductivity. In this paper, graphene has a 5–8 nm thickness,
a 5–10 μm diameter, and a 2.25 g/cm3 theoretical density.

2.2 Preparation of the Composites

The powder metallurgy (PM) route was utilized in this
work to fabricate Al-ZrO2, Al-ZrO2-graphene, and pure alu-
minum (Fig. 1). Firstly, pure aluminum powders were mixed
in ethanol solution for 60 min. At the same time, nano-
zirconia and nanographene were ultrasonicated in ethanol

solution. Afterward, nano-zirconia–graphene–ethanol solu-
tion was added to Al-ethanol solution little by little. The
solution was mixed by high-energy ball milling. In this pro-
cess, the mixture time and mixture speed were determined as
3 h and 250 rpm, respectively. Subsequently, the mixture was
dried at 50 °C for 18 h and filtered under a vacuum to remove
the ethanol. The mixed powders were pressed in a mold by
a single axial press under 700 MPa pressure. After pressing,
the green bodies have a 10× 10× 5 mm size. These samples
were sintered at 630 °C for 3 h under vacuum. The sintered
bodies were grinded with the papers (400, 1200, 2500 grit)
and then polished with a diamond past of a size of 1 μm to
obtain a mirror surface [37–39].

The apparent densities of the developed bodies may be
expressed based on Archimedes’ principle by the following
equation [37].

ρD � [mK /(mD − mA)] × ρW (1)

where ρW is defined as the water’s density, mK , mA, and mD

are the sample’smass, the submerged sample’smass inwater,
the water-saturated specimen’s mass, respectively.

Considering the theoretical density of ZrO2 (ρZrO2 �
5.67 g/cm3), graphene (ρGr � 2.25 g/cm3), and pure Al (ρAl

� 2.7 g/cm3), the theoretical density (ρT) of the developed
bodies may be calculated as follows [37].

(2)

ρT � (mZrO2% × ρZrO2) + (mGr% × ρGr)

+ (mAl2024% × ρAl2024)

where mZrO2%, mGr%, and mAl% are the mass fraction of
ZrO2, graphene, and pure Al.

The fraction of the apparent density to the theoretical den-
sity of the specimens was expressed as the relative density
of the specimens. By considering the relative density, the
porosity (P%) may be calculated by the following equation
[37].

P% � (1 − ρD/ρT ) × 100 (3)

Micro-Vickers hardness values were detected by theVick-
ers hardness test device (HV-1000B) with load applied 200 g
for 15 s. The presented values are a mean of eight mea-
surements for each specimen. The compressive strength of
Al-ZrO2, pure Al, andAl-ZrO2-GNPs composites was deter-
mined via the Mares tst-10t compressive testing machine
with a 5 mm/min speed.

Tribological properties of the developed materials such as
wear loss, mass loss, sliding distance, and the friction coeffi-
cient amongparticlesmaybe explainedby apin-on-diskwear
test device. One of those parameters is the sliding distance
(L) which varies with the abrasive disk’s (440C stainless
steel disk) radius (R � 20 mm), number of revolutions (n
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Fig. 1 Schematic representation of the fabrication of Al-ZrO2-graphene nanocomposites

� 200 rpm), and testing time (t � 20 min) as given in the
following equation:

L � 2 × π × R × n × t (4)

As a result of considering the test parameters, L may be
calculated as.0.5 km. The worn surface’s volume (�V) may
be expressed by the ratio of mass loss (�m) to the apparent
density (ρ) of the specimen as given below:

�V � �m/ρD (5)

The wear rate (W, mm3/(Nm)) of specimens may be
defined by considering the applied load (P, N) and sliding
distance (L, m) as follows [47]:

W � �V/(L × P) (6)

According to Archard’s equation, the volume of the worn
surface (�V) has a relation with the hardness, which may be
described as follows [47, 48]:

�V � P × μ × L/H (7)

where μ is the coefficient of friction and H is the hardness.
Regarding the wear rate variation with an applied load in the
literature, Archard’s equation shows the wear rate is propor-
tional to the applied load [47, 48].

The particle size distribution of ZrO2 and pure Al were
detected by the particle size measurement device (Malvern
Mastersizer 3000). The XRD investigations were performed
on the powders and sintered samples (Rigaku Smartlab
model) with a 0.02° scanning rate recorded in a range of
2θ � 20–80°. The XRD device had a 0.154 nm wavelength,
40 kV, and 150 mA operation conditions. SEM device (Jeol
JSM 7001F) was utilized to investigate the microstructure of
powders and composites. Besides, SEM–energy-dispersive
X-ray (EDX) spectroscopy investigations were employed to
examine the ZrO2 and graphene nanoparticles’ distribution
in the microstructure.

3 Results and Discussion

3.1 Powder Characterization

XRD patterns of graphene, ZrO2, and pure aluminum pow-
ders are demonstrated in Fig. 2. As given in the figures,
graphene (01-0646 of JCPDS card no), ZrO2 (37–1484 of
JCPDS card no), and pureAl (01-1180 of JCPDS card no) are
expected at 2θ � ~ 26.8°; 2θ � ~ 28.2°, 31.5°, 33.8°, 38.5°,
41.2°, 45.4°, 50.1°, 56.3°, 59.8°, 62.7°, 65.4°, 71.2°, 74.8°,
78.3°; and 2θ � ~ 38.8°, 45.2°, 65.3°, 77.8°, respectively.
These X-ray diffraction analyses are an excellent technique
to describe the XRD patterns of the developed samples.

Figure 3a–c demonstrates the SEM images of
nanographene, nano-ZrO2, and pure Al powders. As
given in Fig. 3a, nanographene had a two-dimensional
structure, irregularly shaped flakes, and a stack-like mor-
phology. Additionally, the thickness of graphene nanolayers
was detected as less than 100 nm. ZrO2 nanoparticles had
a spherical morphology with less than the size of 100 nm
(Fig. 3b). On the other hand, pure Al powders had an
irregular shape with less than the size of 20 μm (Fig. 3c).
In order to determine the mean particle size of pure Al and
ZrO2, particle size distribution was performed by Malvern
Mastersizer 3000 laser particle size analyzer. As illustrated
in Fig. 3d and e, the mean particle sizes of pure Al and ZrO2

were measured as ~ 10 μm and ~ 70 nm, respectively. The
results of these analyses were verified with the SEM images
of powders.

3.2 Physical Properties of the Prepared Specimens

The porosity and apparent density variations of Al-ZrO2-
graphene and Al-ZrO2 composites were exhibited in Fig. 4.
The specimens’ densities were determined by Archimedes’
method. It depends on many parameters like particle shape,
particle size distribution, agglomeration tendency of parti-
cles, friction between particles, sintering temperature and
time, reinforced powder amount. As illustrated in Fig. 4a, an
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(a) (b)

(c)

Fig. 2 XRD plots of the powders: a graphene, b ZrO2, and (c) pure Al

increase in nano-ZrO2 amount enhanced the apparent density
up to 9wt.%ZrO2 content. Surprisingly, the apparent density
decreased due to clustered ZrO2 nanoparticles in the case of
over 9wt.%ZrO2 content. The highest density was measured
as 2.84 g/cm3 among fabricated Al-ZrO2 composites. By
considering 9wt.%ZrO2 content, Al-9ZrO2-xGraphene com-
posites (x� 0.15, 0.30, 0.45wt.%) were produced by the PM
method. As given in Fig. 4b, maximum density (2.86 g/cm3)
was obtained at the Al-9ZrO2-0.15GNPs. Over 0.15%GNPs
amount, the clusteredGNPs caused a decline in the density of
the Al hybrid composites. Figure 4c and d shows the poros-
ity variation of Al-ZrO2 and Al-ZrO2-graphene composites.
As indicated in the figures, the homogeneous distributions of
nano-ZrO2 and nanographene particles positively affected to
decrease in the porosity of Al-ZrO2 and Al-ZrO2-graphene
composites. Similarly, minimum porosity was reached Al-
9ZrO2 (4.3%) and Al-9ZrO2-0.15GNPs (3.7%) composite.
As illustrated in these figures, GNPs and ZrO2 amounts have

a significant role in the density and porosity of the pre-
pared composites. The uniform distribution of nano-ZrO2

and nanographene particles is limited to over 0.15%GNPs
and 9%ZrO2 amounts due to the clustered nanoparticles.
As a result, the rearrangements of the particles are denied,
and GNPs and ZrO2 nanoparticles are not embedded in Al
powders. Moreover, these clustered nanoparticles decrease
the contact area among Al particles. This situation leads to
higher porosity and lower density [49]. There are some valu-
able studies in which the effect of agglomerated graphene is
noted. Li et al. [50] and our previous paper [39] indicated
the higher mechanical properties and higher density for low
graphene/ceramic content, whereas the mechanical strength
of graphene reinforced aluminum composites deteriorated in
the case of over 0.2wt.%graphene and 9wt.%Si3N4 contents
because of the agglomerated nanoparticles.
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Fig. 3 SEM images of the powders: a graphene, b ZrO2, c pure Al and particle size distribution of the powders: d pure Al, e ZrO2

3.3 Mechanical Properties of the Prepared
Specimens

Figure 5 gives themicro-Vickers hardness values ofAl-ZrO2-
GNPs and Al-ZrO2 composites. It was found to enhance
from 30 ± 1.2 to 69 ± 1.2 HV with rising ZrO2 amount
from 0 to 9wt.% (Fig. 5a). As already known that zirconia
is an extremely hard material among other ceramics. There
is a big hardness difference between Al and zirconia. Hence,

an incredible enhancement of composite’s hardness by the
addition of zirconia is observed. The better hardness values
are proof by a homogeneity distribution of ZrO2 nanopar-
ticles up to 9wt.%ZrO2. Thus, the ZrO2 addition to the
matrix has a considerable effect on the specimen’s hard-
ness. The effect of GNPs amount on the hardness of the
ZrO2-GNPs reinforced Al matrix composites is presented
in Fig. 5b. The hardness enhanced from 69 ± 1.2 HV (Al-
9ZrO2) to 75 ± 2 HV (Al-9ZrO2-0.15GNPs). A significant
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Fig. 4 The apparent density variation of the composites: a Al-ZrO2, b Al-ZrO2-graphene; porosity variation for sintered composites: c Al-ZrO2,
d Al-ZrO2-graphene

increment (150%) for 0.15%GNPs-9%ZrO2 reinforced Al
matrix was detected compared with the hardness of pure
Al. The Vickers hardness of Al hybrid composites enhanced
up to 0.15wt%GNPs amount because of high surface area
and homogeneous distribution of graphene. In the case of
over 0.15wt.% graphene amount, graphene nanoparticles
were clustered due to their electrostatic forces and nanos-
tructure among the particles. It caused easy sliding between
graphene nanoparticles over 0.15wt.% during plastic defor-
mation. In other words, graphene lost the enhancement effect
and acted as a solid lubricant during deformation. This
deterioration in the hardness due to the agglomeration of
graphene was observed in many relevant studies [6, 9]. Sim-
ilarly, ZrO2 nanoparticles acted as graphene nanoparticles
over 9wt.%ZrO2 content. These excessive contribution rates
of ZrO2 and graphene led to a decrease in the hardness of

Al matrix composites due to their difficult dispersion in the
microstructure. To expose the clustered ZrO2 and graphene
nanoparticles, SEM–EDX and SEM analyses of aluminum
hybrid composites were performed by the SEM device.

Al matrix composites’ hardness may be improved by
the contribution of ZrO2 and graphene nanoparticles. Equa-
tion (8) implied the enhancement in the hardness based on
the rule of the mixtures [1, 51].

Hc � Hm fm + Hr fr (8)

where f r and fm are the reinforcement and matrix elements’
volumetric rates,Hr andHm are the reinforcement andmatrix
elements’ hardness.

The strength of the dislocation can be explained by
the density mechanism of the dislocation. It controls the
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Fig. 5 The Vickers hardness variation of sintered composites: a Al-
ZrO2, b Al-ZrO2-graphene

composites’ hardness. The addition of graphene and ZrO2

nanoparticles to the matrix improved the dislocation density
because of the nanosized ZrO2 and graphene particles. A rise
in the density of the dislocation causes the improvement of
Al hybrid composites. Equation (9) expressed the improve-
ment in hardness for ZrO2 and graphene reinforcedAlmatrix
compositeswith the contribution of ZrO2 andGNPs nanopar-
ticles. [1, 51].

H � Gbα
√

ρ + h
√
t D (9)

where α, G, h are the constant and b is Burger’s vector.
Figure 6 gives the compressive strength variation of Al-

ZrO2-graphene and Al-ZrO2. As shown in the figure, the
compressive strength improved from 186 MPa (pure Al)
to 287 MPa (Al-9ZrO2) with the reinforcement of ZrO2

Fig. 6 The compressive strength variation of pure Al, Al-ZrO2, and Al-
ZrO2-graphene composites

nanoparticles. In the case of over 9wt.%ZrO2, the compres-
sive strength sharply decreased to 250± 5MPa (Al-12ZrO2)
due to the agglomerated ZrO2 nanoparticles. By selecting
9wt.%ZrO2, the compressive strength of the Al-9ZrO2-
x%graphene (x � 0.15, 0.30, 0.45wt.%) composites was
examined. Among aluminum-based composites, the high-
est compressive strength was detected Al-9ZrO2-0.15GNPs
composite (490 ± 4 MPa). A significant enhancement (~
163%) in the strength of the Al-9ZrO2-0.15graphene com-
posite was determined compared with pure aluminum. In
the case of over 0.15wt.%graphene content, the compressive
strength declined because of easy sliding during deforma-
tion and agglomerated nanographene. The weak interfaces
between graphene and Al formed due to the agglomerated
nanographene. They led to too low strength and too high
porosity [38, 49, 50].

An increase in graphene and ZrO2 nanoparticles contents
in the Al matrix causes the decline in the distance among the
particles (λ) as shown in the following equations [1, 51]:

λ � [4r(1 − f )]/(3 f ) (10)

where r is the nanoparticles’ radius, λ is the distance among
the reinforcing nanoparticles, and f is the nanoparticles’ vol-
ume fraction. The shear stress (τ 0) may be expressed as
follows [1, 51]:

τ0 � bG/λ (11)

where G is the shear module. The decrease in the distance
between graphene and ZrO2 nanoparticles will increase the
tension during the dislocation motion among these nanopar-
ticles, which causes an improvement in the shear strength.
Hence, the composite’s strength enhances [52–54].
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The movement of the dislocations is a significant state in
terms of reinforcement of the particles. Graphene and ZrO2

nanoparticles act as a barrier in the Al matrix. Besides, these
nanoparticles cause dislocations’ bending while limiting the
movement of the dislocation during plastic deformation.
When the reinforcing nanoparticles are inserted into the
matrix, the distance among particles decreases, and then the
dislocations’ movement gets hard because they encounter
more barriers, and the pile-up of the dislocations occurs. This
enhancement effect is confirmed by some valuable studies
[55, 56]. The enhancement in the composite’s strength may
be described as given below [53–56].

σc � frσr + fmσm (12)

where fm is the matrix element’s volume fraction, and f r is
the reinforcing element’s volume fraction. σm is the matrix
element’s strength, σ r is the reinforcing element’s strength,
and σ c is the composite’s strength.

XRD plots of Al-9ZrO2 and Al-9ZrO2-0.45GNPs com-
posites are given in Fig. 7a. From these plots, it may be
seen that Al-9ZrO2-0.45GNPs composites have aluminum
(2θ � ~ 38.8°, 45.2°, 65.3°, 77.8°) and ZrO2 (2θ � ~
28.2°, 31.5°, 33.8°, 38.5°, 41.2°, 45.4°, 50.1°, 56.3°, 59.8°,
62.7°, 65.4°, 71.2°, 74.8°, 78.3°) peaks. Also, ZrO2 peaks
can be observed an enlarged pattern of Al-9ZrO2-0.45GNPs
composite (Fig. 7b). The peak of graphene (26.8°) was not
occurred in an XRD plot of Al-9ZrO2-0.45GNPs compos-
ite because of its minimal presence in the microstructure.
In order to determine graphene’s existence in Al hybrid
composite, SEM and SEM–EDX analyses were carried out.
Moreover, undesired secondary phases (Al4C3, etc.)were not
determined in any ZrO2 and GNPs reinforced aluminum-
based composites, because this undesired phase structure
might reduce the improvement effect of graphene nanoparti-
cles on themechanical properties of theAlmatrix composite.

Figure 8 illustrates the high magnification SEM images
of Al-ZrO2, Al-ZrO2-graphene composites, and pure alu-
minum. As shown in Fig. 8a–g, aluminum particles were
sintered by well-bonding and the formation of a strong neck.
The fracture surface analyses of Al-9ZrO2 (Fig. 8b) and Al-
9ZrO2-0.15grapene (Fig. 8d) showed that ZrO2 and graphene
nanoparticles were distributed homogeneously. Also, good
bonding and strong interface between particles were detected
by high magnification (× 40,000) SEM image of Al-9ZrO2-
0.15GNPs composite (Fig. 8g). From the SEM images of
Al-12ZrO2 (Fig. 8c), Al-9ZrO2-0.30graphene (Fig. 8e), Al-
9ZrO2-0.45graphene (Fig. 8f), clustered graphene and ZrO2

nanoparticles were observed in the case of over 9wt.%ZrO2

and 0.15wt.%graphene amount. These clustered nanopar-
ticles deteriorated the mechanical strength of the prepared
Al-ZrO2 and Al-ZrO2-graphene composites. As a result of
all SEM investigations, the microstructures of Al-ZO2 and

Fig. 7 X-ray diffraction plots of sintered samples: a pure Al, Al-ZrO2
and Al-9ZrO2-0.45GNPs composites and b an enlarged pattern of Al-
9ZrO2-0.45GNPs composites

Al-ZrO2-graphene composites were verified by the compres-
sive test results.

To show the distribution of ZrO2 and graphene nanoparti-
cles, SEM–EDX mapping analyses of Al-9ZrO2-xGraphene
composites (x � 0.15, 0.30, 0.45wt.%) were performed. As
seen from Fig. 9a–f, carbon and zirconia signals came from
the existence of graphene and ZrO2 nanoparticles, respec-
tively. Also, ZrO2 nanoparticles had a uniform distribution
in the Al hybrid composites’ microstructure. As illustrated
in the SEM–EDX images of the Al-9ZrO2-0.15GNPs com-
posite, graphene nanoplatelets were positioned at the grain
boundaries of aluminum without any clustering (Fig. 9a
and b). Graphene nanoparticles near the aluminum particles
blocked the grain growth during the heat treatment. More-
over, the particles in the Al matrix were refined in small grain
sizes without coarsening for the Al particles. It caused an
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Fig. 8 SEM images of the prepared specimens: a pure Al, b Al-9ZrO2, c Al-12ZrO2, d Al-9ZrO2-0.15GNPs, e Al-9ZrO2-0.30GNPs, f Al-9ZrO2-
0.45GNPs, g Al-9ZrO2-0.15GNPs (high magnification, × 40,000)
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Fig. 9 SEM–EDX images and element distribution of Al hybrid composites: a, b Al-9ZrO2-0.15GNPs, c, d Al-9ZrO2-0.3GNPs,e,f Al-9ZrO2-
0.45GNPs
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Fig. 10 Mass loss and wear rate variation of the prepared specimens: a, b Al-ZrO2 and c, d Al-ZrO2-GNPs composites

enhancement in the physical properties andmechanical prop-
erties of the Al-based composites. This phenomenon might
be explained by the strengthening of grain refinement. On
the other hand, clustered and stacked graphene nanolayers
in the SEM–EDXmicrostructure of Al-9ZrO2-0.30graphene
and Al-9ZrO2-0.45graphene composites (Fig. 9c–f) were
detected around the Al grains because of the nanosize of
graphene. These clustered graphene nanoplatelets caused
lower interphase bonding among grains. Hence, too low
mechanical strength occurred in Al-9ZrO2-xGraphene com-
posites (x � 0.30, 0.45wt.%).

3.4 Tribological Properties of the Prepared
Specimens

Wear rate (W) andmass loss (�m) variations at a 200 rev/min
speed with various loads (P � 5 N and 10 N) during the
pin-on-disk wear test for Al-ZrO2-Graphene and Al-ZrO2

composites are shown in Fig. 10. Among Al-ZrO2 compos-
ites, minimum wear rate (0.0036 mm3/Nm) and mass loss
(13 mg) were detected Al-9ZrO2 composite for an applied
load of 5 N (Fig. 10a and b). It was noticed that the mass
loss and wear rate increased with rising the applied load.
Also, the rise in ZrO2 amount decreased the mass loss
and wear rate up to 9wt.%ZrO2 content due to the hard
ceramic structure of ZrO2 nanoparticles. Over 9wt.%ZrO2

amount, the mass loss (�m) and wear loss (W) increased
because of the clustered ZrO2 nanoparticles. In the same
way, the lowest mass loss (11 mg) and wear rate (0.0031
mm3/(Nm)) were obtained with an applied load of 5 N
Al-9ZrO2-0.15GNPs composite (Fig. 10c and d). In the
case of over 0.15wt.%GNPs amount, the wear rate and
mass loss deteriorated due to the clustering tendency of
graphene nanoparticles. According to the hardness and wear
test results, higher hardness induced enhancement of wear
resistance of Al-ZrO2-Graphene composite. The maximum
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Fig. 11 The coefficient of friction variation between prepared speci-
mens and 440C stainless steel disk

hardness and the minimum wear rate were detected at the
Al-9ZrO2-0.15wt.%Graphene composite. In this way, this
experiment was confirmed by Archard’s equation. The wear
test results indicated that graphene nanoparticles were a good
solid lubricator due to the graphene’s lubricating property
[47, 48].

The coefficient of friction variation between prepared
specimens and 440C stainless steel disk during the pin-on-
disk wear test is illustrated in Fig. 11. At the beginning stage
of the wear test, the friction coefficient began to rise for all
measurements, which could be caused by the breakdown of
surface oxide laminates [57].All specimens reached the high-
est value between the distances of 10 m and 30 m during the
test. From thewear test, it was seen that the coefficient of fric-
tion dropped slightly and then stabilized. Afterward, the rise
of the friction coefficient was followed by an abrupt decline
after a sliding distance of 30–60 m for the prepared speci-
mens. This situation could be attributed to a sharp drop in
the sliding contact area as the articulating surface roughness
after obtaining large friction coefficients and, thus, excessive
material removal. It was seen that the friction coefficients
were fixed over ~ 60 m. The figure showed that the mean
friction coefficient decreased from 0.58 ± 0.01 (pure Al) to
0.18 ± 0.01 (Al-9ZrO2-0.15GNPs) with a rise in zirconium
and graphene nanoparticles’ content. The best coefficient
of friction was measured as 0.18 ± 0.01 under an applied
load of 10 N Al-9ZrO2-0.15GNPs composite. On the other
hand, it was seen that the friction coefficient raised from 0.22
± 0.01 (Al-9ZrO2-0.15GNPs) to 0.38 ± 0.01 (Al-9ZrO2-
0.45GNPs) due to the clustered graphene for an applied load
of 5 N. Based on Al-9ZrO2-0.15GNPs composite, the fric-
tion coefficient between Al-9ZrO2-GNPs and 440C stainless
steel ball decreased from 0.22 ± 0.01 (P � 5 N) to 0.18 ±

0.01 (P � 10 N) with increase in the applied load. Other-
wise, the rise in the load caused a decrease in the friction
coefficient and an increase in the wear rate. The friction
coefficient decreased with increase in contact load. Also,
the steady-state friction coefficient declined with a rise in
applied load, which could be achieved by that the transfer
film is destroyed at the increase of loads though more stable
at lower loads [58]. Also, the fluctuation of the friction coef-
ficient curves became smaller at relatively higher loads, as
reported by other researchers [59]. This situation was caused
by the contact area over the asperities tips that are huge [60,
61].

The worn surfaces of Al-ZrO2, Al-ZrO2-GNPs com-
posites, and pure Al after the pin-on-disk wear test were
examined under an applied load of 5 N and 10 N by the
SEM device. As observed from the worn surface morpholo-
gies, the abrasive wear mechanism may be described as the
main wear mechanism. Besides, the parallel grooves were
detected on the worn surfaces of all specimens. As given
in Fig. 12a–g, maximum damage and deepest grooves were
determined on theworn surface of theAl specimen (Fig. 12a).
It was clearly seen from Fig. 12b and c, the increase in ZrO2

nanoparticles content up to 9wt.% resulted in the decrease
in the wear rate due to the hard ceramic structure and uni-
form distribution of ZrO2 nanoparticles. It was seen that the
damage on the surface and shallow grooves increased with
increase in the applied load from 5 to 10 N (Fig. 12g). On the
other hand, minimum surface damage, minimum wear rate,
and minimum friction coefficient were observed at the Al-
9ZrO2-0.15GNPs composite under a 5 N load when the worn
surface morphologies and wear test results were evaluated
together (Fig. 12d). This situation is due to the graphene and
zirconium nanoparticles’ uniform distribution in the matrix.
However, the agglomerations in the case of over 9wt.%ZrO2

and 0.15wt.%graphene nanoparticles deteriorated the wear
behavior of Al-12ZrO2 and Al-9ZrO2-0.30GNPs, and Al-
9ZrO2-0.45GNPs composites (Fig. 12 c, e, f). Graphene in
the Al-based composites acted as a solid lubricator at the
interface and enhanced the lubrication effect.Hence, themin-
imum wear rate (0.0031 mm3/(Nm)), mass loss (11 mg),
and friction coefficient (0.18 ± 0.01) were recorded at the
Al-9ZrO2-0.15GNPs composite. In conclusion, it may be
indicated thatGNPs are a very influential lubricator for ZrO2-
GNPs reinforced Al composites.

4 Conclusions

In this work, binary ZrO2 and graphene reinforced Al
composites and only ZrO2 reinforced Al composites with
various nano-zirconium dioxide (1, 3, 6, 9, 12wt.%) and
nanographene (0.15, 0.30, 0.45wt.%) contents were pro-
duced via the PM route. The effects of ZrO2 and graphene
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Fig. 12 Worn surfaces of samples: a pure Al,b Al-9ZrO2, c Al-12ZrO2, d Al-9ZrO2-0.15GNPs, e Al-9ZrO2-0.30GNPs, f Al-9ZrO2-0.45GNPs for
5 N load, and g Al-9ZrO2-0.15GNPs for a 10 N load

123



Arabian Journal for Science and Engineering (2022) 47:9253–9269 9267

nanoparticles amounts on the porosity, density, compressive
strength, mass loss, hardness, wear rate, friction coefficient,
and microstructure were investigated. The obtained results
were summarized as given below:

(1) From themechanical and physical test results, themaxi-
mum density (2.84 g/cm3), hardness (75 HV), compres-
sive strength (490 MPa), and minimum porosity (3.7%)
were measured at 9wt.%ZrO2-0.15wt.%graphene rein-
forced Al-based composite. Over 9wt.%ZrO2 and
0.15wt.%GNPs content, the mechanical strength
sharply declined because of the agglomerations of
nano-ZrO2 and graphene. Compared to pure aluminum,
hardness and compressive strength increased by ~ 150%
and ~ 163%, respectively.

(2) From the wear test results, wear rate (0.0031mm3/(Nm)
at a 5 N load), minimummass loss (11mg at a 5 N load),
and the lowest coefficient of friction (0.18 under a 10 N
load) were determinedAl-9ZrO2-0.15GNPs composite.
The increase in ZrO2 and GNPs content improved the
wear resistance up to 9wt.%ZrO2 and 0.15wt.%GNPs
content. In the case of over these contents, the wear
resistance decreased due to the clustered nanoparticles.
Besides, an increase in applied load caused a decrease
in the friction coefficient and a rise in the wear rate. A
decline in the coefficient of friction led to an improve-
ment in contact load. This situation is caused by the
intensity of the contact pressure, which may be enor-
mous.

(3) XRD analyses revealed that the peak of graphene was
not detected in any prepared composite because of
too low graphene amount. Also, any in situ reactions
and secondary phase formation were not observed in
any ZrO2-graphene reinforced Al composite. The sec-
ondary phase reactions occurred above the temperature
of 950 °C, which might unfavorably affect the mechan-
ical strength of Al-ZrO2-GNPs composites. Hence, any
secondary phase reactions were not observed due to the
low sintering temperature (630 °C) in this study.

(4) SEM analyses showed good neck formation and a
strong interface between particles. Also, the presence
of ZrO2 and graphene nanoparticles at the aluminum
grain boundary was observed from the fracture surface
of the SEM investigations. The worn surface morpholo-
gies showed the grooves’ width and the damage on the
surface, which decreased with increase in ZrO2 and
graphene amount up to 9%ZrO2 and 0.15%GNPs. In
the case of over these reinforcement rates, wear scars
on the surface increased due to the clustered nanoparti-
cles. As a result of the SEM image for theworn surfaces,
the abrasive wear mechanism may be described as the
main wear mechanism.

(5) In conclusion, zirconium dioxide is an effective ceramic
material up to a specific ZrO2 nanoparticle amount
to decrease the material loss in the Al matrix. Also,
graphene is an effective solid lubricator up to a certain
GNPs content (0.15wt.%) to increase the wear resis-
tance and load-bearing capacity.
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