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Abstract: Graphene, as a rising-star materials, has attracted interest in fabricating lightweight
self-lubricating metal matrix composites with superior mechanical and wear properties. In this work,
graphene nanoplatelets (GNPs) reinforced AZ31 alloy composites were fabricated by a powder
metallurgy technique and then a hot extrusion. The effects of GNPs content (0.5, 1.0, and 2.0 wt.%)
on the microstructures, mechanical properties, and wear performance of the extruded GNPs/AZ31
composites were studied. It was found that the addition of GNPs resulted in a weakened basal plane
texture and grain refinement of the AZ31 matrix metal. Less than 1.0 wt.% GNPs in GNPs/AZ31
composites resulted in the enhancement in both Vickers hardness and tensile yield strength with
acceptable elongation. The Vickers hardness and tensile yield strength of 1.0GNPs/AZ31 composite
increased by 4.9% and 9.5% respectively, compared with the unreinforced AZ31. Moreover,
the elongation of the composites was about the same as the AZ31 base alloy. Both the friction
coefficient and the wear mass loss continuously decreased with the increasing GNPs content,
which exhibited a self-lubricating effect. The relationship of the friction coefficient and wear mass
loss with the GNPs content could be modeled in terms of the Holliday model and the exponential
decay model, respectively. The worn surface morphology revealed that adhesive wear and abrasive
wear simultaneously acted in AZ31 alloy. Nevertheless, abrasive wear became the dominant wear
mechanism in the GNPs/AZ31 composites.

Keywords: magnesium matrix composites; graphene nanoplatelets; mechanical properties; wear
performance

1. Introduction

Magnesium (Mg) alloys have attracted more and more attentions in the lightweight application of
automobiles, electronic equipment and aircrafts because of their low density featuring high specific
strength [1,2]. In most circumstances, service requires both high wear resistance and high strength for
some assembly parts in martial, automotive, aeronautic and astronautic fields. Metal matrix composites
provide a promising approach to improve both the wear resistance and strength, and the suitable
reinforcement plays a vital role in achieving the desired performance. According to the mechanism of
improving wear resistance, the reinforcement can be divided into hard particles, like SiC, Al2O3 and
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TiB2 etc, and self-lubricating materials, such as graphite, carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs) [3]. A lot of previous research [4,5] has indicated that the hard particles improved
wear resistance of the composites by increasing the hardness. However, the too low elongation of the
hard-particles-containing composites was usually unacceptable. The self-lubricating effect of graphite
has been found to be effective to obtain high wear resistance. However, the balance between the wear
performance and the mechanical properties does not allow the application of the graphite containing
composites [6,7]. For example, Baradeswaran et al. [7] fabricated a 5 wt.% graphite reinforced 7075
composite with superior wear performance, however the strength was too low to be accepted with the
counterpart alloys.

GNPs is ideal reinforcement to obtain the appreciable self-lubricating composites with a good
combination of wear resistance and mechanical properties, due to the excellent lubricant nature and
remarkable mechanical property [8,9]. Many researchers [9–11] focused on exploring the strengthening
effect of GNPs on metal matrix. The enhanced overall strength and ductility of Mg matrix composites
were achieved by the low content GNPs [10]. Moreover, more and more studies were devoted to research
wear behavior in self-lubricating metal matrix composites reinforced by GNPs, and the results indicated
the GNPs could reduce the friction coefficient and gave rise to better wear performance [8,12,13].
Kumar et al. [12] revealed that incorporating graphene into Al6061 alloy effectively increased the
hardness and suppressed wear loss at proper content. Ghazaly et al. [13] reported the effect of
graphene content on the wear properties of graphene reinforced AA2124 alloy composites and found
that the 3 wt.% graphene significantly improved the wear resistance of the composites because of
self-lubricating of graphene. Nevertheless, there is little research about self-lubricating Mg matrix
composites reinforced with carbonous nanomaterials. Arab et al. [14] successfully incorporated GNPs
into the AZ31 alloy matrix and found that the composite’s friction coefficient decreased by nearly 45%
compared to the base alloy. They attributed the superior wear performance to the role of GNPs which
not only increased the hardness but also formed a lubricant layer. Wu et al. [15] found that GNPs
could simultaneously improve the compressive strength and tribological resistance of AZ31 alloy.
In an earlier study [16], we successfully fabricated CNTs reinforced AZ31 composites using a powder
metallurgy method, and found that the formation of carbon film could effectively improve the wear
performance of the AZ31 alloy. Meanwhile, the strength of AZ31 alloy was significantly improved by
adding suitable CNTs. These carbonous nanomaterials stated tremendous potential in simultaneous
improving mechanical and wear properties. However, there is little reportage about the mechanical
and wear effects of GNPs on self-lubricating Mg matrix composites. Thus, revealing the effects of
GNPs content on the mechanical properties and wear performance is beneficial to achieve the excellent
combination of the strength and wear performance.

Accordingly, xGNPs/AZ31 (x = 0.5, 1.0, 2.0 wt.%) composites were fabricated by a powder
metallurgy method and then a hot extrusion. The effects of GNPs content on the microstructures,
mechanical properties and wear performance of AZ31 alloy were investigated. Further, the effects
of GNPs on the strengthening mechanism and wear mechanism of the GNPs/AZ31 composites
were discussed.

2. Materials and Experimental Procedures

2.1. Materials

The pure Mg, Al, and Zn powders (see Table 1) were used to fabricate Mg–3.0Al–1.0Zn (wt.%)
(AZ31) base alloy. These metal powders were supplied by CHINO New Material Technology Co. Ltd.
The GNPs (see Figure 1) had about 5–20 nm average thickness, and 10–20 µm flake diameter, purchased
from Changzhou Sixth Element Material Technology Co. Ltd.
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Table 1. The specific parameters of the matrix powders used in this study.

Materials Mg Al Zn

Purity (%) >99.9 >99.8 >99.8
Particle size (µm) 45 10 10
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Figure 1. Characteristics of GNPs: (a) TEM image of GNPs; and (b) SEM image of GNPs.

2.2. Fabrication of GNPs/AZ31 Composites

The xGNPs/AZ31 (x = 0.5, 1.0, 2.0 wt.%) composites were fabricated by powder metallurgy
technique, which were termed as 0.5GNPs/AZ31, 1.0GNPs/AZ31, and 2.0GNPs/AZ31, respectively.
First, the GNPs, pure Mg, pure Al, and pure Zn powders were placed in a stainless-steel jar according
to the designed proportion, and 0.3 wt.% stearic acid also was adopted to minimize the cold-welding
during ball milling. The powders were ball milled at 400 rpm for 2.5 h in which 8 min break intermitting
was performed every 20 min milling to prevent overheating. Ar protective atmosphere was input into
the jar to minimize the oxidation. The weight ratio of the stainless-steel milling balls to mixture powder
was 20:1. The homogeneously milled powders were then uniaxially compacted in a cylindrical steel
die under 600 MPa holding for 3 min at ambient temperature (RT). Subsequently, the 60 mm diameter
compacted cylinders were sintered at 500 ◦C for 3 h under Ar gas atmosphere without demold. Finally,
these sintered billets were hot pressed at 400 ◦C under 300 MPa to obtain Φ60 mm × 45 mm compacts.
Furthermore, these hot press billets were extruded at 400 ◦C using an extrusion ratio of 16:1 to obtain
Φ15 mm rods. The unreinforced AZ31 alloy rod, served as counterpart alloys, was prepared by the
same route line. All the specimens for microstructural characterization and mechanical and wear tests
were cut from the middle of these hot extruded rods.

2.3. Characterization

The experimental density was measured using the Archimedean principle, and the theoretical
density was estimated by the rule-of-mixture principle. A PANalytical X’Pert Pro X-ray diffraction
(Almeo, The Netherland) was performed on the cross sections to character the phase composition in
a range of 10◦–90◦ with Cu Kα radiation. The Zeiss A1 optical microscopy (Oberkochen, Germany)
and Quanta FEG scanning electron microscope (SEM) (Hillsboro, OR, USA) equipped with an
energy dispersive spectroscope (EDS) were employed for the metallography characterization of the
microstructure, the fracture morphology, and the wear surface. A 5 (or 15) kV electron beam was
used for the SEM observation with a working distance of 10 mm. The observation surface of all
microstructure was polished and etched with the picric acid solution (2.1 g picric acid, 5 mL acetic acid,
5 mL distilled water, and 50 mL ethyl alcohol). The grain size distribution was measured and statistical
analysis by Matlab program where at least 6 vertices were selected for each grain to form a closed the
polygon considered to represent a grain. Moreover, the statistical results were based on at least three
OM images.
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The Vickers hardness was determined at 1 kgf load, and 15 s dwell time. Seven repeated tests
were made on the polished cross-sectional surface of each composition and the hardness values
were averaged. The uniaxial tensile tests were conducted on MTS CMT-5105 universal tension machine
(Beijing, China). The tensile specimens had 5 mm diameter and 25 mm gauge length paralleled to
extrusion direction, and the initial strain rate was 10−3 s−1. Three repeat tests were conducted at RT
and the testing results were averaged.

The wear performance at RT was studied on the cross sections of extruded samples using a ball
on disk testing machine under three loads, namely 5, 10 and 50 N, and sliding distances of 1000 µm.
The GCr15 counter ball had 57 HRC, and the dimension of the testing specimen was Φ15 mm × 5 mm.

3. Results and Discussion

3.1. Effect of GNPs on Relative Density and Microstructure

Table 2 shows the density and relative density of the as-extruded AZ31 and the GNPs/AZ31
composites. The theoretical densities of the GNPs/AZ31 composites increased with the increasing
GNPs content because the intrinsic density of GNPs (2.25 g/cm3) was higher than that of AZ31 alloy.
The experimental density was slightly different from the theoretical density in all samples. This was
because of the existence of inevitable gas in the powder metallurgy process [17]. In addition, the relative
density of AZ31 base alloy was 99.63%, which was attributed to the heat densification and severe
plastic deformation. However, the porosities of GNPs/AZ31 composites raised with increasing GNPs
content. This was because of the poor wettability between GNPs and Mg matrix [9,18]. Moreover,
GNPs tended to agglomeration with the increase in content due to its high specific surface area, thus it
led to more micro-voids [9,19].

Table 2. Density and relative density of the as-extruded AZ31 and GNPs/AZ31 composites.

Samples Theoretical Density
(g·cm−3)

Experimental Density
(g·cm−3)

Relative Density
(%)

Porosity
(%)

AZ31 1.7703 1.7637 99.63 0.37
0.5GNPs/AZ31 1.7724 1.7450 98.45 1.55
1.0GNPs/AZ31 1.7744 1.7356 97.81 2.19
2.0GNPs/AZ31 1.7786 1.7150 96.42 3.58

Figure 2 presents the XRD pattern of the unreinforced AZ31 alloy and the GNPs/AZ31 composites.
The α-Mg phase was detected in all samples, and the peaks of Mg17Al12 and GNPs were not observed
in GNPs/AZ31 composites which may be due to low content of the Al and GNPs [20]. The existence of
GNPs in composites can be identified by comparing the relative intensity of texture [21,22]. Table 3
shows that relative intensities of the basal plane (Ibasal/Imax) decreased with increasing GNPs content,
indicating that GNPs can weaken thfe basal plane texture of AZ31 alloy. However, the Ibasal/Imax in the
1.0GNPs/AZ31 composite and the 2.0GNPs/AZ31 composite were the same which might be ascribed
to the aggregation of GNPs, leading to the same effective content of GNPs. It is well-known that
the increase in the average basal slip Schmid factor along the tensile direction is beneficial to more
easy-activation of the basal slip [23–25]. Thus, the weakening basal texture may improve the ductility
by mediating the basal slip Schmid factor.

Figure 3 illustrates the optical micrographs of the AZ31 alloy and the GNPs/AZ31 composites,
and Figure 4 shows the corresponding grain size distribution. GNPs refine grain size of the base
alloy in the study, and the coarse grains about 13 µm were surrounded by fine recrystallized grains
about several microns. However, after adding 2wt.% GNPs, the grain refinement effect was weakened.
In addition, the dark area at the grain boundaries increases with increasing weight fraction of GNPs.
The EDS mapping analysis of 2.0GNPs/AZ31 composite (see Figure 5) has shown the dark areas in
the grain boundaries are abundant in C elements which may correspond to GNPs agglomeration.
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The agglomeration of GNPs would not only degrade the grain refinement effect, but also deteriorate
the densification and mechanical properties of the GNPs/AZ31 composite.Metals 2020, 10, x FOR PEER REVIEW 5 of 16 
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Table 3. Texture results of AZ31 alloy and the GNPs/AZ31 composites based on XRD.

Samples Plane I/Imax

AZ31
{0002} Basal 0.10{
1010

}
Prism 1.00{

1011
}

Pyramidal 0.67

0.5GNPs/AZ31
{0002} Basal 0.06{
1010
}

Prism 0.99{
1011
}

Pyramidal 1.00

1.0GNPs/AZ31
{0002} Basal 0.02{
1010
}

Prism 0.54{
1011
}

Pyramidal 1.00

2.0GNPs/AZ31
{0002} Basal 0.02{
1010
}

Prism 0.83{
1011
}

Pyramidal 1.00
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3.2. Effect of GNPs on Mechanical Properties

Figure 6 shows the mechanical properties of the AZ31 alloy and the GNPs/AZ31 composites, and
Table 4 lists the specific value of tensile yield strength (TYS), ultimate tensile strength(UTS), elongation
and microhardness. As shown in Figure 6a, the Vickers hardness continuously increased with the
increase of GNPs content, and the Vickers hardness of the as-extruded GNPs/AZ31 increased to 87.5 ±
2.2 HV when added 2.0 wt.% GNPs. The GNPs, with high stiffness and hardness [21], contributed
higher restraint to the localized deformation than that of the metal matrix resulting in enhanced Vickers
hardness [17]. Table 4 shows that the TYS of 0.5GNPs/AZ31, 1.0GNPs/AZ31, and 2.0GNPs/AZ31 were
196± 3.2 MPa, 206± 4.1 MPa, and 215± 5.5 MPa, which increased by 4.2%, 9.6%, and 14.4%, respectively,
compared with the unreinforced AZ31(188 ± 5.2 MPa). The GNPs strengthening mechanisms in
GNPs/AZ31 composites include: (i) load transfer enhancement, which can be due to the large specific
surface of GNPs [26]. A large interfacial contact area between GNPs and Mg matrix is beneficial to
load transfer effectively leading to high strengthening efficiency in composites; (ii) thermal mismatch
enhancement, which is governed by the increase of dislocation densities owing to the difference in the
coefficient of thermal expansion between the GNPs and the Mg matrix. The contribution of dislocation
to a boost of the composite strength is evidenced by the greatly increased dislocation density of the
composites compared to that of pure metal [27,28]; (iii) Orowan looping enhancement, which can
be attributable to the GNPs-dislocation interaction. The complex slip systems can be activated in
composites at high stress and the pinned dislocations escaping through the free surfaces because
shearing through the hard GNPs layers is extremely difficult [29]; and (iv) fine grain strengthening,
which can be attributable to high strength and hard of GNPs. The GNPs effectively suppressed
grain growth, even though high energy was input through sintering and extrusion. However, the
GNPs/AZ31 composites did not reach the predetermined enhancement effect as described above, e.g.,
the 2.0GNPs/AZ31 increased its TYS by only 14.4% compared with AZ31 base alloy. Firstly, although
the load transfer from the matrix to the GNPs can improve the composite strength, the interface
compatibility between Mg matrix and GNPs is weak which negatively impacts the reinforcing effect of
GNPs [18]. Moreover, the GNPs agglomeration further degrades the bonding efficiency at the interface.
Secondly, as the content of GNPs increases, the raising porosity has a certain weakening effect on
improving TYS [30].

In general, the trade-off relationship between the TYS and elongation are prevalent in the micro-size
particles reinforced Mg composites [31]. In the present work, the elongation of the composites was
almost the same as the matrix and TYS was improved concurrently, when the content of GNPs was
lower than 1.0 wt.%. This was because the weakening basal texture provided additional easy-activated
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slip systems during tensile along extrusion direction. However, the higher GNPs addition (2.0 wt.%)
resulted in a rapid decrement in elongation, which could be due to the more formations of GNPs
agglomeration and micro-voids. Figure 7 shows a comparison of the strength and ductility of the
GNPs reinforced Mg alloy composites in the present work and previous reports [18,22,26,32–35].
This comparison showed a better combination of the tensile yield strength and elongation in the present
study when the content of GNPs was lower than 1.0 wt.%.
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Table 4. Mechanical properties of AZ31 alloy and the GNPs/AZ31 composites.

Samples TYS (MPa) UTS (MPa) Elongation (%) Microhardness (HV)

AZ31 188 ± 5.2 280 ± 2.2 14.4 ± 1.1 81.1 ± 1.1
0.5GNPs/AZ31 196 ± 3.2 282 ± 4.3 13.2 ± 1.3 83.5 ± 1.5
1.0GNPs/AZ31 206 ± 4.1 274 ± 3.8 12.4 ± 1.8 85.1 ± 1.5
2.0GNPs/AZ31 215 ± 5.5 278 ± 2.2 8.9 ± 2.0 87.5 ± 2.2
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Figure 8 demonstrates tensile fracture morphology of AZ31 alloy and the GNPs/AZ31 composites.
Both cleavage steps and dimples remained in all samples exhibiting the brittle and ductile fractures
mixed fracture feature. The micro-voids (red arrows) occurred in the 1.0GNPs/composite. Moreover,
the number of the micro-voids increased with further increasing the content of GNPs. These micro-voids
resulted in the poor elongation.Metals 2020, 10, x FOR PEER REVIEW 10 of 16 
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3.3. Effect of GNPs on Wear Performance

Variations of the coefficient of friction (COF) with GNPs content are shown in Figure 9. GNPs
addition in AZ31 significantly reduced the COF in present study, and the minimum COF was obtained
in the 2.0GNPs/AZ31 composite for all range of normal loads ranging between 5–50 N. For example,
the COF of AZ31 decreased from 0.50 to 0.42 after adding 2.0 wt.% GNPs at a constant normal load of
5 N, indicating GNPs was responsible for enhancing the wear resistance. Similar property has also been
obtained in GNPs reinforced other types of alloy, such as Cu [36] and Al [12]. Both Ghazaly et al. [13]
and Xu et al. [37] studied the tribological performance of graphene reinforced metal matrix composites,
and found that graphene formed a lubricating tribolayer to reduce the overall COF. Therefore, the
reduction of the COF can be attributed to the role of GNPs. Firstly, GNPs can markedly enhance the
hardness of the matrix to resist surface plastic deformation. Secondly, GNPs can form a self-lubricating
film to reduce tribosurface of two contacting bodies [38]. And as the content of GNPs increases, the
self-lubricating films get more continuous and thicker to further reduce the COF of composites [39].
Rajkumar et al. [40] also pointed out that enough self-lubricating film do not exist on the contact zone
at low content of nanographite. Further, Figure 9 shows a reduction in the COF as the applied load
increased from 5 N to 50 N in same content of GNPs. Increasing applied load can result in increasing
in ploughing force which penetrates inside the materials, and hence generate more pull-out of GNPs
from the composites, improving the lubrication efficiency of the GNPs film. Moreover, Table 5 shows
that the relationships between the content of GNPs (WGNPs) and the COF at various applied load can
be described by Holliday model which can predict the COF during the GNPs content between 0.0 to
2.0 wt.% in the study.
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Table 5. Regression equations of the COF versus WGNPs.

No. Load(N) Equations R-Square

1 5 y5N = 1.0
1.99+0.13wGNPs +0.04wGNPs2 0.92

2 10 y10N = 1.0
2.01+0.16wGNPs +0.02wGNPs2 0.95

3 50 y50N = 1.0
2.08+0.42wGNPs −0.09wGNPs2 0.99

Mass loss is a direct indication of wear resistance of material. Figure 10 shows variations of the
wear mass loss with the GNPs contents. The wear mass loss exhibited a decreasing trend as increasing
GNPs content under a same applied load. The trend was in agreement with the Archard model
in which an increase in hardness of the material led to an enhancement in the wear resistance [41].
Therefore, wear mass loss could be lowest in the case of 2.0GNPs/AZ31 composite. In addition,
GNPs acted as a solid lubricant to avoid the matrix and the counter material contact, which resulted in
reduction of the wear mass loss [8]. It is proposed that the beneficial role of GNPs on improving the
wear resistance. However, the decreasing trend of mass loss is gradually slowing down, which may
come from the GNPs agglomeration at high weight fraction of GNPs. Moreover, an increase in the
load led to a continuous increase in the wear mass loss with similar GNPs content. It is well-known
that the ploughing effect increases as the applied load increases, which results in increasing mass loss.
However, the wear mass loss of AZ31 alloy obviously increased, while it was lower in GNPs/AZ31
composites. In addition, based on the distribution of the points in Figure 10, the exponential decay
model fitted the curves of the wear mass loss with the content of GNPs, and the fitted results are
represented in Table 6.
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Table 6. Regression equations of the mass loss versus WGNPs.

No. Load(N) Equations R-Square

1 50 y50N = 13.36 + 16.36 exp(−WGNPs/1.08) 0.93
2 10 y10N = 1.46 + 2.78 exp(−WGNPs/0.70) 0.93
3 5 y5N = 0.91 + 1.40 exp(−WGNPs/0.62) 0.96

Figure 11 shows the morphologies of the worn surface of AZ31 and its composites. The longitudinal
grooves in the sliding direction existed in all samples due to the ploughing effect [42]. The worn surface
of GNPs/AZ31 composites were smoother than that of AZ31 alloy. The severe delamination was
observed in the AZ31 alloy while there was little delamination in the GNPs/AZ31 composites, and the
size of debris became smaller than that of AZ31. This indicates that GNPs are beneficial to improving
wear performance and protecting the substrate surface in the wear test. It is evident that worn surface
results showed good agreement with existing results of the COF and wear mass loss, as shown in
Figures 9 and 10. Worn surface indicated that the dominant wear mechanism of AZ31 alloy were
abrasive and adhesive. With the increase of GNPs content, the abrasive became the dominant wear
mechanism [15,43]. When GNPs are embedded into AZ31, the wear performance of the composites
significantly improves in comparison to unreinforced AZ31.
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Figure 11. SEM images of the worn surface of AZ31 and its composites: (a) AZ31, (b) 0.5GNPs/AZ31,
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4. Conclusions

In this work, AZ31 alloy composites reinforced with the different content (0.5, 1.0, 2.0 wt.%) of
GNPs have been fabricated through the powder metallurgy route and then the hot extrusion. The effects
of GNPs on mechanical and wear performances of the composites have been investigated. The main
conclusions can be drawn as follows:

(1) The addition of GNPs weakened the basal plane texture of the AZ31 matrix alloy and reduced
the grain size of the matrix metal.

(2) Less than 1.0 wt.% GNPs in GNPs/AZ31 composites resulted in the enhancement in both
Vickers hardness and tensile yield strength with acceptable elongation. The Vickers hardness and
tensile yield strength of 1.0GNPs/AZ31 composite increased by 4.9% and 9.5% respectively. Moreover,
the elongation of the composites was about the same as the AZ31 base alloy.

(3) The composites had a lower friction coefficient and less wear mass loss under applied loads
than that of unreinforced AZ31 alloy. Moreover, adhesive wear and abrasive wear simultaneously
existed in AZ31 alloy, while abrasive wear became the dominant wear mechanism with the increase of
GNPs content.

(4) The content of GNPs was varied from 0 wt.% up to 1 wt.%, which resulted in a good combination
of wear resistance and mechanical properties.
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