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Abstract

As advancements in lightweight and synthetic materials have evolved, our ability to tailor materials to meet societal
demands has expanded. Aluminium alloys, known for their high strength-to-weight ratio and cost-effectiveness, are
extensively utilized in engineering applications, including structural casting and automotive components. This study
employed the stir casting method to investigate the impact of silicon carbide (SiC) and graphite (Gr) on a hybrid A356
composite, aiming to enhance its tribological applicability. SiC and Gr particles were processed using a vibratory ball
milling machine for two hours, followed by composite fabrication with varying particle sizes. Microstructural
investigation using optical microscopy revealed maximum hardness values of 127 BHN and 125 BHN for A356
composites reinforced with 12.50% SiC, 15.50% Gr, and 11.43% SiC, 15.86% Gr, respectively. Wear rate analysis
demonstrated that reinforced A356 composites exhibited higher wear resistance compared to unreinforced alloys.
Notably, the sample reinforced with 11.43% SiC and 15.86% Gr displayed exceptional wear resistance. Photo
micrographs of A356-SiC-Gr samples at different sliding distances, velocities, and loads revealed minimal plastic
deformation during wear testing, resulting in abrasive and cohesive wear. Overall, this study underscores the
effectiveness of graphite (Gr) and silicon carbide (SiC) as reinforcement materials for enhancing the tribological
properties of A356 composites.
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1. Introduction

The advancement of lightweight materials has revolutionized the capability to engineer materials to meet evolving
societal demands [1-3]. Cast alloy materials like aluminium, magnesium, and titanium alloys have become prevalent for
mass production, finding widespread applications across various industries [4-5]. Additionally, composite lightweight
materials have emerged as a focal point in engineering applications, offering tailored properties to meet specific
requirements [6]. In applications where a high strength-to-weight (STW) ratio and favorable tribological properties are
essential, the A356 alloy is frequently employed. This alloy finds extensive use in automotive components, pump
housings, high-velocity blowers, and structural castings [2]. Notably, A356 and similar low-iron concentration Al-alloys
like A380 and A319 offer the optimal combination of strength and ductility for moderately loaded cylinder heads of
gasoline engines [3, 6].

Engine component manufacturing poses significant challenges in cost-effectiveness for automotive designers. To
address this, cast alloys based on aluminium often replace grey cast iron cylinder blocks and other engine components.
In the A356 alloy, primary particles are primarily in the a-phase at the end of solidification, with eutectic filling the
interstitial spaces [7-12]. The morphology of the eutectic, crucial for mechanical properties, is influenced by the size
and shape of segregated silicon particles. Incorporating a second reinforcing phase, such as graphite, silicon carbide, or
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nitride particles, further enhances the appeal of these alloys [9]. However, the use of composite materials in engine
tribology is susceptible to damage due to the presence of silicon phases, particularly at low strains. Hence, literature
suggests incorporating micro-additions of reinforcing materials like SiC or Gr, or their combinations, to enhance
mechanical qualities [13]. Various processing methods, including squeeze casting, infiltration, powder metallurgy, and
stir casting, can produce metal matrix composites (MMCs). Stir casting, especially effective for up to 30% volume
reinforcement, faces challenges related to the separation and settling of reinforcing particles during melting and casting
[8, 14]. Achieving a homogeneous distribution of reinforcements within the matrix is critical for reducing porosity
levels, refining microstructure, and enhancing mechanical properties [15]. Therefore, this study aims to evaluate the
hardness and wear properties of SiC and Gr reinforcements of varying sizes (60, 53, 44, 37, and 26 um) in an A356
aluminium matrix.

2. Materials and methods

2.1. Matrix Material and Reinforcement

2.1.1. Aluminium A356

For this study, the commercial aluminium alloy A356 was employed, characterized by silicon and magnesium as its
primary alloying constituents. Table 1 outlines the composition details of A356. Renowned for its exceptional
castability, high strength, and elongation properties, this alloy is well-suited for thin parts and applications demanding
pressure resistance. A356 stands out as the most widely used aluminium alloy, finding diverse applications across
various industries [5-7].

2.1.2. Silicon Carbide (SiC)

Renowned for its durability and affordability in demanding environments, silicon carbide (SiC) stands as a favored
abrasive and modern engraving material. Composed of silicon and carbon, SiC, also known as carborundum, is highly
versatile. By sintering Si-C particle grains, exceptionally hard ceramics are formed, extensively employed in applications
such as brake pads, aerospace components, and military equipment. The addition of SiC to aluminum matrix composites
has been shown to enhance tensile strength and hardness, offering promising reinforcement capabilities [11].

Table 1 Chemical Composition of A356 Alloy

Elements (wt.%)
SiC 7.25
Fe 0.47
Mn 0.26
Zn 0.31
Cu 0.24
Ti 0.17
Mg 0.28
Al Bal.

2.1.3. Graphite (Gr)

Graphite consists of tightly interconnected carbon atom sheets, characterized by weakened shear strength due to the
inherently weak bonds between these sheets. This attribute has established graphite as a fundamental solid lubricating
material owing to its strength and hardness [2,15]. Table 2 delineates the properties of SiC and Gr for reference.
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Table 2 Physical properties of Silicon Carbide and Graphite

Reinforcement SiC Gr
Young Modulus (GPa) 8-15 4.1
Density (g/cm3) 2.26 1.61
Hardness (VHN) 92 235
Poisson ratio 0.31 0.17
Crystal Structure Covalent Hexagonal

2.2, Stir Casting Process

Stir casting emerges as a cost-effective and straightforward method for fabricating metal matrix composites, offering
precise control over composite structure modification [16-17]. This casting process involves introducing a mechanical
stirrer into the molten metal to create a vortex, facilitating the mixing of reinforcement with the matrix [18]. As depicted
in Figure 1a, an impeller blade generates the vortex, enabling the incorporation of reinforcement material into the melt.
The impeller blade, connected to variable speed motors via a shaft, rotates at controlled speeds to facilitate mixing.
Reinforcement powders, both SiC and Gr, underwent grinding in a vibratory ball milling machine to ensure
homogeneity. The milling process lasted 2 hours, employing a ball/powder ratio of 6/1 by weight, a ball diameter of 20
mm, and a speed of 250 rpm [6]. Following milling, the reinforcement powders were sieved to obtain particle sizes of
60, 53, 44, 37, and 26 pm, adhering to ASTM E-11 standards.

During experimentation, the matrix material underwent melting in an electric furnace, maintained at 750 °C for 3
minutes. Simultaneously, reinforcements were preheated in a separate crucible to enhance wettability before
introduction into the melt. Notably, the molten metal was shielded from oxidation using white sodium tetraborate
pentahydrate before reinforcement addition. Following reinforcement introduction, vigorous stirring with a mechanical
stirrer ensued for 2 minutes to ensure a homogeneous mixture. The resulting melt was poured into a sand mold
measuring 200 by 200 by 100 mm. Subsequently, composite test specimens with dimensions @10 mm by 150 mm length
were cast, as illustrated in Figure 1b.
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Figure 1a Schematic of stir casting setup
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Figure 1b Cast samples

2.3. Material Characterization

The composite samples, both unreinforced and reinforced, underwent grinding, polishing, and etching following
standard metallographic surface preparation procedures for microstructure analysis. Understanding the
microstructure of cast specimens is crucial for assessing material structure and performance in service, encompassing
factors such as size, shape, phase/particle distribution, and the presence of defects [19-20]. Prior to analysis, samples
underwent grinding with progressively finer-grade emery papers (22, 32, 40, and 60 pm) in accordance with ASTM E3
standards, transitioning from coarse to fine grades. Polishing was conducted under running water to remove grit and
prevent overheating, utilizing emery cloths soaked in a 0.5 um silicon carbide solution until achieving a mirror-like
surface.

Etching of the materials occurred in a 2% sodium hydroxide solution (NaOH) for 5 to 10 seconds to reveal the internal
structure. Subsequently, the samples were washed, dried, and observed under an inverted Leica DMi8 optical
metallurgical microscope.

2.4. Mechanical Properties

The mechanical properties of the material determined include wear rate, hardness compressive and impact strengths.

2.4.1. The sliding wear

The characteristics of the unreinforced alloy (0 wt.%) and the composites reinforced with different amount ofSiC and
Gr mixtures (wt.%) were studied at room temperature utilizing pin-on-disc machine (Fig. 2) in dry condition. The
cylindrical test pins 40 mm and diameter of 5 mm were machined from the cast specimen. The samples were mounted
perpendicularly on a rotating disc and were driven against a steel counterpart that was fixed on a lever mechanism with
an applied load of 20 kg. The wear rates were studied as a function of sliding velocity and distance. The steady state
wear rate was calculated using the relation:

W=M/pD (1)

where Wis the steady state wear rate (mm3/m), M is the mass loss (g), p is the density (g/mm3) and Dis the sliding
distance in (m)
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Figure 2 The pin-on disc wear testing

2.4.2. Hardness and Compression Test

The Brinell hardness tests were done according to ASTM-E10-95 and for compression test following the ASTM-E9-95
standard. Specimens of10 mm diameter were thoroughly cleaned in Machine. various emery papers and the tests were
conducted in three distinct areas on the hardness round specimens both for unreinforced and reinforced A356
composites

2.4.3. Determination of impact strength

Impact tests were conducted using a fully instrumented Avery Denison™ test machine. The machine can providea range
of impact energies from 0 to 300 ]. The mass of the hammer was 22.7 kg and the striking velocity 3.5 m/s. Charpy impact
tests were conducted on notched specimens. Standard square impact test specimen measured 50 mm x 10 mm x 10
mm with notch depth of 2 mm and a notch tip radius of 0.02 mm at angle of 452 was used for this research.

3. Result and discussion

The weight percentage variation of A359 alloy, SiC and Gr for the preparation of the specimen are given in Table 3.

Table 3 Percentage compositions of the hybrid metal matrix composites (wt.%)

Samples Weight % variation of A356 and reinfor cem ents
Control A356 (unreinforced)

A 72.56%+ 17.39% SiC +10.05% Gr

B 71.54%+ 15.38% SiC + 13.08% Gr

C 75.17%+ 13.79% SiC + 11.04% Gr

D 72.00%+ 12.50% SiC + 15.50% Gr

E 72.71%+ 11.43% SiC + 15.86% Gr

3.1. Wear Rate

The study investigated the wear rate under different sliding distances at a 20 kg load, correlating it with hardness, as
depicted in Figures 3(a) and (b). The sliding velocity ranged from 1 m/s to 2.5 m/s [21]. Figure 3(a) illustrates the wear
rate at a sliding distance of 1000 m with a velocity of 1 m/s, while Figure 3(b) illustrates the wear rate at a sliding
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distance of 2500 m with a velocity of 2.5 m/s. Notably, samples E and F exhibited the least wear rate at higher sliding
distances and velocities, indicative of the effective interfacial bonding between the reinforcements and the matrix
material.

3.2. Compression and Impact Strength

Table 4 presents the compression strength results derived from the compression tests conducted on the prepared
composites. As the weight percentage of the SiC and Gr mixture reinforcement increased, so did the compression
strength of the composites. This enhancement in compression strength is attributed to direct reinforcement, facilitating
the transfer ofload from the A356 matrix to the reinforcement material. The highest compressive strength was achieved
with the A356-13.79%SiC-11.04%Gr composition, indicating robust bonding between the reinforcement and the
matrix. Similarly, Table 4 also illustrates the impact energy results, which increased with the percentage addition of the
SiC-Gr mixture. The reinforced material significantly contributed to enhancing the impact strength of the composite,
with the highest impact energies observed in samples E and F. This suggests greater material toughness, particularly
with a higher Gr content in the composite.
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Figure 3 Wear rate at (a) 1-ms-1 velocity and 1000-m sliding distance; and (b) 2.5-ms-1 velocity and 1500-m sliding
distance
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Table 4 Compression and impact strength values of the prepared composites

SPECIMEN CS(MPa) | IS())
A356 Reference | 457 16
Sample B 463 21
Sample C 492 21
Sample D 489 22
Sample E 494 21
Sample F 498 23

3.3. Microstructural Analysis

The process of examining materials at a sub-micron scale to ascertain details ranging from the straightforward
assessment of grain size to the comprehensive characterization of multi-component systems is known as
microstructural analysis [22, 23]. Figure 4 displays the photomicrographs of A356 and A356-SiC-Gr materials under
varying sliding distances, velocities, and loads. In Figures 4(b-e), minimal plastic deformation of asperities is evident
during the wear test, resulting in abrasive and cohesive wear. The composite exhibits reduced material removal and
fewer cracks on the worn surface compared to A356 alone. With increasing sliding distance, material loss becomes more
pronounced, expanding in the sliding direction and leaving no shell holes in the material. Both SiC and Gr reinforcement
particles demonstrate favorable bonding characteristics.

Figure

4 Optical Micrographs of worm pin-on-disc Tensile Characteristics of Al 356 alloy reinforced surface of A359-SiC-Gr at

load 10kg for different velocities and sliding distances: (a) 1 m/s and 1000 m(b) Composite. Procedia Engineering 97,
614 - 624,1 m/s and 1500 m, (c) 1.5 m/s and 1500 m, (d) 2 m/s and 1500 m, (e) 2.5 m/s and 1000 m

4. Conclusions

The study examined the impact of SiC and Gr reinforcements on the wear properties of A356 cast aluminum alloy.
Impact strength and wear properties of the modified alloy were evaluated and compared with those of the control
material. The investigation of wear rate for the A356-SiC-Gr composite concerning sliding velocity and distance revealed
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notable wear behavior at a lower velocity of 1 m/s in samples A and C, where the ratio of Gr to the base alloy content
was lower. Conversely, wear rate significantly decreased at higher Gr to base alloy ratios in samples B, D, and E,
suggesting Gr's role as a wear-limiting agent. At a higher velocity of 1.5 m/s, wear rate generally increased across the
sample range from the control material to sample E. The findings indicate that the composites are suitable primarily for
low-speed applications where minimal wear is desirable. Consequently, the addition of graphite in the matrix acts as a
lubricant, enhancing the material's wear resistance.
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