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ABSTRACT: Improving the wear resistance of graphene reinforced
aluminium matrix composites is essential to broaden its application range,
notably in high-abrasive environments. Introducing the heat treatment
process to graphene reinforced aluminium metal matrix composites
potentially resulted in an enhancement in hardness properties and led to an
increase in its wear resistance. Thus, this study investigates the impact of the
T6 heat treatment on the hardness and wear behaviour of thixoformed GNPs-
A356 composites. The GNPs-A356 aluminium composites were produced via
the stir casting route in preparation for the subsequent thixoforming process.
The feedstock of the composites was reheated to 50% liquid fraction
temperature, as identified from the DSC analysis graph, before being rammed
into the mould. The thixoformed composites underwent the standard T6 heat-
treatment technique. The microstructure of the heat-treated composites shows
a formation of spheroidal Si. The addition of GNPs significantly affected the
microstructure after the thixoforming process and increased the hardness
values from 63 HV for the A356 alloy to 95.39 HV for the thixoformed
composite. The following T6 heat treatment process increases the hardness
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value to 107.45 HV. The volume loss, specific wear rate and average friction of
heat-treated GNPs-A356 composites decreased approximately by 28.9 %, 28.7
% and 5.5 %, respectively, compared to A356 alloy. The T6 heat treatment
significantly promotes the positive impacts on the properties of hardness and
dry sliding wear behaviour of the thixoformed composites.
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Thixoforming Process; Heat Treatment; Dry Sliding Wear Behaviour

1.0 INTRODUCTION

Recent research indicates that aluminium and its alloys are extensively
recognised for their advantages, including being lightweight, cost-
effective, durable, processing capability, and wear resistance [1].
Consequently, its potential applications in automotive, aerospace, and
other industries have expanded. However, the inherently limited
durability of aluminium alloys prevents them from fulfilling the
progressively demanding industrial manufacturing standards. Thus,
the employment of reinforcement particles in the aluminium matrix
enhances its ability to be used in advanced technological applications.

Researchers have introduced a diversity of reinforcement materials to
enhance the wear properties of aluminium matrix composites, such as
SiC [2], BsC [3], Al2Os[4], and ZrO:2 [5]. This is owing to the capability
of self-lubricating from the reinforcement materials, which reduced the
composites' friction and wear rate. Carbon materials such as graphene
[1], carbon nanotubes [6] and graphite [7] are frequently employed as
reinforcement materials because of their ability to enhance the
resistance to wear through their self-lubricating capabilities. Graphene
comprises sp>-hybridized carbon atoms arranged in a single atomic
layer [8]. Graphene has also garnered significant research attention
because of its exceptional characteristics, such as outstanding heat
conductivity, excellent mechanical characteristics and exceptional self-
lubricating effects [9, 10].

Powder metallurgy and casting are the primary methods for
fabricating graphene-reinforced aluminium metal matrix composites.
The casting process is preferred for large-scale industrial production
over powder metallurgy due to its complex processing and higher
costs. In addition, the casting process can produce complex
components owing to its simple equipment requirements and low costs
[11]. Furthermore, applying the thixoforming process as a secondary
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process can strengthen the structure and characteristics of the as-cast
aluminium metal matrix composite. Currently, implementing the heat
treatment technique is worthwhile as it simultaneously enhances the
mechanical characteristics, including the wear behaviour of aluminium
matrix composites. This is due to the heat treatment process
significantly influencing the characteristics and microstructure to meet
specific application requirements [12, 13]. Numerous studies have
established the successful use of T6 heat treatment to enhance the
mechanical properties of aluminium. Wang et al. [14] found that the
tensile strength and hardness are reduced after the T6 heat treatment
process due to coarsening of microstructure and slow cooling rate,
resulting in a change in the strengthening mechanism. However, the
addition of carbon reinforcement potentially increases the nucleation
of the required intermetallic phase and is beneficial in preventing
coarser microstructure in the composites during the heat treatment
process [15].

Nevertheless, the impact of the heat treatment process on the
characteristics of graphene-reinforced aluminium metal matrix
composites still needs to be explored. Therefore, this study investigates
the impacts of T6 heat treatment on the characterisation of thixoformed
A356-0.3 wt.% GNP composites. The stir casting and thixoforming
processes were used to fabricate A356-0.3 wt.% GNP composites
before undergoing T6 heat treatment. A comprehensive analysis was
conducted to examine the characteristics of microstructure, hardness,
and dry sliding wear of the fabricated composite.

2.0 METHODOLOGY
2.1 Fabrication of composites

The detailed composition information of the A356 alloy was verified
using a SPECTROMAXx arc/spark optical emission spectrometry
(OES) analyser, and the element compositions are shown in Table 1.

Table 1: Weight percentage (%) of the elements composition of the A356 alloy
Si Mg Cu Ni Zn Mn Fe Al
7.38 0.26 0.05 0.013 0.007 0.19 0.25 Bal.

Figure 1 illustrates the overall fabrication process of the GNP/A356 Al
composites. Based on the previous study [16], 0.3 wt.% GNPs amount
is the optimum amount at the best performance for GNP/A356
aluminium composites. The GNP powder (0.3 wt. %) with purity of
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>99% was purchased from Sigma-Aldrich, USA. 1 wt.% magnesium
(Mg) powder was employed as a wetting agent. 400 g of A356 ingot was
melted at 700 °C in a furnace with a holding time of 5 minutes before
the temperature was reduced to 650 °C. Then, GNP and Mg powder
were injected into the molten metal and stirred at a speed of 500 rpm
for 5 minutes. The mixture was subsequently poured into a preheated
cylindrical steel mould.

The as-cast composite feedstock was reheated in an induction coil to a
50 % liquid fraction at 581 “C before being rammed into the mould with
a 20 kN laboratory force with an 85 mm.s?! compression velocity. The
temperature of the 50 % liquid fraction was obtained from the
differential scanning calorimetry (DSC) graph, as shown in Figure 2.
Subsequently, a T6 heat treatment was performed on the thixoformed
composite. The T6 heat treatment process consisted of a solution
treatment (540 °C for 8 hours), quenched in warm water (60 °C), and
subsequent artificial ageing (160 °C for 4 hours). After being subjected
to artificial ageing, the treated composite was cooled at room
temperature.

GNP powder

g

+ =-— e
B

Mg powder

GNP + Mg powder Wrapped injected The mixed stirred The billet of as-cast
wrapped in aluminium into molten A356 (500 rpm for 5 min) alloy and composite

foil alloy l

Air Vent

Mould

Induction
coil

Billet;

Hydraulic pressure

Heat-treated samples of T6 heat treatment for thixoformed Thixoformed alloy and

thixoformed alloy and composites alloy and composites composites Thixoforming process-

Reheated to temperature
of 50% liquid fraction

Figure 1: Diagram illustrating the GNP/A356 composites fabrication technique in
this study. [is this proposed technique or referred from other?-This is the
proposed technique to be used in this study]
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Figure 2: Profile of liquid fractions and DSC curve for A356 alloy.

2.2 Characterization

This study examined the microstructures of the as-cast, thixoformed,
and heat-treated samples utilizing optical microscopy (OM) and field
emission scanning electron microscopy (FESEM) with energy
dispersive X-ray analysis (EDX). The samples underwent a grinding
technique, polished with a diamond suspension, and etched with
Keller’s reagent for preparation standards. The identification of phases
in the composite samples was carried out using X-ray diffraction
(XRD). The experimental density of alloy and composites was obtained
with five measurements and was identified using Archimedes’
technique. A Vickers hardness instrument was used to investigate the
hardness, with a 1 kgf load and 10 s dwell time.

2.3 Dry Sliding Wear Test

The wear rate was determined by employing the pin-on-disc method
in dry sliding wear tests conducted following ASTM-G99 standards.
The sliding distance of 3000 m, the sliding speed of 1 m/s, and a normal
load of 50 N were the selected constant settings for the parameters in
this study. The pin wear samples of alloy and composites were
weighted before and after the wear test using a 0.0001g precise digital
scale. The volume loss was calculated by mass loss (g) divided by
experimental density (g/mm?), while the specific wear rate was
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measured using volume loss divided by the normal load (N) and
sliding distance (m). Three-pin samples for each alloy and composite
were tested for each parameter experiment to obtain reliable
measurements. The friction force is continuously collected using cell
load in the system of data acquisition during the wear test. FESEM was
utilised to identify the wear mechanisms by evaluating the worn
surface of the fabricated composite samples after the wear test.

3.0 RESULTS AND DISCUSSION

3.1 Microstructure of fabricated composites

Figure 3 depicts the optical micrographs of the A356 alloy and
composite samples. The micrographs consist of two phases, which
were the a-Al phase (bright areas) and the eutectic Si phase (dark
areas). The application of stir-casting resulted in a non-dendritic
structure, as shown in Figures 3 (a) and 3 (b). Figure 3(a) shows that the
a-Al phase for as-cast A356 alloy was contained with a more rosette-
like structure and coarser compared to the a-Al phase for as-cast
GNP/A356 composites where the phase is more globular as shown in
Figure 3(b).

Figure 3 (c) illustrates the transformation of the phase of a-Al in the
GNP/A356 composite after the thixoforming process. The a-Al phase
in the thixoformed composite becomes coarser with an irregular
globular shape than the as-cast composite due to reheating process. The
irregular globular structure was formed because of the presence of
GNP in the composite. Furthermore, the eutectic Si in the thixoformed
composite transforms into a fine fibrous structure instead of a coarse
needle-like structure

Figure 3 (d) demonstrates the transformation of the Si eutectic phase
after the T6 heat treatment process. The micrograph shows that heat
treatment transformed the Si shape from fibrous eutectic Si to a
spherical structure. A few researchers have reported a similar
observation [17, 18], which indicates that the heat treatment process
alters the needle-like microstructure of the Si eutectic into finely
spheroid Si particles that are uniformly distributed throughout the
alloy. The transformation to fine spheroid Si particles was one of the
factors in the heat treatment process that strengthened the final
product.
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Figure 3: Optical microstructure of (a) as-cast A356 alloy, (b) as-cast
GNP/A356 composite, (c) thixoformed GNP/A356 composite, and (d)
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thixoformed-T6 GNP/A356 composite

Figure 4 presents the diffraction patterns of the composites obtained
using different processes. The prominent diffraction peak in the XRD
pattern was Al, followed by Si. However, the peak of GNP was not
detected owing to its low content, and it was beyond the XRD
equipment limitations [19].
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Figure 4: XRD patterns of A356 and the composite for different processes.

The FESEM and EDX analyses further explained the formation of
compound intermetallic phases. Figures 5 (a) and (b) demonstrate the
FESEM micrographs of the thixoformed and thixoformed-T6
composites, respectively. According to the EDX results, the scattering
of C indicated the presence of reinforcement in the composite.
Moreover, the EDX micrographs indicate that the peak for aluminium
is the highest, along with several other notable peaks. This suggests
that Al is the predominant component in the sample, with the other
elements present at varying concentrations.

Furthermore, the EDX analysis identified the presence of f-Al5FeSi, as
shown in Point A in Figure 5 (a) and Point C in Figure 5 (b). The amount
of Fe was slightly higher in the thixoformed composites than in the
thixoformed-T6 composites. On the other hand, the phase of -
Al85i6Mg3Fe was detected as shown in Point B (Figure 5(a)) and Point
D (Figure 5(b)) for the thixoformed 0.3 GNP/A356 composite and
thixoformed-T6 0.3 GNP/A356 composite, respectively. Additionally,

52 ISSN:1985-3157 e-ISSN:2289-8107 Vol.18 No.2 May - August 2024



Journal of Advanced Manufacturing Technology (JAMT)

the needle-like structure phase of m-Al8Si6Mg3Fe particles was
fragmented into globular particles when subjected to the T6 heat
treatment process, as shown in Point D.
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Caption for each image - center alignment
Figure 5: FESEM-EDX micrographs of (a) thixoformed 0.3 GNP/A356 composites
and (b) thixoformed-T6 GNP/A356 composites. Point A and Point C: 8-AlsFeSi;
Point B and Point D: m-AlsSisMggFe.

3.2 Hardness properties of fabricated composite

The Vickers hardness and relative density of as-cast A356 and composites
produced through subjected processes are illustrated in Figure 6. The thixo-
T6 composite exhibited increased hardness and relative density hardness
compared to the as-cast and thixoformed composites. The addition of GNPs
in the composite materials can also be attributed to the observed
improvement in hardness. Moreover, the increment in hardness of the
composites can be ascribed to the development of an intermetallic phase
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due to precipitation hardening and fine globular Si grains forming during
the heat treatment process [20]. Accordingly, adding GNPs, applying
thixoforming, and T6 heat treatment enhanced the hardness by
approximately 70.5% compared to that of the A356 alloy. Furthermore, the
notable enhancement in the hardness of the composite might be ascribed to
the successful dispersion of GNPs in the composites during the production
process.
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Figure 6: Hardness values of A356 and the composites.

3.3 Wear Behaviour

Fig. 7(a) illustrates the relationship between the volume wear loss and the
samples at a normal load of 50 N. This shows that the volume wear loss
decreased after the T6 heat treatment. Fig. 7(b) illustrates the plot of the
specific wear rate for all samples. As shown in Fig. 7(b), the as-cast A356
alloy exhibits the highest specific wear rate. The formation of an adhesive
between the surface contact and the inadequacy of load-bearing particles in
the A356 alloy contributed to its high wear rate. In addition, the low
hardness inhibits the ability of the alloy to resist deformation during
sliding. Hence, the enhanced reduction in wear ratein the thixo-T6
composite sample can be ascribed to increased hardness, relative density,
fine Si spheroidal particles, and GNPs as effective load-bearing particles
[21].

Fig. 7(c) shows the average coefficient of friction (COF) results of
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composites after thixoformed and heat-treated composites. The
thixoformed composite sample showed the lowest COF compared with the
thixo-T6 composite sample. However, the COF value of the thixo-T6
composite was still lower than those of the as-cast A356 alloy and
composite.
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Figure 7: (a) Volume loss, (b) specific wear rate, and (c) average COF of the
A356 alloy and composites.

Fig. 8 shows FESEM micrographs of the worn surface corresponding to
the A356 alloy and composites after casting, thixoforming and T6 heat
treatment process. Fig. 8(a) illustrates the worn surface of the A356
alloy, which was characterised by severe grooves on the worn surface.
Craters and adhesive marks were also observed, which are typical of
delamination wear. In contrast, fewer crates with grooves were
detected on the worn surface of the as-cast composite, as shown in Fig.

8(b).

The application of the thixoforming process to the composite
transformed its worn surface into an abrasive wear mechanism, as
shown in Fig. 8(c). The presence of GNPs in sliding friction improves
the self-lubricating properties, improving the worn surface [22] and
subsequently reducing the wear rate of the fabricated composite.
Meanwhile, Fig. 8(d) shows that the worn surface of the thixoformed-
T6 composite exhibited grooves and adhesion, including material
transfer. Therefore, abrasive and adhesive wear were dominant wear
for the thixoformed-T6 composite.

(b)
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Caption for each image - center alignment
Figure 8: FESEM images of the worn surface of (a) A356 alloy, (b) as-cast
0.3GNP/A356, (c) thixoformed 0.3GNP/A356 and (d) thixo-T6 0.3 GNP/A356.

40 CONCLUSION

The 0.3 % GNPs reinforced A356 matrix composites were developed by
the semi-solid route and subsequent standard T6 heat treatment
process. The impact of heat treatment process on the microstructure,
hardness and dry sliding wear behaviour were examined. The
standard process of T6 heat treatment significantly affected the
transformation of eutectic Si from coarse needle-like to a spheroidal
structure. The addition of GNPs, thixoforming, and heat treatment
process offers an enhancement in the hardness, volume wear loss,
specific wear rate, and COF of the thixoformed-T6 composite of the
heat-treated composite by about 70.5 %, 28.9 %, 29 %, and 5.5 %,
respectively, compared to the A356 alloy.
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