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sibel.yoyler@taltech.ee

2 Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate Tee 5,
19086 Tallinn, Estonia; rahul.kumar@taltech.ee (R.K.); maksim.antonov@taltech.ee (M.A.)

3 Helmholtz-Zentrum Hereon, MagIC—Magnesium Innovation Centre, Max-Planck-Straße 1,
21502 Geesthacht, Germany; hajo.dieringa@hereon.de

4 Helmholtz-Zentrum Hereon, Institute of Materials and Process Design, Max-Planck-Straße 1,
21502 Geesthacht, Germany

* Correspondence: sinankandemir@iyte.edu.tr; Tel.: +90-232-7506787

Abstract: Magnesium (Mg) and graphene in alloy formulations are of paramount importance for
lightweight engineering applications. In the present study, ZE10 Mg-alloy-based nanocomposites
reinforced with graphene nanoplatelets (GNPs) having a thickness of 10–20 nm were fabricated
via ultrasound-assisted stir casting. The effect of GNP contents (0.25, 0.5, and 1.0 wt.%) on the
microstructure, Vickers hardness, and tensile properties of nanocomposites was investigated. Fur-
ther, tribological studies were performed under a ball-on-disc sliding wear configuration against a
bearing ball counterbody, at room and elevated temperatures of 100 ◦C and 200 ◦C, to comprehend
temperature-induced wear mechanisms and friction evolution. It was revealed that the GNP addition
resulted in grain coarsening and increased porosity rate of the Mg alloy. While the composites exhib-
ited improved hardness by 20–35% at room temperature and 100 ◦C, a minor change was observed
in their hardness and tensile yield strength values at 200 ◦C with respect to the GNP-free alloy. A
notable improvement in lowering and stabilizing friction (coefficient of friction at 200 ◦C~0.25) and
wear values was seen for the self-lubricating GNP-added composites at all sliding temperatures. The
worn surface morphology indicated a simultaneous occurrence of abrasive and adhesive wear mode
in all samples at room temperature and 100 ◦C, while delamination and smearing along with debris
compaction (tribolayer protection) were the dominant mechanisms of wear at 200 ◦C. Inclusively, the
results advocate steady frictional conditions, improved wear resistance, and favorable wear-protective
mechanisms for the Mg alloy–GNP nanocomposites at room and elevated temperatures.

Keywords: magnesium alloy; nanocomposite; graphene nanoplatelet; mechanical properties; high-
temperature tribology; wear; solid lubrication

1. Introduction

The demand for lightweight, high-strength, and wear-resistant metallic materials
has been rising across multiple industries such as aerospace and automotive [1]. This
demand plays a crucial role in enhancing both fuel efficiency and structural integrity, and
it is anticipated to continue growing to align with the emission standards imposed by
regulatory authorities [2,3]. In this regard, magnesium (Mg) alloys, as the lightest structural
metals, could be promising candidates for replacing denser materials such as steel and
aluminum (Al) in such applications [4,5]. As an important class of engineering material
with the properties of low density, high strength-to-weight ratio, and excellent dimensional
stability, Mg and its alloys are commonly utilized in aeronautical, automotive, military,
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and electronic industries as well as medical implants [6,7]. Additionally, the recyclability
of Mg and its alloys holds significant importance in furthering the aim of creating a sus-
tainable and human-centered world [8,9]. About 90% of commercial Mg alloys combining
sufficient room temperature strength, ductility, and improved corrosion resistance are cast
alloys. The most widely used traditional Mg alloys are aluminum–zinc (AZ60, AZ91) and
aluminum–manganese (AM50, AM60) systems because of their presence of Al for enhanced
castability [10]. However, the formation of a thermally unstable β-phase, i.e., Mg17Al12, in
these systems restricts their use for applications such as automotive powertrain compo-
nents requiring high strength and wear resistance at elevated temperatures [11,12]. Due
to poor mechanical properties of Mg-Al alloys, which arise due to the dramatic softening
of the Mg17Al12 phase above 125 ◦C, Al-free Mg–rare earth (RE) systems including QE22
(Mg-Ag-RE), WE43 (Mg-Y-RE), and ZE10 (Mg-Zn-RE) alloys have attracted considerable
interest for high-temperature applications. The enhanced high-temperature mechanical
properties of such non-conventional Mg alloys are usually ascribed to the precipitation
hardening of thermally stable RE-based compounds [13–15].

To further improve the specific strength and wear resistance of Mg alloys without com-
promising ductility, various Mg matrix nanocomposites, in which different nanoscale fillers
such as SiC, Al2O3 nanoparticles, and carbonaceous reinforcements (carbon nanotubes and
graphene) are added into Mg-based matrices, have been developed [16–20]. The introduc-
tion of micron-sized reinforcements into Mg alloys is generally accompanied by serious
deterioration of the ductility. Among many potential nanoscale reinforcements, graphene
nanoplatelets (GNPs) consisting of a few two-dimensional single graphene layers, where
the carbon atoms are densely packed in a hexagonal lattice, have been widely considered
to be one of the most effective fillers for Mg matrix composites due to the extraordinary
physical and mechanical properties of graphene [21–25]. Along with their strengthening
effect, the inherent solid lubrication effect of 2D GNPs on Mg and its alloys due to the ease
of shearing (weak van der Walls forces between layers) graphene layers during sliding
was also reported, and the results showed that the friction and thus the wear rate of these
composites could be significantly reduced with the addition of GNPs at temperatures up
to 500 ◦C [26–30]. Nevertheless, the performance of composite materials is influenced by
various factors, such as the fabrication method, reinforcement content, dispersion capability,
dimensions, aspect ratio, alignment of reinforcements within the matrix, and interaction
between the reinforcement and matrix. Achieving a uniform dispersion of GNPs in com-
posites poses a well-known challenge due to their tendency to cluster, driven by their high
surface-to-volume ratio and strong van der Waals forces. Additionally, their low surface
activity results in insolubility in many matrices, creating a weak matrix–GNP interface.
These clustered GNPs can act as sources of cracking, potentially reducing ductility and the
effectiveness of strengthening mechanisms, particularly the Orowan strengthening and
grain refinement effects on the microstructure.

Most studies on the fabrication of Mg-GNP nanocomposites focused on powder met-
allurgy routes, e.g., ball milling followed by sintering, which has proven efficiency in terms
of providing a uniform dispersion of ultrafine particles in the matrix. Furthermore, it is
sometimes inevitable to employ casting for the mass production of complex-shaped engi-
neering components. However, in this case, the clustering tendency of GNPs becomes more
complicated owing to the poor wettability of carbon by liquid Mg, which will also decrease
the matrix-reinforcement interfacial bonding, hence decreasing the strength. Therefore, the
conventional stir casting method has been commonly adopted with several additional tech-
niques, namely multi-step dispersion routes, such as disintegrated melt deposition [31] and
ultrasonic agitation [32], to improve the degree of GNP dispersion in the performed works.
In addition, it is noted that the application of such fabrication routes may be restricted
for Mg-Al matrices due to the potential chemical attack between GNPs and molten Al as
these form quite brittle Al4C3 interlayers deteriorating the interfacial bonding. The open
literature sources suggest that the use of GNP reinforcement in Al-free Mg alloys has been
rarely studied, and those studies employing powder-metallurgy-based fabrication methods
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concentrated on only the investigation of mechanical properties. Kumar et al. [10] found
that the addition of 0.2 wt.% GNPs (6–10 nm in thickness and 15 µm in average lateral size)
into Mg-3Sn alloy improved the microhardness and ultimate tensile strength by 7.8 and 9%,
respectively. Wang et al. [33] reported that the yield strength and toughness of Mg-5.20Zn-
0.33Zr (ZK60) alloy were enhanced with 0.1 wt.% GNP (3–10 nm in thickness, 1–7 µm in
lateral size) content by 52 and 19%, respectively. However, to the best of our knowledge,
no attempt has been made to investigate the effect of GNPs on the mechanical and wear
behavior of Al-free Mg matrix composites fabricated by solidification processes to produce
complex-shaped parts until now. Moreover, exploiting GNP-reinforced Al-free Mg-RE
matrix nanocomposites for high-temperature applications and revealing their potential in
the simultaneous enhancement of strength and wear performance is of great significance.

Accordingly, we attempted to first seek the feasibility of introducing the GNP rein-
forcement into an Al-free Mg-RE alloy under ultrasonic-assisted stir casting in the present
work. The influence of GNP content on the microstructure, mechanical properties, and
both ambient and elevated-temperature dry sliding wear behavior of the self-lubricating
nanocomposites was investigated. The main wear mechanisms in the tested samples were
also analyzed in conjunction with the worn surface examinations.

2. Experimental Section

ZE10 Mg alloy, which mainly contains Zn for the effective strengthening of Mg alloys
via solid solution and precipitation hardening along with some REs, was chosen as the
matrix material for the composite fabrication, and its chemical composition is given in
Table 1, based on arc spark optical emission spectrometry (Ametek-Spectro, Spectrolab
M9, Chelmsford, MA, USA). Commercially available GNPs (99% purity and 100 m2/g BET
surface area) with a thickness of 10–20 nm and 14 µm average lateral size were utilized as
the reinforcement.

Table 1. Chemical composition of ZE10 alloy (wt.%).

Mg Zn Ce La Zr Mn Pr Nd Al

Bal. 1.37 0.28 0.23 0.065 0.017 0.015 0.0079 <0.001

As schematically illustrated in Figure 1, the fabrication of the self-lubricating nanocom-
posites consisted of two stages. In the first stage, approximately 1.5 kg of the ZE10 alloy was
melted in a steel mold (110 mm diameter and 150 mm height) at 700 ◦C using an electric
resistance furnace, and mechanical mixing was applied with a steel stirrer at 1000 rpm
for 5 min. Meanwhile, the GNPs were introduced into the molten matrix via a vortex
generated by mechanical stirring. In the second stage, the molten composite was ultra-
sonically agitated with a sonicator (Hielscher UIP 1500 hd with a titanium sonotrode, in
which the amplitude was set to 30 µm) for an additional 5 min along with mechanical
stirring. The Ar/1%SF6 gas was used for shielding during the composite casting process.
As soon as the stirrer and sonotrode were removed from the melt, the mold containing the
liquid nanocomposite was directly submerged into a water tank for rapid solidification to
retain the distribution of GNPs since they tend to be pushed ahead of the solidification
front and form clusters at the grain boundaries in the case of conventional solidification.
The casting temperature was selected based on the use of an open casting system, which
permits mechanical and ultrasonic stirring. To prevent equipment damage from high
temperatures, it was decided not to surpass 700–750 ◦C. Following the stirring process
(where the reinforcement is incorporated into the matrix), the temperature could have
been increased to enhance the wettability before solidification. However, this would have
required additional time, and there was a risk of reinforcement agglomeration. Therefore,
the decision was made to promptly solidify the melt after the stirring was finished to
maintain dispersed reinforcements.
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Figure 1. Schematic experimental setup for (a) stir casting for 5 min and (b) ultrasonic-assisted stir
casting for an additional 5 min to uniformly disperse the GNPs into ZE10 alloy.

The self-lubricating nanocomposites were fabricated with approximately 0.25, 0.5, and
1.0 wt.% GNP contents. The choice of reinforcement content was based on the authors’
previous experience which resulted in GNPs floating on the surface and led to a significant
clustering at contents above 1 wt.%. On the other hand, at very low contents (<0.2 wt.%),
it is difficult to observe any change in the properties considering potential losses during
handling and production. Therefore, we limited the contents of GNPs used between 0.25
and 1.0 wt.%. Unreinforced ZE10 reference alloy was also prepared based on similar
processing parameters used in the nanocomposite fabrication for comparison purposes.

The bulk densities of the cast matrix alloy and nanocomposites were quantified accord-
ing to Archimedes’ principle in order to evaluate their porosity levels. The metallographic
samples that were cut from the castings were ground and polished with grinding papers
ranging from 400 to 2500 grit size and a 1-micron water-free diamond suspension, respec-
tively. The polished samples were then subjected to etching for a few seconds in an acetic
picral solution to determine the average grain sizes based on the linear intercept method.
The microstructural examinations were carried out using an optical microscope (Leica
DMI5000, Leica, Wetzlar, Germany) and scanning electron microscope (SEM, FEI Quanta
FEG 250, Madrid, Spain and Hitachi TM1000, Hitachi, Tokyo, Japan) equipped with an
energy dispersive X-ray spectroscopy (EDX) instrument. The phase identification of the
cast samples was accomplished using an X-ray diffractometer (XRD, Philips X’pert PRO
from PANalytical with Siemens Bruker D5005 analyzer) with the following diffraction
parameters: Cu Kα radiation (30 mA, 40 kV, λ = 0.1542 nm) in a θ − 2θ◦ scan with a step
size of 0.02◦ and a count time of 0.4 s.

Eight Vickers hardness (HV) measurements were performed on each set of cast samples
under a load of 3 kg at room temperature (RT) and 100 and 200 ◦C using a tribometer
(CETR-Bruker equipped with a Vickers HT Mitutoyo indenter). This selected temperature
range is thought to be comparable to the temperatures at which many commercial Mg
alloys operate. For the determination of the mechanical properties, dog-bone-shaped tensile
specimens with 6 mm gauge diameter and 30 mm gauge length were machined from the
castings based on the DIN 50125 standards. Five tensile specimens were tested under a
strain rate of 10−3 s−1 using a universal testing machine at RT.

Disc specimens of 15 mm diameter and 7 mm height were cut from fabricated materials
for the investigation of their dry uni-directional circular sliding wear response via a ball-on-
disc test. The disc surfaces were polished down to 1 µm finish and cleaned with acetone to
remove any contamination. The device used for the hardness tests was also employed in the
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wear tests at the same temperature range. The discs were worn three times (average value
reported) for each case against a fresh 10 mm diameter 10 r6 steel ball with a hardness of
62 HRC under 2 N normal load along a wear track with a radius of 5 mm, and the coefficient
of friction (CoF) values versus time were recorded. The sliding speed and distance were
0.1 m/s and 300 m, respectively. The tests were performed at RT, 100 ◦C, and 200 ◦C. The
heating rate was 6 ◦C/min. The test procedure and apparatus details can be found in
our previously published report [34]. The volume loss and worn surface analyses were
performed utilizing a 3D profilometer (Bruker Contour GT-K) and SEM equipped with
EDX, respectively, following the completion of wear tests.

3. Results and Discussion
3.1. Material Characterization

The polarized optical microstructural images of the ZE10 reference alloy and GNP-
reinforced self-lubricating nanocomposites, which reveal the grain sizes and morphology,
are presented in Figure 2. It is evident from this figure and the calculated average grain
sizes and porosity rates in Table 2 that the incorporation of GNPs into the ZE10 alloy
led to considerable grain coarsening and increased porosity rate. Contrary to the grain
refinement usually seen in metal matrix nanocomposites with reinforcement addition [35],
the grain coarsening observed here is consistent with the results of an earlier study on
SiC-nanoparticle-reinforced ZE10 composites [36]. The grain coarsening due to the GNP
additions could be attributed to the deactivation of Zr with an alloy content of 0.065 wt.%
(Table 1) as Zr is likely to form stable compounds with some elements including C and
suppress the grain refining effects of both Zr and GNPs [37,38]. The increased number of
micro-voids is thought to be related to the potential air entrapment and agglomeration
tendency of GNPs at increasing contents due to their high specific surface area and poor
wettability by liquid Mg. The SEM micrographs of the ZE10 alloy and ZE10/GNP self-
lubricating nanocomposites in Figure 3 illustrate the reinforcement distribution throughout
the matrix alloy with apparent clusters. The EDX analysis in Figure 3e suggests that the
C-element-rich dark area (Spot 1) may correspond to a single or a small cluster of GNPs
that was evenly embedded into the matrix. It is also noticed that the secondary phases
containing rare earth and other alloying elements generally accumulated around those
GNPs in all nanocomposites as exemplified in Spot 2 (Figure 3e). This could indicate that
the GNPs were mainly pushed into the secondary phases rather than primary Mg grains at
the solidification front, thus leading to coarser grains degrading the grain pinning effect. In
addition, the presence of GNPs in the composites was confirmed by the XRD patterns of
unreinforced alloy and ZE10/GNP self-lubricating nanocomposites as shown in Figure 4.
Apart from the α-Mg phase, the GNPs were identified as single peaks at approximately
26 degrees in the XRD analysis of nanocomposites.
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Table 2. Average grain sizes and porosity rates of cast matrix and nanocomposite samples.

Sample Average Grain Size (µm) Porosity Rate (%)

ZE10 91 ± 7 0.5
ZE10/0.25 wt.%GNP 144 ± 19 1.7
ZE10/0.5 wt.%GNP 181 ± 47 2.8
ZE10/1.0 wt.%GNP 177 ± 41 5.1
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3.2. Mechanical Properties

Figure 5 shows the Vickers hardness values (averaged) of the ZE10 reference alloy
and GNP-reinforced nanocomposites at various temperatures. A consistent reduction in
hardness is observed for all alloys with rising temperatures. This observation indicates the
absence of any abrupt decline in hardness due to thermal softening within the specified
temperature range and points to a better quality of fabricated samples. As can be seen in
the figure, the hardness of the ZE10 matrix alloy was improved by 23% and 34% compared
to those of both the ZE10/0.25 wt.%GNP and ZE10/0.5 wt.%GNP nanocomposites and
ZE10/1.0 wt.%GNP nanocomposites, respectively, at RT. It is known that there are two major
effects on the hardness and strength enhancement in metal matrix composites reinforced with
nano-sized fillers. These are grain refinement and hindered dislocation motion (also known
as Orowan strengthening) by harder reinforcement additions [39]. Since the grain coarsening
was observed with increasing GNP contents in the present study, Orowan strengthening
is therefore expected to play the main role in the hardness improvement [40]. However,
the hardening by GNPs appeared to be limited at the contents above 0.25 wt.% at RT and
100 ◦C, which can be attributed to inefficiencies in distributing the clusters or any caused
agglomerations of GNPs (Figure 3) and increased porosity level (Table 2). In addition, all
samples exhibited similar hardness values at 200 ◦C possibly due to matrix softening.

Table 3 displays the average values of 0.2% proof stress (PS), ultimate tensile strength
(UTS), and failure strain for the unreinforced ZE10 matrix alloy and self-lubricating nanocom-
posites. The representative stress versus strain curves of four different samples at RT are also
presented in Figure 6. It is clear that the incorporation of GNPs into the ZE10 matrix did not
enhance the 0.2% PS and invariably decreased the UTS and ductility. The highest average
0.2% PS value of ZE10/0.25 wt.%GNP composite compared to those of all nanocomposites is
likely to be due to its lowest porosity level and clustering of reinforcements, as stated earlier.
Furthermore, the observed decreasing ductility with increasing reinforcement contents is an
expected outcome as the brittle GNPs tended to agglomerate, diminishing the interfacial
bonding efficiency [41]. Such agglomerates are illustrated in the tensile fracture surfaces of
composite samples in Figure 7b–d. It is noted that all samples exhibited both cleavage steps
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and dimples with tear ridges resulting in the combination of brittle and ductile fractures.
Based on the dimples and tear ridges that were noticed in the vicinity of GNP agglomerates
(Figure 7c,d), it is thought that those agglomeration sites were unlikely to provide sufficient
resistance to crack propagation during loading. Considering the grain coarsening by GNP ad-
ditions, casting defects, matrix-reinforcement incorporation, and wetting issues, it is suggested
that GNP addition could not impose significant effects on enhancing the tensile properties of
the ZE10 alloy processed in the liquid state.
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Table 3. Tensile properties (averaged values) of ZE10 alloy and its nanocomposites reinforced with
GNPs at RT.

Sample 0.2% PS (MPa) UTS (MPa) Failure Strain (%)

ZE10 65 ± 11 176 ± 11 7.9 ± 1.9
ZE10/0.25 wt.%GNP 67 ± 10 148 ± 4 4.5 ± 0.6
ZE10/0.5 wt.%GNP 61 ± 10 136 ± 9 3.9 ± 0.5
ZE10/1.0 wt.%GNP 63 ± 8 133 ± 4 3.5 ± 0.3
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3.3. Tribological Properties

Figure 8 shows the average COF values recorded during the sliding wear tests of all
specimens at various temperatures. It is seen that the introduction of GNPs positively affects
the CoF of the ZE10 Mg alloy, lowering and stabilizing it at all sliding temperatures. The
reduction in CoF value was approximately 12% at RT and 100 ◦C and 20% at 200 ◦C. This
could be due to the favorable effect of graphene’s solid lubricity and due to the formation of
protective and self-lubricating tribofilm surfaces, as reported in previous studies [30,42–44].
Nonetheless, the nanocomposites with 0.25 and 0.5 wt.% GNPs generally exhibited the lowest
CoF accompanied by lower deviations in values over all temperature ranges, implying a
fair repeatability of the results compared to 1.0 wt.% GNP. Moreover, this also points to the
fact that the self-lubricating behavior declines above 0.5 wt.% GNP addition, possibly due to
the limitations imposed by GNP agglomeration in the nanocomposites. It is interesting that
the CoF values of nanocomposites and the reference alloy distinctly increased at 100 ◦C by
~40% (~0.47, for Mg-GNPs) compared with their corresponding values at RT (~0.34, for Mg-
GNPs). This could be explained by the metal softening which further reduces the interfacial
strength and raises the number of microscopic asperities, hence raising the apparent surface
contact area at elevated temperatures [45,46]. However, at 200 ◦C, all the nanocomposites
demonstrated a very stable CoF around ~0.25.

In terms of the friction evolution curve (Figure 9), a distinct trend can be noticed for
the materials sliding at varied temperatures. In the case of RT sliding, a shorter running-in
period of around 800 s was evident, and the nanocomposites stabilized around ~0.33 for the
rest of the tests. With the increase in test temperature to 100 ◦C, the CoF values of all samples
initially appeared to be around 0.2 but steadily rose in the closer range until 800 s (initial
running-in), followed by a sharp rise (final running-in), and stabilized at around 1600 s at
the CoF value of ~0.47, hence indicating a total running-in lasting around 1600 s. It could
be assumed that the contact surface at this stage is covered by environmental pollutants
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and tends to undergo preconditioning (of microgeometry) before the actual mating surface
can be conformed/reached [47,48]. Running-in is usually characterized by an unsteady
friction stage and substantial wear/material removal, as seen for nanocomposites sliding
at RT and 100 ◦C (Figure 9).
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At a temperature of 200 ◦C, all specimens exhibited their lowest and most consis-
tent CoF. Elevated temperatures can lead to the formation of graphene-rich tribolayers
(graphene as a 2D material offers low shear stress and, thus, easy sliding) on mating
surfaces, resulting in decreased CoF due to their self-lubricating properties, preventing
direct contact between mating surfaces. Tribolayer or film formation occurs due to the high
shear forces induced by countersurface movement and localized heating, which causes
the delamination, overlap, and welding together of GNPs [49]. Similar behavior for the
formation of oxide layers on metal surfaces at elevated temperatures was also reported in
the literature [50–52]. Consequently, in our study, the increase in test temperature from
100 ◦C to 200 ◦C is likely to accelerate the rate of protective tribolayer formation, leading
to the creation of more stable GNP-based tribofilms and a significant reduction in CoF
values for the samples. The preservative characteristics of GNPs have been documented to
endure up to approximately 500 ◦C. Beyond this temperature threshold, GNPs experience
oxidation, leading to a deterioration in their lubricating properties [53]. Notably, there
was no observable running-in phase for the nanocomposites at this stage. In contrast, the
unmodified reference Mg alloy experienced a running-in period lasting approximately
200 s, marked by an initial peak in CoF value of around 0.4, which later stabilized to
approximately 0.25 before rising to about 0.4 by the end of the test. Furthermore, the self-
lubricating nanocomposites demonstrated a remarkably stable CoF evolution, maintaining
a value of around 0.25, as opposed to the pronounced fluctuations observed in the reference
alloy after 1800 s of sliding. This hints towards better performance of GNPs as HT lubricant
(especially at 200 ◦C) aiding in a smoother transition. The lack of running-in and smooth
frictional transitions for similar sliding conditions for the solid lubricated samples have
been described by co-authors in their previous studies [48,54].

The volumetric wear loss of all samples tested at the indicated temperatures is pre-
sented in Figure 10. The wear resistance of both the reference alloy and GNP nanocompos-
ites gradually improved as the test temperature was elevated. This observation is consistent
with the results of previous investigations which suggest that a protective tribolayer could
govern the wear behavior of Mg alloys below a normal load of 25 N based on the same
contact geometry at wear temperatures up to 250 ◦C [50,51,55]. EDX analysis (Figure 11)
indicated the presence of oxygen on the wear track surface following elevated-temperature
sliding, likely resulting from surface oxidation during sliding. It is believed that these
generated oxides underwent compaction, as observed in SEM images, contributing to the
formation of a tribolayer and a reduced wear rate. It is worth noting that oxides of graphene
possess solid lubricant properties due to their layered structure, facilitating easy sliding
between layers. Additionally, the formation of certain solid oxides like zinc oxide (ZnO)
can probably enhance lubrication due to their high ionic potential, which correlates with
lower friction coefficients [56,57].
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The nanocomposites reinforced with GNPs displayed a relatively lower wear rate
compared to the ZE10 reference alloy at all test temperatures, which suggests the favorable
effect of GNPs on enhancing wear resistance. If compared to the ZE10 reference alloy
at RT, the nanocomposites showed a decrease in the wear rate ranging from 2% to 12%,
and the ZE10/1.0 wt.%GNP sample had the lowest wear rate value (average) with the
largest deviation that is likely to be due to the higher porosity rate and GNP clusters
(agglomeration). This trend is consistent with the hardness test outcomes at RT (Figure 5).
At 100 ◦C, the ZE10/0.25 wt.%GNP sample displayed about 28% wear rate reduction
compared to that of the ZE10 alloy, while the calculated volumetric loss of nanocomposites
with 0.5 wt.% and 1.0 wt.% GNPs decreased by only 1% and 9%, respectively. The significant
improvement in the wear resistance of 0.25 wt.% GNP composite can be attributed to the
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relatively homogeneous and effective reinforcement distribution into the matrix. However,
the composite having 0.5 wt.% GNPs showed the highest wear resistance among all samples
with about 29% volumetric loss reduction compared to that of the reference alloy at 200 ◦C.
Furthermore, the samples with 0.25 wt.% and 1.0 wt.% GNPs exhibited a decrease in the
volume loss of around 17% and 22%, respectively. It is likely that the contact surface of
the ZE10/0.5 wt.%GNP sample was covered by more graphene flakes as a solid lubricant
and the oxidation played a substantial role in the enhancement of wear resistance like
in the CoF results when the temperature rose to 200 ◦C. Notably, the trend for the wear
volume loss of nanocomposites is in agreement with their CoF values at 200 ◦C (Figure 8).
It is noteworthy that both the reference alloy and the nanocomposites exhibit an enhanced
wear rate as the test temperature rises, indicating the high-temperature stability of the
matrix. However, this improvement in the case of reference alloy comes at the cost of an
unstable evolution of friction and unfavorable wear mechanisms, particularly at 200 ◦C,
attributed to the absence of graphene’s lubricating effect. Additionally, occasional longer
running-in periods are observed for the reference alloy. In contrast, GNP nanocomposites
prove advantageous, showcasing consistent and low friction with almost no running-in,
especially at 200 ◦C. In addition, protective occurring mechanisms of wear (explained later)
can be seen in Figures 12 and 13 for the nanocomposites, hinting towards protection of
both the tribo-pairs.
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Figure 13. SEM worn surface images of the reference alloy and ZE10 matrix composites at vari-
ous GNP contents and indicated test temperatures (in this representation, each row corresponds
to a specific material, while the columns represent different sliding temperatures): (a) ZE10, RT,
(b) ZE10/0.25 wt% GNP, RT, (c) ZE10/0.5 wt% GNP, RT, (d) ZE10/1.0 wt% GNP, RT, (e) ZE10, 100 ◦C,
(f) ZE10/0.25 wt% GNP, 100 ◦C, (g) ZE10/0.5 wt% GNP, 100 ◦C, (h) ZE10/1.0 wt% GNP, 100 ◦C,
(i) ZE10, 200 ◦C, (j) ZE10/0.25 wt% GNP, 200 ◦C, (k) ZE10/0.5 wt% GNP, 200 ◦C, (l) ZE10/1.0 wt%
GNP, 200 ◦C.

Figure 12 shows the representative 3D profilometer images of all samples presented
for each wear test temperature. As can be seen, while the ZE10/1.0 wt.%GNP samples
showed the minimum wear scar depth at RT, the ZE10/0.25 wt.%GNP sample possessed
the narrowest wear scar at 100 ◦C, which is consistent with the wear loss results. It can
be noticed that the profilometer images of samples worn at 200 ◦C have non-uniform
wear scars with intermittent hollow zones. This non-steady wear is possibly due to the
samples undergoing substantial softening at elevated temperatures [58], resulting in the
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low-strength alloy and composites not being able to support the oxide layers against the
hard abrasive ball during sliding.

Figure 13 displays the SEM images of the worn surfaces of unreinforced and GNP-
reinforced Mg alloy discs at all test temperatures. The plastic deformation and scratch marks
on all worn surfaces, which suggest the abrasive wear mechanism, were found to be parallel
to the sliding direction. The worn surfaces of both the reference alloy and nanocomposites
against the counterpart balls reveal long trenches and micro-plowing grooves, indicating
two-body and three-body abrasion wear [59,60]. Nevertheless, the worn surfaces of the
nanocomposites containing 0.25 and 0.5 wt.% GNPs, as depicted in Figure 13b,c, exhibit
smoother surfaces with reduced wear debris compared to both the reference alloy and the
composite with 1.0 wt.% GNPs at RT. This observation remains consistent at 100 ◦C, as shown
in Figure 13e–h. Such a phenomenon can be attributed to the hindrance of subsurface crack
propagation, facilitated by the relatively homogeneous dispersion of lower GNP contents and
their lubricating effect. However, with the increase in temperature, especially at 200 ◦C, the
worn surface demonstrates less expanse and severity of plow marks, but several patches of
material delaminating (transfer) the surface could be seen.

Nearly all surfaces showed oxide-rich particles (e.g., Figure 13e,g). At low tempera-
tures, the Mg-rich oxide layers formed on the discs are likely to be broken (fatigue) into
particles during sliding, and such hard oxidized particles with potential inclusions may
act as abradants between the discs and balls, inhibiting their direct contact for three-body
abrasion [61]. Alternatively, at high temperatures, hard oxide particles can be embedded
into the discs or accumulated on the wear scars, forming a hard mechanically mixed layer
with the help of mechanical action provided by moving bodies and protecting the underly-
ing composite surface [62,63]. This may explain the decreased wear rate with increasing
temperature with respect to the oxidation rate (increase in temperature).

As illustrated in Figure 13a for the reference alloy worn at RT, the surface and sub-
surface cracks could accumulate and lead to flaked or laminated wear debris, known as
delamination. Such delamination patches may imply that the adhesive wear mechanism
came into play [64]. It is known that adhesive wear is most likely to occur in the case of
metal–metal contact, especially at elevated temperatures (can be also caused by frictional
heating in RT sliding) [65]. It is possible that at elevated temperatures, the accompanying
adhesive wear led to material/debris transfer on the surface of the composite which then
underwent compression during successive sliding passes. This partially compressed debris
(hard oxide) may have contributed to the tribolayer and hence protected the mating surface
from contacting and reducing wear. On the other hand, GNP layers (in tribolayer) acted as
a lubricant and led to the lowering of shear stress, hence reducing friction. Altogether, it is
believed the hard compressed oxide and GNPs in the tribolayer led to a decrease in wear
and friction, respectively.

The adhesive wear mechanism was confirmed by the EDX analysis of a steel ball as
shown in Figure 14 after the wear testing of ZE10/0.25 wt.%GNP composite disc at 100 ◦C.
The relatively high level of Mg in the analysis implies a high degree of material transfer,
and hence adhesion wear, as does the Fe content observed in the EDX analysis of Image
(a) for a worn disc in Figure 11. The material transfer is believed to prohibit real contact
surface mating and thus offer protection to the underlying contact surface.

Like the observations in the 3D wear scar images in Figure 12, the disc surfaces worn
at 200 ◦C appeared to be relatively rough with significant laminated-shaped wear debris
compared to those at RT and 100 ◦C (Figure 13i–l). It can be suggested that the considerable
softening of matrix alloy at 200 ◦C led to the peeling off (delamination) of the material from
the disc surfaces in the form of layered sheets by promoting the expansion of subsurface
microcracks [66]. Further, the peeling wear could have been followed by material smearing,
as the exfoliated pieces of material are likely to be compacted on the surface of discs during
successive sliding passes. Along with the significant oxidation at 200 ◦C (Figure 11), such
compressed debris resulted in the formation of a tribolayer and in turn protected the
surface from further wear, which can explain the relatively low volume loss of the samples
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at elevated temperatures (Figure 10). Therefore, smearing is the dominant wear mechanism
at 200 ◦C.
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Figure 14. EDX analysis of the worn surface of the counterpart ball against ZE10/0.25 wt.%GNP
nanocomposite disc at 100 ◦C test temperature.

4. Conclusions

Unreinforced ZE10 alloy and ZE10 matrix nanocomposites reinforced with 0.25, 0.5,
and 1.0 wt.% GNP contents were fabricated by ultrasound-assisted stir casting. The effects
of GNP contents on the microstructural, mechanical, and wear properties, both at RT and
elevated temperatures (100 and 200 ◦C), were studied. The major conclusions can be listed
as follows:

1. The microstructural analysis showed that the incorporation of GNPs into ZE10 Mg
alloy results in grain coarsening, higher porosity rate, and clustering tendency for
increasing GNP contents.

2. The addition of GNPs enhanced the hardness of the reference alloy at RT and 100 ◦C,
but had less impact at 200 ◦C. The average yield strength of the ZE10/0.25 wt.%GNP
composite slightly rose, while those of nanocomposites with 0.5 and 1.0 wt.% GNPs
decreased due to higher porosity and reinforcement clustering. Additionally, the UTS
and ductility of the nanocomposites consistently decreased with higher GNP content.

3. The inclusion of GNPs resulted in a considerable reduction in the CoF in ZE10 Mg
alloy at all test temperatures, attributed to the solid lubricating influence of GNPs. As
the test temperature increased, both the reference alloy and nanocomposites exhibited
a gradual decrease in wear rate. The nanocomposites showed an improved wear rate
in comparison to the reference alloy at all test temperatures.

4. At RT and 100 ◦C, adhesion and abrasion were the primary wear mechanisms. However,
at 200 ◦C, the predominant wear modes shifted to delamination and smearing, coupled
with cyclic material transfer and tribolayer compaction phenomena (protective).

5. The ZE10/0.25 wt.%GNP nanocomposite can be suggested to be a promising material
providing a favorable blend of mechanical properties and effective resistance to wear
at both room and elevated temperatures. This is attributed to the relatively effective
distribution of GNPs and the low rate of porosity.
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