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Abstract: Metal matrix composites (MMC) have been in high demand across numerous industries, particularly the
aerospace and automotive sectors. The goal of this research is to advance MMC and enhance the mechanical properties of
the material. A composite material, or MMC, is made up of two or more components. The other components would
function as reinforcement, and one of them as a matrix. By combining the mutually exclusive property profiles of metallic
and ceramic materials, MMC makes it possible to overcome the unique constraints of each material. This work examines
the characteristics of fly ash-derived reinforcements used in powder metallurgy to create aluminum-graphite composites.
The goal is to thoroughly evaluate the mechanical, tribological, and micro structural characteristics of these composites to
comprehend how different graphite concentrations and reinforcement made of fly ash affect the materials' performance.
Tests for impact, flexure, and tensile strength were used to assess mechanical behavior, and micro structural analysis
revealed information on the distribution of particles inside the aluminum matrix. The mechanical behaviors of the
composite samples were found to be heterogeneous, exhibiting differences in terms of strength, resilience, and
deformation properties. The enhancement of mechanical characteristics by fly ash-derived reinforcements was validated
by the micro structural investigation. These discoveries aid in the creation of cutting-edge, environmentally friendly
materials as well as the optimization of composite production procedures. Further investigation into this field will
improve the methods of manufacture, enabling wider uses across multiple industries.
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LINTRODUCTION

Metal matrix composites, or MMCs, have attracted a lot of interest lately because of their adaptable
qualities and possible uses in several sectors, such as industrial, automotive, and aerospace [1-5]. These composites,
which offer a balance of strength, stiffness, and lightweight qualities, usually comprise a metal matrix supplemented
with ceramic, metallic, or natural components. Aluminum-based composites are unique among the many MMC
compositions investigated because of their exceptional mix of qualities, which include a high strength-to-weight
ratio, resistance to corrosion, and thermal conductivity [6-9]. Adding graphite particles to aluminum matrix
composites is a potentially effective way to reinforce them. One potential material to improve the mechanical and
tribological performance of MMCs is graphite, a type of carbon with favorable characteristics such as high heat
conductivity, low density, and self-lubricating action [10-12]. The potential applications of these composites in
difficult conditions can be increased by adding graphite particles to an aluminum matrix, which can enhance wear
resistance, thermal stability, and overall mechanical strength.

Because of its ability to precisely control composition, particle distribution, and microstructural
characteristics, powder metallurgy (PM) has become the favored manufacturing method for making aluminum-based
MMCs [13-16]. PM allows the creation of homogenous, finely dispersed composites with specific qualities by
combining metal powders with reinforcing elements and then compaction and sintering the mixture. Furthermore,
PM has benefits including cost-effectiveness, scalability, and the capacity to include different kinds and sizes of
reinforcing particles. Fly ash, a byproduct of burning coal in thermal power plants has drawn interest as a possible
material for MMC reinforcement because of its availability, affordability, and special physiochemical characteristics
[17-19]. Fly ash is commonly composed of a complex mixture of ceramic particles, such as alumina, silica, and
other oxides, which can function as useful reinforcements in metal matrices. Not only can environmental issues
related to fly ash disposal be resolved by recycling fly ash into value-added products like MMCs, but new prospects
for sustainable materials development can also be realized.
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The purpose of this work is to examine the characteristics of aluminum-graphite composites made by PM
with reinforcements made of fly ash. The mechanical, tribological, and microstructural properties of the composites
will be assessed by methodical experimentation and characterization. The performance of aluminum matrix
composites can be improved by knowing how different graphite contents and reinforcement made of fly ash affect
the material's ability to perform. This knowledge can also be used to develop more sustainable and advanced
materials with improved properties.

IL. LITERATURE REVIEW

Several studies have been conducted to investigate the utilization of metal matrix composites (MMCs) in
various industrial applications, particularly in the aerospace and automotive sectors. Ononiwu et al., 2022 [20]
explored the impact of carbonized eggshells (CES) and fly ash on the microstructure and mechanical properties of
Al-Sil2. By employing stir casting, they kept the weight fraction of CES particles constant at 2.5 wt.%, while
varying the fly ash content from 2.5 wt.% to 10.0 wt.%. Their findings revealed an increase in microhardness with
the rise in fly ash content. Similarly, Senapati et al., 2015 [21] focused on the tribological properties of Al-Si alloy-
based MMCs reinforced with thermally treated fly ash. They observed enhanced wear resistance in MMCs
containing thermally treated fly ash compared to conventional Al-Si alloy and Al-Si-fly ash MMCs.

Moreover, KE et al., 2015 [22] conducted experimental studies on Aluminum-Fly Ash composites
fabricated via PM. They reported increased hardness and wear resistance in sintered AI-FA MMCs, suggesting their
potential applications in industries such as covers, casings, brake rotors, or engine blocks. Additionally,
electrochemical studies were carried out to evaluate the corrosion resistance of the composites. Jannet et al., 2021
[23] investigated Aluminum Metal Matrix Composites (AMMC) reinforced with eggshell powder to reduce
composite costs. Their study demonstrated that varying percentages of eggshell powder affected mechanical
properties such as tensile strength, hardness, and compression strength. Furthermore, Romero et al., 2017 [24]
explored the mechanical characteristics of Aluminum Metal Matrix Composites (MMC) fabricated by stir casting
and PM. Their study focused on enhancing the strength of MMCs at elevated temperatures, crucial for aerospace and
automotive applications. Mechanical tests and wear studies were conducted to characterize the properties of MMCs.

Fatchurrohman et al., 2022 [25] investigated the fabrication of aluminum and graphite metal matrix
composites using PM. They varied the volume percentages of graphite and observed improvements in tensile
strength, Young's modulus, and hardness in MMCs with specific graphite ratios. Shankar et al., 2019 [26] provided a
comprehensive review of fabrication techniques and tribological properties of fly ash-reinforced aluminum alloy
composites. They highlighted the preference for PM and stir-casting methods in composite fabrication. Furthermore,
Minh et al., 2023 [27] addressed the environmental concerns associated with coal-fired power plant fly ash and
discussed methods for its recycling. They differentiated the physiochemical properties of fly ash from different coal
combustion processes and explored applications for fly ash recycling. In summary, these studies contribute to the
understanding of MMCs and the potential for utilizing waste materials such as fly ash and eggshell powder as
reinforcements, thereby enhancing mechanical properties and addressing environmental concerns.

III. PROPOSED METHODOLOGY

In this study, graphite and aluminum were mixed by the sample volume ratio using PM. Aluminum was in
the form of metal powder, as was graphite. Aluminum powder was combined with graphite powder at volume
percentage ratios of 0%, 1.5%, 3%, 4.5%, and 6%. PM uses a hydraulic press brake machine to compaction to create
the mixed material. The compressed sample was then sintered for four hours at 600°C in a laboratory furnace. The
mechanical tests reveal that MMC aluminum with 1.5% volume graphite has the highest tensile strength and
Young's modulus. Aluminum - 4% volume graphite was found to have the highest hardness, however. Parts are
created by compacting metals and alloys in powder form within a die under high pressure in the precision
manufacturing process known as PM. The important process of sintering, which occurs at temperatures lower than
the melting point of the metal, joins the particles. The four main processes in the process are mixing, compacting,
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sintering, and powder preparation. Diverse part needs and engineering criteria have led to the evolution of variations
such as conventional, injection molding, isostatic pressing, and metal additive manufacturing.
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Figure 1: Basic Steps of PM

The PM process has evolved over 5,000 years, becoming more sophisticated, yet it has remained based on
four basic phases (Figure 1):

e Powder Production: First, fine metal or alloy powders are produced via atomization, mechanical
comminution, or chemical processes, among other techniques. This step makes sure the raw ingredients are
ground into a suitable powder for use in other processes.

e Mixing and Blending: A uniform distribution of alloying materials or additions is achieved by carefully
mixing and blending the powders after they are manufactured. For the composition and qualities of the
finished product to be uniform and consistent, this stage is essential.

e  Compacting: This stage involves compacting the blended powders into the desired shape by placing them
into a die cavity and applying high pressure on them. Usually, the powder mixture is pressed under
mechanical or hydraulic pressure throughout the compaction process to create a green compact with the
required geometry.

e Sintering: The green compacts are heated in a furnace with a regulated environment throughout the
sintering process. The compacted powders are heated to temperatures below their melting point during the
sintering process, which causes particle bonding and diffusion. As a result, a strong, cohesive structure with
better mechanical and physical qualities is formed, leading to densification.

The foundation of the PM process consists of these four processes, which allow for the creation of
complicated parts with exact dimensions, complex geometries, and customized material properties. The PM process
still relies heavily on the fundamentals of powder manufacturing, mixing, compacting, and sintering, even if
advances in technology and materials have added complexity.

3.1 PM Processes

Processes for PM have been developed to meet a variety of industrial requirements, providing flexibility
and effectiveness in the production of complex parts and components. These are a few important PM procedures in
summary:

e  Conventional PM: This procedure involves mixing, compacting, and sintering metal powders and alloys by
the standard PM procedures. Conventional PM benefits from new technical breakthroughs even if it
adheres to ancient methods, guaranteeing accuracy and dependability in part manufacture.

e [njection Molding: Injection molding is a unique process that uses specifically prepared powders coupled
with binders like wax or thermoplastics to build complex structures in big quantities. Using traditional
injection molding equipment, the resultant feedstock is injected into mold cavities. Green compacts that are
prepared for sintering are produced when the binder is removed through solvent extraction or heat
processing following compaction.
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e [sostatic Pressing: Isostatic pressing ensures homogeneous density and microstructure throughout the part

by applying equal pressure to the workpiece from all directions. The temperature at which this operation is
carried out can vary based on the needs of the object. While hot isostatic pressing uses pressure and high
temperatures to remove porosity and improve mechanical qualities, cold isostatic pressing is best suited for
manufacturing large, complicated pieces.

® Metal Additive Manufacturing: Additive manufacturing for metal, also referred to as three-dimensional

(3D) printing, creates items layer by layer from digital representations. This novel method is very efficient
and produces very little waste, which makes it perfect for complicated component production and
prototyping.

PM is used in a wide range of sectors, and its components and goods are essential to daily living. PM

procedures are used in the manufacturing of several components, including household appliances and vehicle gears.
For example, PM makes it easier to produce connecting rods, steering parts, transmission parts, and other engine
parts in the automotive industry. Powders made of iron and stainless steel are widely used because they can be
produced at a low cost, can take on complicated shapes, and produce little waste.

32

Material Properties

This section outlines the experimental methods for mechanical characterization as well as the specifics of

manufacturing composites. The materials used in this investigation include fly ash, graphite, and aluminum.

Aluminum 7075: Aluminum alloys are extensively utilized due to their lightweight nature, pliability, and
prevalence across industries, notably aerospace and automotive. Aluminum 7075, a member of the 7xxx series
alloys, is distinguished by its high strength and low density, primarily owing to its zinc alloying element.
Experimental studies reveal an enhancement in hardness and strength with the incorporation of reinforcing
fibers. For instance, optimal mechanical properties are attained with a volume fraction of 6% short basalt fiber
in Aluminum 7075 alloy (Table 1). Widely employed in mold tool manufacturing, Aluminum 7075 finds
applications in aircraft fittings, gears, missile parts, and various aerospace/defense components.

PROPERTY VALUE
Density 2.25g/cm?
Porosity (%) 0.7-53
Compressive Strength 20-200 MPa
Flexural Strength 6.9-100 MPa
Modulus of Elasticity 7-19 GPa
Thermal Conductivity 200 W/m-K
Melting Point 710 J/(kg-K)

Table 1: Mechanical Properties of Aluminum 7075

Graphite Powder: Graphite, derived from the Greek word "graphein" meaning to write, exhibits properties of
both metals and non-metals. It boasts high electrical and thermal conductivity, chemical inertness, and
refractoriness. Graphite's unique properties stem from its crystalline structure, wherein carbon atoms arrange
hexagonally in planar condensed ring systems. The two main classifications of graphite are natural and
synthetic, each offering distinct properties and applications. Natural graphite encompasses high crystalline,
amorphous, and flake varieties, while synthetic graphite is produced through carbonization processes.
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e [Fly Ash: Fly ash, a by-product of coal combustion in power plants, exhibits properties such as high
compressive strength, low water absorption, and chemical inertness. It is utilized in diverse applications
including construction materials and soil stabilization. Fly ash composition varies depending on coal bed
composition, typically comprising silicon dioxide, aluminum oxide, and calcium oxide, along with trace
elements. Manufacturing of fly ash involves the capture of fine particles through particulate emission control
devices, followed by mineral processing to concentrate the ash. Table 2 presents the Composition of Graphite
and Fly Ash in a 4:4 Mass Ratio, while Table 3 outlines the Composition of Graphite and Fly Ash in a 3:5

Mass Ratio.

Percentage Volume
Metal M
eta %) (cm?) ass (g)
Aluminum
7075 92 69 193.89
Graphite 4 3 13.56
Fly Ash 4 3 5.1

Table 2: Composition of Graphite and Fly Ash in 4:4 Mass Ratios

Percentage Volume
Metal M
eta %) () ass (g)
Aluminum
7075 92 69 193.89
Graphite 3 2.25 10.17
Fly Ash 5 3.75 6.37

Table 3: Composition of Graphite and Fly Ash in 3:5 Mass Ratios

The total mass used for this project comprises Aluminum 7075, Graphite, and Fly Ash, each in specified
ratios, amounting to 387.78 grams, 23.73 grams, and 11.47 grams, respectively.

33 Mechanical Properties Analysis
3.3.1  Flexural Formula

Understanding the material's resistance to bending loads is possible through flexural testing. The E-glass
epoxy composite demonstrated exceptional modulus and flexural strength. The flexural stress (of) and modulus are

calculated using the following equations:

3PL

9 = 2onz M
L*m

Flexural modulus = — 2)
4bh3

Where, a7 = Flexural stress (MPa), P = Applied load (N), L = Span length (mm), b = Width of the specimen (mm),
and h = Thickness of the specimen (mm).
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3.3.2  Impact Toughness Formula

The impact toughness (Ur) in the SI system is determined by calculating the area underneath the stress-
strain (¢ — €) curve, providing a measure of a material's ability to absorb energy before fracture.

333 Tensile Formula

To determine the composite specimens' strength and ductility, their tensile characteristics were assessed.
The percentage elongation, particularly in coconut-glass fiber-reinforced composites, indicates a higher ductile
nature. The formula for tensile stress (o) is calculated as follows:

P
%t = 3)

Where: o= Tensile stress (MPa), P = Applied load (N), b = Width of the specimen (mm), and & = Thickness of the
specimen (mm). Young’s modulus (E), representing the material's stiffness, is determined by the ratio of tensile
stress to tensile strain:

34 Material Testing Process
34.1 Tensile Test

The tensile test was conducted following ASTM D3039-76 standards on flat specimens. Uni-axial load was
applied through the ends, with specimens having fibers parallel to the loading direction, 11.5 mm wide, and a length
of 120 mm as per ASTM recommendations. Notably, the hybrid sample-12 exhibited a significant increase in tensile
strength, reaching a peak load of 276.49 kg/cm? as the percentage of glass fiber increased to 12 gm. Each
combination underwent testing with three specimens, and the average results were analyzed.

342  Toughness Impact Test

An analog impact tester was employed to assess the impact properties of the composite specimens
reinforced with calotropis fiber. The equipment provided multiple scales and hammers to cover various working
ranges, with an impact energy of 6.559 J observed for the composite containing 20% calotropis stem fiber and an
increased glass fiber content.

343  Flexural Testing

Flexural testing, also known as transverse beam testing, was conducted to determine the bending properties
of the material. Samples were placed between two supports, and the load was initiated using a third point or through
3-point Bend testing. Maximum stress and strain were calculated, with materials such as plastics, composites,
metals, and woods typically tested. Load vs Displacement graphs were generated from the Universal Testing
Machine (UTM) for tensile and flexural test samples.

These testing processes provide crucial insights into the mechanical properties and performance of the
composite materials, aiding in material selection, quality control, and product development efforts.

4. RESULTS AND DISCUSSION

4.1 Impact Test Results
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. Angle
Sl ThIer:Icl)rztltcal Anile Total Work b h AK T ¢ of
N(; Velzcict R:lea Mass | Capacity v &j/m" F?i)lflr(;
y . (kg) ) (mm) (mm) ) Rise
(m/s) se (°) o
©)
0.461
1 3.458 153 3 3.70 12.7 7.167 | 2.45443 | 25.32 P 42.95
2 3.458 154 0'261 3.70 12.7 7.167 | 2.64124 | 27.92 H 26.36 20.86C(P
0.461
3 3.458 153 3 3.70 12.7 7.167 | 1.32161 | 12.32 C 94.45

Table 4: Results of the Impact Test

Table 4 presents the main parameters and test findings from an analysis of an AL-GRAPHITE composite
made with fly ash PM. Concerning the material's strength and resilience, this information illuminates how the
material behaves under impact situations. A section on the Charpy Impact test on the composite is also included. It
includes information on the test standard (ISO 179-1), the testing apparatus (HIT 5.5p), and the hammer's energy
(2.7)). The previously mentioned Charpy Impact test validates the assessment of the material's impact strength by
standard protocols (ISO 179-1). The impact test findings offer a thorough insight into how the material behaves in
different situations. A constant theoretical impact velocity of 3.458 m/s was observed in all tested samples.

Nonetheless, some fluctuations in the release angle were noted, suggesting a possible sensitivity to launch
angles. The material performed consistently in terms of mass characteristics and energy absorption capacity despite
these fluctuations, as evidenced by the overall mass and work capacity of the material remaining reasonably stable.
Sample 2 showed somewhat greater specific impact strength and absorbed energy than Sample 1, which showed
moderate specific impact strength and absorbed energy. Sample 3 on the other hand showed a much lower specific
impact strength and absorbed energy, suggesting a lower level of resilience and a propensity for failure brought on
by impacts. In addition, different failure types were seen in each sample; these included the classifications "P," "H,"
and "C." These categories include discrete failure modes, like fracture, combination failure, or plastic deformation,
and they offer important information about the failure mechanisms of the material when subjected to impact loads.

4.2 Flexure Test Results
SI.N b Ofc Orm Srm Ofp Sre Lv h b
. No.
(Mpay | (MPa) | (MPa) o) | MPA) o (mm) | (mm) | (mm)
1 589 - 29.5 3.8 29.5 3.8 64 10.6 11.5

Table 5: Results of the Flexure Test

Table 5 provides important information about the material's mechanical properties under different loading
scenarios. The DIN EN ISO 178 standard was adhered to when conducting the flexure test. The samples were not
pre-treated before testing; the specimen removal was done by hand. A Z2.5 kN testing apparatus fitted with a flexure
kit was used, and the pre-load and flexure modulus speed settings were set at 0.1 MPa and 2 mm/min, respectively.
A steady test speed of 10 mm/min was kept throughout the test. The stiffness of the material is indicated by the
modulus of elasticity (Ey) at 589 MPa; larger values imply more resistance to deformation. Its capacity to bear

compression pressures before failing is shown by its compressive strength (g7.) at 29.5 MPa, and its resistance to
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pulling or stretching forces is indicated by its tensile strength (o) at the same value. The equivalent strain at 3.8%
tensile failure (Szs) measures the tensile strain capacity of the material. Its resistance to bending forces is indicated
by its bending strength (o) at 29.5 MPa, and its deformation behavior under such loads is indicated by its strain at
bending failure (S;5) at 3.8%. Comprehending these criteria is imperative in evaluating the material's
appropriateness for structural purposes, steering engineering determinations, and guaranteeing safety and efficacy.

4.3 Tensile Test Results
oL Vield | vield | | Max | o Stzss Strainat | o
o | O s | e | o |
(MPa)

1 Type 3 14.8 8.89 12 999 8.89 12 1.58 - 30 12.6 10.05
2 Type 1 21.5 - - 1040 7.86 5.9 7.76 5.9 - 12.7 10.50
3 Type 1 15.4 - - 857 6.88 8.1 5.98 8.1 - 13.52 | 10.60
4 Type 1 11.2 - - 1160 7.80 8.7 6.80 8.7 - 13.95 | 12.24
5 Type 1 19.4 - - 679 6.39 6.5 5.39 6.5 - 11.44 | 11.02

Table 6: Results of the Tensile Test

Table 6 on the tensile test provides valuable insights into the mechanical properties of the tested materials.
The DIN EN ISO 527-1 standard was followed when conducting the tensile test. Without any prior treatment,
specimens were physically removed and processed into dumbbell shapes. The Z2.5kN Zwicki testing apparatus was
used, and it has an Xforce HP load cell installed. Interestingly, no extensometer was used for the test. Before testing,
a pre-load of 0.1 MPa was applied at a speed of 1 mm/min to calculate the tensile modulus. A steady pace of 50
mm/min was maintained throughout the test. Method B was used to compute the nominal strain after measuring the
grip-to-grip separation at the start position, which came out to be 89.00 mm. Several parameters were examined to
evaluate the tensile behavior of the materials under analysis. Sample 1 had a yield stress of 14.8 MPa and a yield
strain of 8.89%; it was described by Curve Type 3. The material showed a maximum load of 999 N, a strain at a
break of 30%, and a stress at a yield of 1.58 MPa.

Among the parameters, Sample 1 performed consistently and showed moderate strength and ductility. This
is noteworthy. However, the tensile characteristics of Samples 2, 3, 4, and 5, which are all part of Curve Type 1,
varied. For Samples 2, 3, 4, and 5, particular yield stresses and strains were not given; nonetheless, their maximum
loads varied, ranging from 679 N to 1160 N, indicating different strengths. The maximum load observed in Sample
2 was 1040 N. The strain at break and stress at yield were 5.9% and 7.76 MPa, respectively. Maximum loads of 857
N and 1160 N, respectively, were shown in samples 3 and 4, with different stress at yield and strain at break values.
The highest load in Sample 5 was 679 N, and the strain at break and stress at yield was measured at 5.39 MPa and
6.5%, respectively. Samples 2, 3, 4, and 5 showed different levels of strength and deformation properties, whereas
Sample 1 showed moderate strength and ductility.

4.4 Overall Discussion

Understanding the mechanical characteristics of the AL-GRAPHITE composite made from fly ash by PM
is made simpler by reviewing the comprehensive discussion of the findings. Different levels of strength, resilience,
and deformation properties were shown by the material in impact, flexure, and tensile testing. Slight differences in
launch angles were seen in the impact test, suggesting that the system may be sensitive to loading circumstances.
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Both Sample 1 and Sample 2 showed moderate to high absorbed energy and specific impact strength, but Sample 3
showed lower values, suggesting diminished resilience. The samples' mass characteristics and energy absorption
capabilities were consistent. The material's stiffness, compressive strength, tensile strength, and bending strength
were all highlighted by the flexure test, which is crucial for determining whether or not the material is suitable for
structural applications. Sample 1 consistently showed moderate strength and ductility in the tensile test, however,
Samples 2, 3, 4, and 5 showed different strength and deformation characteristics. All things considered, these results
highlight the intricate mechanical behavior of the composite, which is impacted by variables including composition
and testing settings. Knowing these characteristics is essential for informing engineering choices, guaranteeing the
material's performance in practical applications, and pointing up possible directions for additional study and
improvement.

5. CONCLUSION

In conclusion, the investigation into the AL-GRAPHITE composite derived from fly ash via PM has
provided valuable insights into its mechanical properties. Variations in the samples' strength, resilience, and
deformation characteristics were noted by impact, flexure, and tensile tests. The study emphasizes how fly ash may
be used to strengthen lightweight metals, improving their mechanical qualities and lowering their density. Before
there were widespread industrial uses, however, further study is necessary, especially in the areas of microstructure
analysis and structure-property correlation. A promising technique for detailed characterization that provides
information on the evolution of microstructure is correlative microscopy. In summary, this study highlights the
intricate nature of composite materials and highlights the necessity of thorough comprehension and refinement to
fully realize their potential across diverse industrial domains. The development of innovative composite materials
with better mechanical performance and wider applicability will be made possible by ongoing work in material
characterization and optimization.
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