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Article Info Abstract

The current research focuses on investigating the microstructural and
mechanical properties of aluminum (Al) metal matrix composites (MMCs)
reinforced with both silicon dioxide (SiOz) and nano-graphene particles. The
composite material was produced using a novel two stage stir cast metallurgy
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approach. In this study, a constant reinforcement of 1 wt. % nanographene was
maintained, while the SiO2 content was independently varied at levels of 2.5, 5,

Keywords: and 7.5 wt. %. Employing scanning electron microscopy (SEM) tool,

microstructural analyses were conducted, revealing a uniform dispersion of
A356 alloy; ceramic silicon dioxide (Si02) and graphene particles within the as-cast A356
Metal matrix MMCs. Mechanical testing, following the ASTM standards, was carried out on the
composite; composites, specifically assessing tensile strength, yield strength, and
Stir casting; percentage elongation to evaluate the properties of the Al-based MMCs. The
Tensile properties; findings of this study indicate a significant enhancement in both tensile and yield
Silicon oxide; strength values for the fabricated composites by 60.64% and 82.78%
Graphene respectively. However, it is important to note that the percentage elongation

decreases as the reinforcement content in the composite increases.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

In recent times, there has been remarkable growth in the development of materials used
for various engineering applications. Traditional engineering materials, which are often
unmodified monolithic substances, may not be suitable for certain specialized applications.
Consequently, composite materials have emerged as innovative solutions to meet the
requirements of such applications [1]. Researchers are actively engaged in combining
advanced materials and novel processing techniques to create a new category of metal
matrix composites (MMCs). These customized composite materials find specific
applications in sectors like aviation, defense, and the automotive industry, owing to their
unique and significantly enhanced properties compared to solid materials. The distinctive
properties of Al-based MMCs, such as their low weight and high strength, make them highly
relevant in the realm of engineering materials. One of the most significant advantages of
composite materials is the ability to tailor their properties by choosing suitable
reinforcements [2]. Researchers have used a variety of matrices and reinforcement
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systems when dealing with MMCs. Powder metallurgy and liquid metallurgical techniques
are employed to refine these composites [3, 4]. Integrating hard or soft ceramic or
nonmetal reinforcements into aluminum alloy is a huge challenge, according to the
research. By employing an optimized fabrication technique, wetting properties and
homogenous reinforcement particle dispersion inside the matrix can be achieved in
aluminum-based composites [5, 6]. Vasant Kumar et al. [7] investigated the impact of SiC
particles inclusion on the mechanical behavior of Al2014 alloy composites. These
composites were fabricated by using 5 and 10 wt. % of SiC particles with liquid metallurgy
route. Al2014 alloy with 10 wt. % of SiC composites exhibited the superior properties.

Aluminum is the most commonly used matrix material for MMCs, as it offers several
desirable attributes, including low density, excellent thermal and electrical conductivity,
precipitation hardening capability, corrosion resistance, and high damping capacity.
Moreover, it offers an extensive range of mechanical properties, depending on its chemical
composition. Al-based MMCs are usually strengthened with ceramic particulates, such as
Al>Os, SiC, B, AlB2, TiB2, BN, SiOz, AIN, and others. Various fabrication methods,
predominantly based on casting or powder metallurgy, are available for creating nano-size
(or micro-size) particle/metal composites [8, 9]. However, achieving uniform dispersion
of particles in liquid metal can be challenging. Furthermore, micro-level porosity, a
common casting defect, can pose difficulties in creating micro-level geometries [10].

Silicon oxide (SiO2) is one of the most cost-effective and readily available reinforcements,
capable of retaining high strength at elevated temperatures and offering excellent
mechanical and wear properties [11]. Silica has diverse applications in various fields,
containing drug delivery systems, catalysis, biomedicine, imaging, chromatography,
sensors, and as a filler in composite materials [12]. It is also used for porous silica ceramics,
which serve as high-temperature dielectrics and thermal shields, with applications in
aerospace and engineering [13]. Silica enhances the strength and hardness of ceramic
materials [14]. Additionally, silica aerogel, due to its porous, ultra-lightweight, and
nanostructured properties, is utilized in composite insulators and for water resistance, UV
protection, fire resistance, and acoustic barriers [15]. Silica gel, known for its great specific
surface area and gas adsorption capacity, is employed as an adsorbent for heavy metal
removal from wastewater and the adsorption of volatile organic compounds. In various
applications, silica nanoparticles are employed as super-hydrophobic materials by
modifying their hydrophilic properties to hydrophobic ones [16].

Graphene, on the other hand, stands out due to its exceptional conductivity, high Young's
modulus, high specific surface area, and high electron mobility. Carbon atoms are packed
tightly into a honeycomb lattice arrangement in a single layer [17]. Since graphene's
discovery, there has been constant investigation into new methods of synthesis to meet
the needs of a wide range of industries, such as the automotive, green energy, electronics,
biomedical, and catalyst fields [18]. To improve the thermal conductivity of aluminum
matrices, graphene shows promise as a reinforcement due to its high thermal conductivity.
Graphene tends to settle to the bottom and may not scatter uniformly [19], therefore there
have been challenges in exploring graphene-reinforced composites utilizing liquid stirring
methods. Researchers have been working to improve the mechanical and wear properties
of MMCs by creating hybrid-reinforced variants. To fulfill the needs of future sophisticated
applications, the next generation of such materials includes these hybrid aluminum AMCs
[20].

Hybrid composites have been developed through additional testing, with the goal of
improving mechanical qualities such as dimensional stability and heat and corrosion
resistance by merging two or more reinforcement components [21]. Many hybrid
composites have had their mechanical properties studied, and the results demonstrate that
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the tensile strength, stiffness, and porosity all increase with the percentage of
reinforcement in the matrix. Impact energy and composite density are both greatly
reduced, however, with increasing reinforcing content. Several investigators were studied
various properties of MMCs.

In their investigation, Knowels et al. [22] examined the mechanical properties of 6061 alloy
that had been made using the powder metallurgy technique and had SiC nano particles
added to it. The mechanical qualities are enhanced by the powder metallurgy process,
which distributes the particles without clumping. The Young's modulus was greatly
enhanced after 8 hours of heat treatment at 125°C, which led to a strong connection
between the particles and the matrix. A combination of high strength, hardness, and
ductility was achieved by adding tiny SiC particles (less than 500 nm in size). An aluminum
composite including Al203 particles was created by Dinesh Kumar Koli et al. [23] through
the use of ultrasonic assisted casting. Maintaining the microstructure while controlling the
grain size is no easy feat. Various processes are examined in this research. Better bonding,
easier microstructure control, and reduced cost are all benefits of ultrasonic aided casting.
Nano alumina particles, when added up to 4% by volume, increase the strength until it
plateaus.

The copper composites enhanced with SiC were made by Mohsen et al. [24] utilizing the
friction stir method. Through optical and scanning electron microscopy, the existence of
SiC particles was captured. The incorporation of silicon carbide particles into the copper
matrix improved its wear resistance. A study comparing the wear behavior of brake shoe
linings made of grey cast iron and aluminum alloy 356 strengthened with a 25% silicon
carbide metal matrix composite was carried out by Natarajan et al. [25]. Grey cast iron
brake shoe linings from passenger cars were cut to a diameter of 10 mm and tested beside
MMC coated with AA356-25 wt. % SiC particles. Researchers used the pin-on-disc
technique to study tribological behavior and discovered that MMC wore out less quickly
than grey cast iron. It was also discovered that, under same circumstances, the frictional
force of MMC sliding was 20% greater than that of cast iron, which would improve braking.

The composition material studied by Raghu et al. [26] is made up of A356 alloy with silicon
carbide particles in weight percentages of 3, 5, 7, and 10. The powder metallurgy
procedure was used to process the material. Hardness, tensile strength, and compression
strength all rose with increasing weight percentages of SiC particles, with maximum values
shown at 10 weight percent of SiC, according to scanning electron microscopy data. The
SiC was found to disperse very uniformly throughout the A356 matrix. At 10 weight
percent SiC, the wear rate was likewise determined to be minimal. Using the salt metal
reaction in-situ approach, Mingliang Wang et al. [27] created a composite of A356 matrix
alloy and titanium di boride (TiB2) particles in both their as-cast and T6 heat-treated forms.
The characteristics of A356/TiBz composites were enhanced. As TiB: particles were added
to the composite, a smaller average grain size was noted.

Given the distinct advantages of both graphene and silica, their integration has been
projected to achieve superior properties. The synthesis of graphene-silica hybrid
composites combines the strengths of both materials while mitigating issues related to
graphene agglomeration [28]. Agglomeration can significantly reduce the surface area of
graphene, diminishing its performance.

Based on the literature review wettability and agglomeration are the major problems in
the processing of metal composites. In the present research to overcome these problems
novel two step stir casting process has been adopted to prepare the hybrid composites. In
this, instead of adding reinforcement particles in single step, entire reinforcement quantity
is divided and added into the molten metal in two stages. Two-step process helps in
developing good quality castings and enhances the properties. The combination of
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graphene and silica effectively addresses this challenge and results in advanced functional
materials. Such composites are extensively used in applications such as electrodes,
catalysts, hydrogen storage, batteries, displays, adsorbents, and sensors. Notably,
researchers have explored the mechanical possessions of composites using A356 with SiO2
and graphene as reinforcements, which is a relatively less explored area [29].

2. Experimental Details
2.1 Matrix and Reinforcement Materials

In this particular study, A356 was designated as the matrix material due to its varied range
of applications in the automotive and aviation industries. The A356 matrix was reinforced
with a combination of silicon oxide (SiOz) and graphene. Graphene was kept constant at
1 wt. %, while the SiO2 content was varied at levels of 2.5, 5, and 7.5 wt. % of the matrix
material, leading to the development of hybrid metal composites. The chemical
composition of A356 is detailed in Table 1 and the A356 material was sourced from Fenfee
Metallurgical Pvt. Ltd, located in Bangalore, Karnataka, India. The SiO: particles employed
in this research had particle size of 35um. Through the addition of varying percentages of
the (SiOz2 + Graphene) mixture in different combinations, we successfully produced Al-
SiO2-Gr hybrid composites. Fig. 1 is indicating the process adopted to prepare A356 alloy
composites.

| Charge A356 Alloy |
)
| Melting - Resistance furnace - 750°C |
L
‘ Degassing — C,Cl, ‘
)

‘ Vigorous stirring using zirconia coated steel rod — Vortex ‘

l
Addition of Preheated Particulates into
vortex in two stages

l

| Again Stirring for a period of 5 min. |
4

| Pouring into permanent mould |

Preparation of specimens for microscopy and Mechanical
Properties

Fig. 1. Process of preparing A356 alloy hybrid composites

Table 1. Chemical composition of A356 alloy [30]

Constituent  Si Mg Fe Cu Zn Mn Ti Al
Wt. % 7.5 0.45 0.2 0.2 0.1 0.1 0.05 Balance

2.2 Composite Fabrication

The specimen preparation involved employing the standard stir-casting method. In the
production of each sample, 2000 grams of aluminum (A356) were melted using a graphite
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crucible in an electric furnace with an argon environment, maintaining a temperature of
750°C. To achieve a homogeneous melt, the furnace temperature was consequently
amplified to 850°C and maintained for 20 minutes. Furthermore, to enhance the
wettability of the matrix alloy with the reinforcements, 0.5 wt.% of magnesium was
introduced into the molten metal. In order to oxidize the surface of the SiO: particles, they
underwent a baking process for 3-4 hours at a temperature of 200°C in a baking oven. This
preheated powder was then fed into the molten metal at a consistent feed rate using Gr
powder and mixed uniformly with the molten metal by a graphite stirrer rotating at 400
rpm for approximately 5 minutes.

Fig. 2. Showing the (a) Molten metal in electric furnace (b) Cast iron die used to
prepare samples

This ensured an even distribution of the particles throughout the metal. The constant
reinforcement of graphene (1 wt.%) was introduced into the molten metal through an
external sprue. The graphene and SiOz, with particle sizes of 10 nm, were added to the
molten matrix at varying wt.% levels (2.5, 5, and 7.5 wt.%). As the temperature of the
molten metal increased to 850°C, the stirring speed was maintained at 500 rpm with a
stirring time of 15 minutes to ensure the homogeneous distribution of the reinforcement
in the molten matrix. Subsequently, the temperature was raised to 950°C, while the stirring
speed and stirring time were increased to 600 rpm and 20 minutes, respectively, to achieve
a uniform circulation of the strengthening in the matrix material. In order to avoid
heterogeneity and facilitate proper cooling, the steel die was preheated to 350°C.

Fig. 3. A356 alloy hybrid composites

The synthesized aluminum hybrid composite slurry was then poured into the steel die and
allowed to cool at atmospheric temperature. A 120 mm length and 15 mm diameter cast
iron mold was used for pouring the liquid mixture. The resulting hybridized composite was
permitted to harden at ambient temperature before being removed from the mold for
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subsequent mechanical testing. Samples containing Gr and SiO2 composites were prepared
using the same procedure for the sake of comparison. Table 2 is representing various
composites prepared using A356 alloy with nano graphene and SiO2 particles. Material A
is as-cast A356 alloy, B is A356 alloy with 1 wt. % of graphene and 2.5 wt. % of SiO2
particles, C is A356 alloy with 1 wt. % of graphene and 5 wt. % of SiO2 particles and finally,
D is A356 alloy with 1 wt. % of graphene and 7.5 wt. % of SiO2 particles reinforced
composites. Fig. 2 (a) is showing the molten metal in the furnace, further Fig. 2(b) is
representing cast iron die used to prepare composites. Fig. 3 indicates the prepared casting
for the study.

Table 2. List of composites prepared for the study

Sl .No. Material Code Composition
1 A As-Cast A356 Alloy
2 B A356 + 1 wt. % Gr + 2.5 wt. % Si02
3 C A356 + 1 wt. % Gr + 5 wt. % Si02
4 D A356 + 1 wt. % Gr + 7.5 wt. % Si02

2.3 Testing

A comprehensive microscopic analysis of the newly synthesized hybrid composites is
crucial to gain a deeper understanding of their microstructural characteristics. To examine
the microstructure of the Al-SiOz-Gr hybrid composites, specimens were prepared
following the ASTM standard for metallographic procedures. The microstructures were
inspected using a scanning electron microscope (SEM). The samples were etched using
Keller's Reagent (HF /HCI/HNO3/H:0), and emery paper with varying grades (400, 600,
and 1000) was employed in the preparation process. SEM analysis was performed to
measure the microstructure and the uniform dispersion of SiO2 and graphene particles in
the hybrid composites. For microstructural examination, cylindrical samples were
produced, with dimensions of 10 mm in diameter and 5 mm in height for SEM images. The
microstructure samples, as shown in Figure 4, were an integral part of the research, and
the VEGAS TESCAN scanning electron microscope was used for microstructural analysis.
The tensile properties of the composites were examined in accordance with the ASTM-E8
standard [31]. Furthermore, the tensile and compressive properties of the aluminum
hybrid composite were evaluated following the ASTM E9 standard [32]. During the testing,
ambient conditions were maintained, with temperatures ranging from 25°C to 30°C and
relative humidity levels between 40% and 60%. A computerized universal testing machine
(Instron 5982) equipped with a strain gauge extensometer was employed, and the tests
were conducted at a constant cross-head speed of 1 mm/min at room temperature. Impact
tests were showed using Charpy specimens measuring 56 x 10 x 10 mm, with a 3 mm notch
depth, a tip radius of 0.30 mm, and angles of 45°, on impact testing machines. To obtain an
average result, all specimens underwent three evaluations for both hardness and impact
strength. Brinell hardness tests were carried out using a 5 mm ball diameter and a load-
carrying capacity of 250 kg. The hardness test involved specimens measuring 15 mm in
diameter and 10 mm in thickness.

3. Results and Discussion

In this current investigation, we have undertaken the synthesis of aluminum composites
with SiO2 and Graphene particles. The composition includes a consistent 1 wt.% of
graphene and varying SiOz content at levels of 2.5, 5, and 7.5 wt.%, and the production
method employed is the stir casting technique. Comprehensive experimental studies have
been carried out, encompassing microstructural analysis, tensile strength assessment,
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compressive strength evaluation, impact and hardness testing. The results and analysis of
these synthesized hybrid composites are elaborated in the subsequent section.

3.1 Microstructural Analysis

To analyze the morphologies of SiO2 and graphene particles, we employed SEM
micrographs. SiOz particles exhibited spherical shapes, as apparent in the micrographs. Fig.
4 (a) to (d) illustrate the SEM micrographs of A356 alloy, A356-2.5 wt.% Si02-1 wt.%
graphene, A356-5 wt.% SiO2-1 wt.% graphene, and Al-7.5 wt.% SiO2-1 wt.% graphene,
respectively. The images in Fig. 4(b) and (d) depict SiOz/graphene particles as round and
spherical particles. The spherical morphology confirms the presence of SiO2 particles and
nano-graphene within the matrix. The grain boundaries in Fig. 4 (a) to (c) appear dendritic,
suggesting an even dissemination of the reinforcing particles throughout the composite
and alloy.

SEM HV: 25.0 KV Wo: 1830 mm | VEQA3 TESCAN|
SEM MAG: 1.50 kx Det: $& 20 pm

(b)

SEM HV: 25.0 kV | VEGA3 TESCAN|
SEM MAG: 500 x

SEM HV: 25.0 kV WO: 1537 mm
SEM MAG: 2.00 kx Det: SE

SEM HV: 25.0 kV wo: 16.52mm | |
SEM MAG: 2.00 kx Det: SE 20 pm

Fig. 4. SEM Micrographs of (a) As-cast A356 alloy (b) A356-1 wt.% of Gr and 2.5 wt.%
of Si02 Composites (c) A356-1 wt.% of Gr and 5 wt.% of SiO2 Composites(d) A356-1
wt.% of Gr and 7.5 wt.% of SiO2 Composites

Within all the microstructures, fine precipitates are observed in the alloying components,
scattered along the grain boundaries in the A356 composite framework. Notably, clusters
of Si0; and graphene particles are dispersed throughout the matrix. These micrographs
reveal the fine distribution of SiO2 and graphene particles, which is a result of careful
selection of appropriate mixing/stirring time and method during casting. Graphene
particles are typically found interspersed between dendrites. Most SiO2 particles exhibit
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spherical, angular, or sub-angular shapes, and occasionally, a plate-like structure similar
to graphene is observed. The micrograph clearly shows that SiO2 and graphene platelets
are evenly dispersed in the matrix, with no signs of clustering. The excellent interfacial
bonding is attributed to pre-warming the SiOz and graphene particles before presenting
them into the molten material. In Fig. 4(a), we observe the micrograph of the alloy used,
revealing a dendritic form. The base matrix contains a white light-Al phase with
precipitates both inside and outside the grains. The Fe-Mn-Si-Al phase of the alloy
predominantly appears on the alloy's surface. In Fig. 4(b), the micrograph highlights the
faceted features of SiO2 crystals, known for their monoclinic crystal structure at room
temperature, transitioning to a tetragonal and cubic structure at higher temperatures. Fig.
4(c) pertains to the graphene reinforcement, showing stacked layers with a crumpled
appearance.

In the SEM micrographs (Fig. 4), it is noticeable that intergranular porosity is present, but
there is a well-formed microstructure due to strong bonding between the aluminum matrix
and SiOz/graphene particles. The grain boundaries are clearly discernible in the sample,
and the inter-particle bonding is robust. In Fig. 4(b), the micrograph of the sample reveals
a compact microstructure with minimal porosity. Therefore, the improved bonding
between the particles and reduced porosity may contribute to an increase in the load-
bearing capacity of the composite specimens. The distribution of grey SiO2 particles can
possibly be attributed to the high thermal conductivity of the alloy steel die, which
enhances the solidification process. However, increasing the graphene content could
potentially lead to more agglomeration and an increase in porosity. Additionally, a
significant mismatch exists between aluminum and graphene, which could result in
debonding at the interface. The graphene particles, due to their exceptionally high
conductivity, may appear significantly brighter compared to the surrounding
microstructure of the composite sample. The dendritic microstructure observed reflects
the morphology resulting from the interaction between aluminum and graphene particles
during the casting process. This interaction might be influenced by the formation of
carbide phases, as reported in prior studies [33].

3.2. EDS Analysis

Energy dispersive X-ray spectroscopy (EDS) is a valuable technology for determining the
composition and relative proportions of elements. While chemical analysis can recognize
the existence of elements in a sample, quantifying their proportions can be challenging,
making EDS an essential tool. In this study, EDS was employed to perform elemental
analysis on A356 composite materials reinforced with 1 wt.% graphene and 2.5, 5, and 7.5
wt% SiO2. The EDS examination was conducted to assess the distribution of
reinforcements within the matrix. The EDS peaks indicate the presence of silicon and
oxygen, which correspond to the SiO2 reinforcement (Fig. 5 (a)). This suggests a strong
interaction between the reinforcements and the matrix. The carbon peaks are associated
with the graphene content. A quantitative analysis of the samples (Fig. 5 (b)) further
confirms the presence of these elements. The results of this analysis reveal the essential
composition of the A356 composite, including elements such as Al, Mg, Si, Zr, and O, along
with the carbon peak. The calculated elemental composition (Fig. 5 (b)) clearly indicates a
uniform dispersion of SiO; and graphene within the aluminum matrix material.
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Fig. 5. EDS analysis of (a) As-cast A356 alloy (b) A356-1 wt.% of Gr and 2.5 wt.% of
Si02 Composites (c) A356-1 wt.% of Gr and 5 wt.% of Si02 Composites(d) A356-1
wt.% of Gr and 7.5 wt.% of Si02 Composites

3.3 Tensile Properties

The composites were subjected to room temperature tensile testing in line with the ASTM
E-8 standard. Errors were kept to a minimum by carefully preparing three sets of standard
specimens and averaging the results. Figure 6 displays the results, which show that the
synthesized hybrid composites have expressively higher tensile and yield strength than
the monolithic A356 alloy. The ultimate strength of as cast alloy (A) is 116.4 MPa, the
increased proportion of SiO2 reinforcement, the existence of nano graphene particulates,
the uniform dispersion of reinforcements within the microstructure, the strong interfacial
bonding between the matrix and the reinforcements, the grain size, and the strain gradient
strengthening effect are all likely contributors to the observed improvement with 186.9
MPa in case of composite D (1 wt. % of Gr+7.5 wt.% of Si0z).

200 | I Uttimate Tensile Strength

150

100

50 4

Ultimate Tensile Strength (MPa)

A B Cc D

Various Composites Prepared

Fig. 6. Ultimate tensile strength of A356 alloy with nano graphene and SiO2 particles
reinforced composites

Recrystallization of the A356 aluminum alloy is facilitated by the addition of strong
ceramic reinforcements, which act as nucleation sites. One reason for this is the presence
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of reinforced particles, which serve as nucleation sites and prevent the movement of grain
boundaries. This results in smaller matrix grain sizes compared to unreinforced A356
alloy. Dislocation motion is effectively slowed by the grain boundaries within the
artificially produced aluminum hybrid composites. Grain size is decreased, dislocation
accumulation is avoided, and the hybrid composites are strengthened as a whole thanks to
suspended dislocations that move continually through the matrix. The tensile behavior of
an alloy is also profoundly affected by the incorporation of graphene and SiOz. Notably, as
the weight percentage of SiO: particles in the graphene composites increases, the
percentage of elongation reduces in aluminum hybrid composites. This is because SiO:
particles are inherently brittle, which reduces their ductility. As more SiO: particles are
combined into the graphene composites, the hybrid composites’ ductility decreases
because the aluminum matrix is less fluid.

The observed increase in the ultimate tensile strength (UTS) can be attributed to the
presence of robust SiOz and nano graphene particles within the aluminum matrix. These
rigid SiOz and nano graphene particles contribute to the overall strength of the aluminum
matrix through their reinforcing mechanisms. Specifically, they facilitate the transfer of
loads from the reinforcement particles to the matrix, resulting in heightened resistance to
tensile stress. One key factor contributing to the enhanced strength of the aluminum matrix
composites (AMCs) is the notable difference in thermal expansion coefficients amongst the
matrix and the reinforcement particles. This disparity in thermal expansion characteristics
leads to the development of a higher dislocation density within the matrix. Consequently,
the load-bearing capacity of the hard reinforcement particles is increased, elevating the
overall strength of the AMCs. As the content of reinforcement particles with a low
coefficient of thermal expansion (CTE) rises within a matrix with a higher CTE,
microstructural changes occur within the matrix, further contributing to the strength of
the material. Additionally, the remarkable strength of the Al-nano Gr-SiO: hybrid
composite can be attributed to the presence of SiO2 particles uniformly distributed within
the composite matrix, leading to dislocation pile-up in their vicinity. Consequently, the
strength of the composite is enhanced due to an increased level of dislocation interactions
and dislocation density near the interfaces of the matrix and reinforcement.

160 o I Yield Strength

140 -

120 4

100 A

80 1

60

Yield Strength (MPa)

40 4

20 A

A B o D

Various Composites Prepared

Fig. 7. Yield strength of A356 alloy with nano graphene and SiOz particles reinforced
composites

The observed behavior can be best explained by deformation strengthening of the hybrid
composites, which, despite being inherently brittle, exhibit higher strength and elongation
when combined with SiO2 particles. This effect is consistent with the Hall-Petch
relationship, which is influenced by the size of the Gr particles [34]. The influence of
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particle size on tensile strength can be elucidated through dislocation theory. The
formation of plastic deformation necessitates the overcoming of the ultimate stress, often
associated with a mass of moving dislocations. However, grain boundaries hinder
dislocation glide, leading to dislocation pile-up. Once the content of dislocation pile-up
reaches a certain threshold, it becomes the driving force for dislocation glide. With larger
SiO2 particle sizes, there is a higher content of dislocation pile-up, resulting in a greater
driving force for dislocation glide. Smaller Gr particle sizes increase the number of particle
boundaries, significantly hindering dislocation motion, and thus influencing the UTS for
plastic deformation. The Fig. 7 illustrates the variations in yield strength as a function of
the wt. fraction of Gr+SiOz reinforced composites. The yield strength, characterized by the
stress associated with a plastic strain of 0.2%, exhibits an increase with higher weight
fractions of SiO; reinforced composites. Remarkably, the A356 with 1 wt. % of Gr and 7.5
wt. % of Si02 composite demonstrates notably high yield of 141.4 MPa as compared to the
base yield strength of 77.3 MPa.

As can be seen in Fig. 8, the elongation of the composites is significantly altered by the
incorporation of SiOz and Gr particles into the aluminum alloy. Composites have a lesser
percentage of elongation than the metal they are based on reinforcement particles. As the
percentage of SiOz in the aluminum alloy is raised to 7.5 wt %, however, the composites'
elongation drastically decreases, falling to around 32.3%. This decrease in elongation can
be traced back to the incorporation of SiOz and Gr particles into the aluminum matrix,
which reduces the composites' ductility in general [35].
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Fig. 8. Yield strength of A356 alloy with nano graphene and SiO2 particles reinforced
composites

Figure 8 shows how the ductility of A356 alloy and its composites is affected by the
addition of micron-sized SiOz and Gr particles. The ability of a material to lengthen under
an axial load is referred to as its ductility. The elongation value in tensile testing is found
by dividing the gauge length after fracture by the initial gauge length. Material ductility is
often given as a percentage, with a larger value indicating greater ductility. Figure 8 shows
the % elongation of the as-cast A356 with different wt. % of micron-sized SiOz and Gr
particles. The percentage elongation of A356 alloy is decreased by the incorporation of
Si02 and Gr particles. As the reinforcing fraction in A356 alloy rises, this decrease becomes
more pronounced. The presence of stiff, brittle particles within the A356 alloy matrix is
principally responsible for the reduced ductility [36].
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3.4 Compressive Strength

Following the ASTM E9 standard, the manufactured aluminum hybrid composites were
compressed at room temperature. Compressive strength in A356-Si02-Gr composites was
expressively improved by the addition of SiOz and Gr to the matrix. It is crucial to
understand that a metal composites compressive strength almost always exceeds its
ultimate tensile strength. This causes these MMCs to be significantly more brittle than
monolithic materials, with percentage elongation values typically falling below 5%. The
compressive strength data supports earlier findings and demonstrates a notable
improvement over the cast hybrid composites with constant reinforcement. The
outstanding compression strength of ceramic particles, such as SiOz, is more characteristic
than their tensile strength. In example, the compression strength of SiO: particles is much
higher than that of the Al matrix. Because of this inherent reinforcing activity, the material
is able to successfully resist compressive loads that are given to it. The composite's
resistance to compression increases with the fraction of these particles within the
foundation material. This is because the bigger volume occupied by the particles reduces
the force that can be applied to the matrix, preventing it from deforming. Because the SiO:
and Gr particles are evenly disseminated throughout the alloy matrix, the hybrid
composites' increased compressive strength can be attributable to the twofold
strengthening effect. Grain size in the microstructure is diminished because of the
presence of these reinforced particles within the aluminum matrix. This effect also aids in
the diminution of particle size, which becomes gradually important when particle
accumulation heightens [37].

800 | I Compressive Strength

600 -

400 ~

200

Compressive Strength (MPa)

Various Composites Prepared

Fig. 9. Compressive strength of A356 alloy with nano graphene and SiO: particles
reinforced composites

A greater interfacial area is formed between the SiO2z + Gr reinforcement particles and the
Al matrix as the fraction of SiOz + Gr reinforcement particles within the matrix increases.
As the interface grows, dislocations build up along its edges, mimicking the behavior of
grain boundaries. The overall strengthening impact is determined in large part by the
inclusion of Gr and SiOz, which work hand in hand with the distribution strengthening
effect. This helps increase the dislocation density in the aluminum matrix and expand the
grain size. As can be seen in Fig. 9, the combined effects of these parameters lead to the
impressively high compressive strength of the synthesized hybrid composites. According
to the reported findings, the compression strength of the A356 alloy matrix is greatly
improved by the presence of hard particle phases, and this improvement is magnified as
the percentage of SiOz + Gr particles increases. Compressive strength is a common measure
of the durability of carbide or oxide particles due to the intrinsic hardness of ceramics.
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Strength enhancement in Al-SiO2-Gr composites can be attributed to a number of factors,
including the presence of uniformly distributed harder elements, substantial grain
refinement achieved with the addition of SiO2 + Gr particles, and dislocations generated
due to modulus mismatches and differences in thermal expansion coefficients. The results
are shown in Fig. 9 which confirms the significant impact of these particles on the
fortification of Al-SiO2-Gr composites by emphasizing the large influence of SiO2 +
Graphene content on the overall compressive strength.

3.5 Hardness Measurements

Figure 10 presents samples of the substrate metal A356 alongside the hybridized
composites. Notably, the hybrid composites exhibit higher levels of hardness compared to
their unreinforced counterparts, and this hardness demonstrates a consistent upward
trend in direct proportion to the weight percentage of the added reinforcement, in
alignment with prior investigations [38]. The incorporation of hard reinforcing particles
has a dual impact, enhancing both the matrix's hardness and its resistance to plastic
deformation [39]. The graph in Figure 10 illustrates the hardness increment up to 7.5%wt.
of Si02 + Graphene particulates. In particular, the ideal hardness of reinforced composites
featuring a mixture surpasses the hardness of unreinforced alloys. This rise in hardness
can be attributed to the increased occurrence of hard SiO: particles in the aluminum
matrix, combined with the inherently high hardness of nano graphene particles [40].
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Fig. 10. Hardness of A356 alloy with nano graphene and SiO: particles reinforced
composites

The introduction of reinforcement particles to the aluminum matrix serves to enhance
their surface area, concurrently reducing the size of aluminum matrix grains. This
heightened presence of hard surface areas from SiO: and nano graphene particles offers
substantial resistance to plastic deformation, consequently elevating the overall hardness
of the fabricated AMCs. Additionally, the presence of hard and brittle SiO2 and nano
graphene particles within the soft and ductile A356 matrix leads to a reduction in the
ductility content of the fabricated AMCs. This reduced ductility within the matrix metal of
the composite significantly contributes to the overall hardness of the AMCs. It's worth
noting that an increased amount of reinforcement in the matrix results in a higher
dislocation density during solidification, attributable to the thermal mismatch between the
aluminum matrix and the reinforcement. This discrepancy in thermal expansion creates
internal stresses, prompting plastic deformation within the aluminum matrix to
accommodate the lower volume expansion of the reinforcement particles. The escalation
in dislocation density at the particle-matrix interface intensifies resistance to plastic
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deformation, ultimately enhancing hardness. Furthermore, the enhanced hardness
observed in hybrid composites can also be ascribed to the observed reduction in porosity,
as evident in SEM microphotographs. It is well-documented that higher hardness is closely
associated with lower levels of porosity within the MMC. It is evident from the results that
the hardness value of the Al-Graphene-SiOz hybrid composite surpasses that of other
fabricated composites, primarily attributed to the homogeneous distribution of SiO2
particles within the matrix. The presence of robust SiO: particles, in conjunction with the
finely dispersed Gr particles, significantly elevates the barriers to grain boundary sliding
[41]. Additionally, an essential factor contributing to the overall enhancement in the
composite's hardness, owing to the incorporation of SiO:, stems from an augmented
dislocation density due to the thermal expansion mismatch between the reinforcement
and the hybrid matrix at the particle-matrix interfaces [42]. The cumulative effect of these
factors translates into formidable resistance against localized deformation during
indentation.

3.6 Impact Strength

As represented in Fig. 11, the impact strength of the composites exhibits an upward trend
in contrast to the unreinforced alloy as the wt. % of SiOz + Graphene particles within the
metal matrix increases. Nonetheless, it's worth noting that, although the impact strength
of hybrid composites shows a tendency to decrease, this reduction is relatively modest.
One plausible explanation for the reduction in strength lies in the subtle transformation of
material properties from ductile to brittle, which is brought about by the incorporation of
hard SiO:2 + Graphene particles. The presence of microstructural defects, resulting from
cracking and decohesion of reinforcing particles, contributes to the decline in impact
strength within the composites. This decrement in impact strength becomes noticeable
with the increasing weight percentage of reinforcement, causing a rise in failure rates. A
linear progression in the energy absorbed is evident with the escalation of the
reinforcement (SiOz + Graphene) weight percentage (Fig. 11). The augmentation in impact
energy can be attributed to the reinforcement provided by the robust SiO2 particles. This
rise in impact strength, as indicated by the increasing impact energy, is attributed to the
incremental weight percentage of SiOz + graphene reinforcements.
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Fig. 11. Impact strength of A356 alloy with nano graphene and SiO: particles
reinforced composites
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4., Conclusion

This paper presents a comprehensive report on the synthesis and microstructural
characterization of aluminum matrix composites reinforced with nanographene and SiOz.
The experimental findings have been thoroughly scrutinized, leading to the following key
conclusions.

e Successful fabrication of hybrid composites has been attained through the
incorporation of SiOz and nanographene particles into the aluminum alloy via a
liquid metallurgy approach.

e SEM micrographs provide clear evidence of the effective reinforcement of SiOz and
nanographene, displaying a uniform distribution of particle and robust inter-
particle bonding in the base matrix, albeit with minor pore presence.

e Both tensile and yield strength exhibit noticeable increments with the rise in the
SiOz particles with constant nanographene reinforcement weight percentage in
comparison to the as-cast matrix. This surge in strength can be attributed to the
reinforcing effect of hard SiOz particles and graphene, which contribute to enhanced
resistance against tensile loads. The improvements in the ultimate strength of A356
alloy with the 7.5 wt. % of SiO2 and 1 wt. % of Graphene is 60.64 %. The
improvements in the yield strength of A356 alloy with the 7.5 wt. % of SiO2 and 1
wt. % of Graphene is 82.78 %.

e The percentage elongation decreases as the weight percentage of hybrid
reinforcement increases, primarily due to the brittleness introduced by the hard
particles and the presence of hard-ceramic particles.

e The compressive strength experiences a notable increase with the augmentation of
nanographene and SiO2 reinforcement weight percentages when compared to the
as-cast matrix. Similar to the tensile properties, this increase in strength can be
ascribed to the reinforcing impact of hard SiO: particles and graphene, which
enhance resistance to compressive loads. The improvements in the compressive
strength of A356 alloy with the 7.5 wt. % of SiO2 and 1 wt. % of Graphene is 62.71
%.

e The impact strength of the hybridized composites exhibits a gradual increase with
the addition of reinforcement, albeit at a modest rate.

¢ Inthe presentstudy 1 wt. % of nano graphene is used along with the varying weight
percentages of SiO2 particles. In the future, the composites with more weight
percentages of graphene content can be studied. Also, in the present research
mechanical properties were investigated, further various properties can be studied.
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