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Abstract

Aluminium matrix composites (AMCs) have been the subject of a lot of scholarly interest
as a lightweight structural material for aerospace and advanced engineering applications,
mainly because of their high strength-to-weight ratio, wear resistance and high thermal
stability. Among aluminium alloys, AA2024 is generally used in aerospace structures due
to its outstanding specific strength and fatigue strength. In spite of this, its relatively low
level of hardness and tribological performance restricts its range of applications to highly
abrasive environments. Accordingly, the present study attempts to develop and
characterize a hybrid aluminium matrix composite based on AA2024 reinforced with
titanium diboride (TiB2), waste glass powder (WGP) and nano-copper oxide (Nano-CuO)
particles.

The main aim of this study is to developed AA2024-based hybrid composites using stir-
casting method and systematically understand the mechanical, tribological,
microstructural and thermal characteristics of the composites using both experimental and
computational methods. Composite samples were generated in 8§ different formulations by
varying amounts of TiB2 substitution of waste glass powder and keeping the nano-CuO as
the reinforcement same at 0.25 wt.%.

Mechanical characterization revealed a considerable improvement in strength and
hardness with the addition of hybrid reinforcements. The optimum composition consisting
of 5 wt.% TiB., 2.5 wt.% WGP, and 0.25 wt.% nano-CuO exhibited the highest ultimate
tensile strength of 580.37 MPa and yield strength of 431.39 MPa compared with 495 MPa

and 375 MPa for the base alloy. Similarly, flexural strength increased from 640 MPa to

vi



803.37 MPa, while hardness improved from 137 HV to approximately 170 HV. However,
a gradual reduction in ductility from 14% to 6% and a slight decrease in impact energy
from 2.09 J to 1.91 J were observed, indicating a typical strength—toughness trade-off
associated with ceramic particle reinforcement.

Microstructural analysis using scanning electron microscopy and energy dispersive
spectroscopy confirmed fairly particle distribution, grain refinement, and good interfacial
bonding between the matrix and reinforcements. Fractographic studies found a mixed
ductile-brittle type failure. Subsequent true stress-strain examinations supported the fact
that the hybrid composites possess enhanced strain-hardening behaviour. Finite-element
simulations based on the constitutive model of Hollomon showed good agreement with
experimental data with the predictive discrepancy limited to 4%-5% thus verifying the
reliability of the computational model.

The tribological performance of the composites was investigated by assessing the
influence of reinforcement content and process parameters, such as normal load, sliding
velocity and sliding distance on the wear phenomenon. An optimization study using the
Taguchi L16 orthogonal array showed high improvements in wear resistance and hardness
due to the synergy of TiB2, WGP and nano-CuO addition. The minimum coefficient of
friction obtained was 0.262 while the optimised wear rate, as checked by confirmatory
tests, was 4.133 x107 g/m. Thermal expansion measurements also showed an increase
in dimensional stability with the coefficient of thermal expansion reduced from 23.4 x
10° K for the unreinforced alloy to around 21.8 to 22.4 x 10° K'!' in the

reinforced composites.

vii



Overall, the fabricated hybrid AA2024 composites displayed enhanced mechanical
strength, superior wear resistance and increased thermal stability which reveals their
promising applicability to the advanced aerospace and high-performance engineering

environment.
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Chapter 1
Introduction

1.1 Need of Light Weight Material in Engineering Application

Competition within the automobile and aerospace industry to develop more fuel-
efficient vehicles with lower CO> emissions has worsened in recent years.
Governments all over the world are at present actively promoting the design and
development of such vehicles. In actual fact, the transportation sector is responsible
for carbon dioxide emissions energy production and use of 13.5 % of the country's
emissions. Ninety percent of energy spent by road transport alone comes from the same
mode of transport. Decarbonization provides the serious co-benefits of cleaner air and
better public health; so, this means that India is compelled to set concrete targets in
order to meet their comprehensive climate pledges. The combined benefit of decreased
emissions and improved health living conditions is why the decarbonisation of India
needs to be prioritized as part of the national strategy. Without concrete targets, the
co-benefits are not achieved and gains in public health are unlikely to be realized. To
get a better picture as to what this would mean for the road transport sector of India,
Prior to the advent of Covid-19 pandemic, it was projected that the number of vehicles
on the roads in India will rise to more than 200 million by 2030. Such forecasts were
based on macro-economic growth assumptions and historical growth rates for the
vehicles, the rapid expansion of road transport. In the modern era, most of the energy
used in road transport comes from petroleum-based sources, most of which are
imported. This dependence on fossil fuels imported is bringing massive implications

with it, in terms of energy security and economic vulnerability. India's Nationally



Determined Contribution (NDC) under the Paris Agreement commits the country to
cut the carbon intensity of GDP at that level and reduce it by 33 to 35 percent below
2005 levels by 2030. Which is reflective of a quantitative frame of reference for
national decarbonisation targets. Although the government has stipulated economy
extensive emission reduction aims, these are largely unavailable for and at high
emitting sectors such as transportation and manufacturing industries. The absence of
sector specific targets is an obstacle to the implementation of national pledges into
concrete policy measures. Fuel-efficiency regulations differ from country to country
and many countries have stricter standards than India. Nevertheless, all nations share
the goals of reducing CO> emissions and ensuring better fuel efficiency [1-4].
Manufacturing industries have been experimenting and finding different solutions,
including making vehicles lighter, which can fulfil the customer needs and improve
fuel-economy standards. The size of the vehicle can be reduced or use lighter
materials. Reducing size can compromise passenger safety and comfort and therefore
the usual goal is to reduce weight with lighter materials whilst maintaining
performance. Reports show that 10 per cent reduction in automobile weight promotes
for an increase of fuel economy around 8 per cent to 10 per cent and 100 kg of weight
reduction results in 12.5 g/km reduction of CO2 emission. Aluminium alloys are still
pivotal in the automotive industry, and emerging trends are determining the future of
this vital substance [5-8]. The high-performance lightweight vehicles without
compromising safety features intensify the need of composite materials. The
substitution of aluminium in place of epoxy reinforced products that’s makes the
Boeing 787 more efficient than conventional aircraft [9-11]. As a result, fuel

consumption and emission are reduced however at the same time payload capacity is



(a) —m— Europe

—as— Japan

—i— United States
—w— China

—o— Korea

—d— Saudi Arabia
—p—India

160 -

[

[

=]
1

120

100

Fuel Economic Target (g/km)

=2}
=
1

T v 1 v T v 1 v T v
2016 2018 2020 2022 2024 2026
Year

140

1 [ Middle [l Sout: [N JapanKores| | South Asia[JN North [ E urop 0] China
EaztiAfrica America America

120 1

100

= =2} =]
—] =] —]
1 1 1

Light Vehicle Production (Unit in Million)
[ ]
[—]
1

=]
|

2016 2019 2022 2024 2025

Year
Figure 1.1. a) Fuel Efficiency Standards Across Major Countries for
Passenger Vehicles b) Light Vehicle Production Volumes (Million Units) in
Leading Markets [13]
increased. In aerospace and other transport sectors that deal with COz emission and

fuel efficiency, the manufacture of high-performance, lightweight high strength
materials is critical. Meeting fuel-efficiency goals is dependent on the production of

such light vehicles [12-13], which are depicted in Figure 1.1.



1.2 Motivation

The overlap of tough vehicle emission regulations (BS-VI and future CAFE-III),
international regulatory regimes (Euro7, U.S. EPA Tier regulations and China 6/7) and
the multi-faceted net-zero target of India, as defined in the NITI Aayog, provides the
urgency around the use of emission-reduction policies beyond traditional powertrain-
enhancements. Although the importance of electrification and cleaner fuels cannot be
overstated, the introduction of vehicle structural light weighting has become one of the
major supplemental solutions to the realization of significant fuel consumption, CO»,
and total environment impact reductions, especially in light vehicle segment. NITI
Aayog must underline that vehicle efficiency, materials replacement, and mass
reduction could be the key to achieving the national emission and energy-efficiency
goals. The direct consequence of structural weight reduction is the diminished energy
requirement per kilometre, which applies to internal combustion engine vehicles that
must meet BS-VI and CAFE standards, and at the same time, improves battery range
in electric vehicles as well as battery pack size requirements. Such policy course is
rather consistent with international trends, where real-life emissions and life-cycle
efficiency is getting more and more important.

A number of Government of India programs, as the National Electric Mobility Mission
Plan (NEMMP), Faster Adoption and Manufacturing of Electric Vehicles in India
Phase (FAME-II / FAME-III), Make in India, the Production-Linked Incentive (PLI)
Scheme and Atmanirbhar Bharat, have a powerful push in respect of research in the
field of lightweight aluminium-based composite materials. Moreover, the National

Resource Efficiency Policy and circular economy work towards ensuring that the



industrial waste is used as value-added engineering materials, to both attain resource
efficiency and environmental sustainability.

The current study invents the creation of the aluminium-based composites that are
reinforced with ceramic and industrial waste, thus, present a two-fold benefit of
avoiding weight and sustaining. Via plastic reinforcement, ceramic reinforcement
increases the mechanical performance, resistance to wear and thermal stability
whereas the use of industrial waste minimizes the use of raw materials and
environmental impact. Outside the automotive use, these lightweight composites are
of paramount significant to the aerospace industry, as the reduction of weight directly
correlates with the fuel usage, passenger capacity and emissions.

Therefore, this study is both technically applicable, greener, and policy-consistent,
targeting national priorities and global issues and working towards the progress of

lightweight composites in seamless use in both automobile and aerospace industry.

1.3 Chronological sequence of Composite material

Chronological sequence of developments of MMCs is shown in Figure 1.2. It has been
observed from the categorization that the first-generation composites did not
significantly contribute to improvement of the metal matrix. However, they have better
properties than steel. Therefore, composite materials are applied in various domains
such as consumer goods industries, automotive, aerospace, aviation, medical, marine

and sporting etc [14-16].
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Figure 1.2 Chronological sequence of developments of MMCs

14 Composite Material

The composites are developed by mixing two or more chemically and physically
distinct phases of materials, in which a certain proportion of one phase is dispersed in
the second phase to improve the existing properties of composites. Over a last decades

the demand of composite material has been on the raised globally. Figure 1.3 shows

that composites are grouped into four types of matrixes: polymer matrix composites
(PMCs), ceramic matrix composites (CMCs), carbon - carbon composites (CCCs) and

metal matrix composites (MMCs). MMCs have a number of benefits for contemporary
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Figure 1.3 Classification of Composite Material
engineering applications over other composites and conventional monolithic metals

and alloys [14].

1.4.1 Polymer - Matrix Composites (PMCs): PMCs are light, resistant to corrosion
and are utilized in the interior of aerospace, automobile parts, and in sporting

equipment.

1.4.2 Ceramic-Matrix Composites (CMCs): CMCs are characterized by extremely
high-stability in terms of temperatures and find use in turbine blades, braking systems,

and heat shields

1.4.3 Carbon-Carbon Composite (CCCs): is an advanced high temperature
structural material, and the composite is made of carbon fibres reinforcement which is

embedded in a carbon matrix. As both constituents are made from carbon, the



composite maintains a significant degree of strength in exactly the zone where

conventional materials are prone to failure.

Copper
Matrix
Composite

| Matrix
_— | Composite

Aluminum
Matrix
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Figure 1.4 Broad Classification of Composite Material based on Matrix
1.4.4 Metal Matrix Composites (MMCs): Metal matrix Composites (MMCs) is a
composite that incorporates metal matrix and ceramic/metallic reinforcements hence,
outperforming the traditional alloys. The MMCs have high specific strengths,
excellent wear resistance as well as improved stiffness making them useful when
subjected to high loading and when working under extreme conditions. Compared to
monolithic metals and alloys, MMCs are very challenging materials and are used in

large numbers as functional and structural parts. The resultant composites have better



properties than the individual components. Figure 1.4 illustrates that the matrix in
MMCs is usually made of materials such as Al, Mg, Cu, Ti and super alloy as well as

alloys of these material.

1.5 Material

Matrix materials have a profound influence in the evolution of composite materials for
particular engineering applications. Numerous matrix materials are available in the
market however, each of the material has certain constraints. The most common matrix
material used for Aluminium matrix composites (AMCs) is aluminium alloy itself, as
shown in Figure, 1.5 [14]. When used without a substantial increase of weight,
aluminium alloys offer higher mechanical properties, thermal conductivity, electrical
conductivity and wear resistance in different industrial sectors and applications.
Aluminium alloys are used as major alternatives to cast iron and cast steels, since they
are about 35% lighter than cast iron. In more recent years, the use of aluminium alloys
has been made in the place of cast iron in the production of engine blocks and cylinder
heads, thus lowering the weight of the entire vehicle. The increased demand in the
aerospace and automotive industries predicts the maintaining of growth in aluminium
usage over the next few decades [17-24].

Aluminium 2024 is one of the 2xxx series of heat-treatable alloys where copper is used
as a primary strengthening alloy. The alloy has gained high specific strength and great
fatigue resistance making it one of the most sought materials in the aerospace structure
like fuselage skin, frame and wing elements. However, its state of tribology is limited
by arelatively low hardness, which predetermines the adhesive and abrasive wear. The

addition of ceramic and oxide particles to AA2024 generates significant improvements



in wear resistance, dimensional consistency and hardness as well as does not alter the

more light-weight character of the alloy

% of Matrix Material Used (2015-2025)
0
456%_ >03%
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* Aluminum (Al) » Magnesium (Mg) = Titanium (Ti)
Iron / Steel (Fe) = Copper (Cu) = Nickel (Ni)
» Zinc (Zn) = Cobalt (Co) = Other (Mo, Be, Ag, etc.)

Figure 1.5 Percentage of Matrix Material

1.6 Reinforcements

The compatibility provided between the matrix and the reinforcement is very
important for the characteristics of MMCs. The selection of reinforcement is based
on the mechanical and thermal characteristics of the alloy including ultimate tensile
strength, modulus of elastic, ductility, the coefficient of thermal expansion (CTE),

the matrix material compatibility, and the cost [25]. Different MMCs has been used

10



to developed by reinforcing the different In organic and organic reinforcement in the
recent decades, Figure 1.6 shows different reinforcement used for the development

of the Aluminium Matrix Composite (AMCs).
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Figure 1.6 Different type of reinforcement employed for AMCs

As shown in Figure 1.7 On the basis of the reinforcements shape (particles, fibres,
whisker and layers), AMCs can be further categorized into laminar, fiber-reinforced,
filled, flake and particle reinforced. Particle reinforced composites are the primary
focus of this study as they are more common, cheaper and fairly distribution
throughout the matrix. Selection of reinforcement material depend upon the purpose

and intended properties of a composite. In This research Titanium Diboride (TiB>),

11



Industrial Waste Glass and Nano CuO has been considered for study is based on
particle reinforced composite because they are abundant, cheap and also very easily
distributed throughout the matrix. The choice of the reinforcement is dictated by the
purpose and application of the composite. Reinforced lightweight metals allow a great

weight reduction while this is an important goal in many domains [26,27].

1.7 Fabrication Process of AMCs

Particles
Reinforced
yd =
//
Mono
Filament
Reinforced AMCS
AMCq

\\ /
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~_ Continuous /
Fiber
Reinforced
AMCq
Figure 1.7 Classification of AMC on the basis of type of Particles

The reinforcement position in the aluminium matrix affects size, distribution and
tribological behaviour of AMCs. By the choice of suitable reinforcing and synthesizing
method HAMC properties can be adjusted. Hybrid aluminium matrix composites

(HAMC:s) are fabricated using various fabrication techniques, which include solid-

12



state, liquid-state, semi-solid and deposition techniques. The dominating
manufacturing approaches for aluminium matrix composites (AMCs) are therefore
dominated by these different processes are driven in Figurel.8 and on the basis of
archival literature. Determining best fabrication route requires knowledge of the
material properties required: each route has its advantages and drawbacks.
Researchers have been striving to make traditional synthesis processes more efficient.
Stir casting, which stirs molten aluminium with the purpose of mixing reinforcement,

is one of the leaders.

1.8 Stir casting

The attainment of successful casting of metal matrix composites (MMCs) depends on
interfacial bonding and contact of the ceramic reinforcement particle phase with the
molten matrix alloy. This physical involvement is normally done by using a mixture
of ceramic dispersoids and molten alloys, pushing of molten alloys in preforms of the
ceramic phase or swirl of the combination continuously in the melt. Since the vast
majority of ceramics show low wettability, consolidation of the fiber and alloy is
frequently achieved by artificially increasing the wetting capacity of the alloy, or
exerting externally applied forces that defeat viscous drag and thermodynamically
sorbed surface-energy barrier. Introduction and even dispersion of a discontinuous

phase in a melt is most often done by the methods:

» implement by introducing particles to molten alloy in active agitation
» Melt injection cannon Injection of the discontinuous phase into the melt

» Spreading discontinuous phase briquettes or pellets.

13
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Figure 1.8 Current manufacturing approaches for AMCs are driven

These methods are all based on the presence of external force to add a non-wettable
constituent of the melt and to obtain a homogeneous suspension of ceramic particles

in the liquid metal.

The first step of settling of the loose-powdered particles and kinetics of the mobility
of particles in the agitated liquid is what determines the uniformity of the dispersion
of particles before they solidify. Centrifugal casting, gravity casting, or traditional
foundry casting processes such as pressure-die and squeeze casting can be used to cast
a melt-particle slurry, and processes such as squeeze casting can also be used. The
casting method and the shape of the mould are also greatly influential on the quality

of the composite, due to the displacement of the particles to some extent as the result
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of the buoyant forces, the change of the particle position as the result of crystallization
of the metal during its solidification, and the trapping of the particles, who is trapped
in the solid mass, as a result. Specifically, ceramic particle orientation in casting has a
severe bearing on the outcome composite and its mechanical and physical
characteristics.
The resulting phase dispersal is dependent upon the superiority of component melt in
the melt-particle slurry being cast, and on various important variables:
» The viscosity of the material solidifying, that controls the movement and
interaction of the particles
» Particle size, shape and volumetric fraction, which determines the nature of
interactions between the particles and the melt
» The specific gravities of the particle and the melt, which determine the effect of
segregation and the effect of settling
» The thermal properties of the particles and the matrix alloy, which act on the
heat transfer and the solidification kinetics.
In addition, the extent of interplay of the particles and the matrix is also important to
know. According to solidification, ceramic particles can get entrap in the growing solid
that results in affecting the ultimate material characteristics. It is of utmost importance,
then, to determine the mechanisms of particle entrapment and clarify the effects on the
solidification process, i.e. the influence of particle flocculation, the applied external
pressure in the principal phase solidification and collect the particle by the coagulating
surface etc. This type of processing approach is commonly used in high level
composite production where it allows the production of large quantities, allows a

greater level of control and handling, is cost-efficient, and allows the production of
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close to net-shapes [28-29]. Figure 1.9 is the process taken in the development of the

composite.

Heat the matrix material up to its melting to an ensured temperature in electrical resistance furnace.

Preheat reinforcing particles to a certain temperature, so that moisture and undesirable gases on the
‘ { surface are eliminated, and good wettahility is achieved, to prevent the sudden temperature drop
of the mixed material.

y Create a vortex in the molten matrix by using a mechanical stirrer. ]

{ Introduce or pour the preheated particles (reinforcement)with the help of funnel into the vortex, in
the molten matrix.

Continue stirring inside the crucible having the molten mixture at a fixed rate for a given time.

Pour in the Molten Mixture into Molds Which Have Been Preheated and Precisely Shaped.

At last stir-cast composite is therefore obtained.

\6//
y Allow the solidification of the poured mixture,

Figure 1.9 Procedure for the development of composite material by using Stir
Casting Process

1.9 Characterization

1.9.1 Characterization of Composite Materials

The composite materials reinforced with industrial wastes and ceramic particles based
on AA2024 were extensively studied in terms of their microstructural characteristics,
mechanical, wear and thermal characteristics. These studies were critical for
developing for confirming the effectiveness of the reinforcement incorporation by the

stir-casting route.
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1.9.2 Mechanical Characterization

Mechanical testing was used to test the load-bearing capacity and deformation
behaviour of the composites. Tensile tests were performed using standard procedures
to ascertain ultimate tensile strength, yield strength and percentage elongation. The
results revealed some reinforcement-induced strengthening mechanisms like load
transfer, grain refinement and dislocation pinning. A dynamic loading measured the
energy absorption capacity and fracture resistance of, in this case, recycled Sand in
impact testing. Hardness measurements were made to determine the surface resistance
to plastic deformation which is a critical issue for wear-prone applications. Three-point
bending tests were performed to assess the flexural strength and stiffness to gain an
insight into the behaviour of the composite under bending loads. The total mechanical
data were used for the interrelationship of reinforcing content and microstructural
features with overall performance.

1.10 Microstructural analysis

Microstructural characterization by using Energy Dispersive Spectroscopy (EDS)
coupled with Scanning Electron Microscopy (SEM) and Field Emission Scanning
Electron Microscopy (FE-SEM). SEM facilitated us to investigate surface
morphology, particle distribution, interfacial bonding as well as casting related defects
such as porosity, agglomeration or microcracks. FE-SEM with its high resolution
allowed to give some detailed information of dispersion uniformity of ceramic and
industrial waste reinforcements into the aluminium matrix, especially in the matrix-
reinforcement interface. EDS was used to confirm the elemental composition and
phase distribution of the composites so that the reinforcement constituents were

successfully incorporated and possible interfacial reactions during stir casting process
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could be assessed. Together, these analyses helped us to understand the role of
reinforcement type, size and distribution on the microstructural stability of the

composite.

1.11 Wear Behaviour Evaluation

The tribological performance was determined by the pin-on-disk wear testing. This
test was done to measure wear rate, coefficient of friction, and loss of material under
controlled conditions of sliding. By analyzing the worn surface with SEM, able to
identify the predominant types of wear activity, adhesive, abrasive or oxidative wear
and the effects of the reinforcement particles. Hard ceramic reinforcements were found
to have a major beneficial influence on wear resistance by limiting plastic deformation

and reducing direct metal - metal contact.

1.12 Thermal Characterization

A test of thermal expansion rated dimensional stability on temperature changing. The
ceramic and industrial waste reinforcements were determined the coefficient of
thermal expansion (CTE) to understand the effect of the thermal behaviour. For
automotive and aerospace applications reduced thermal expansion is desirable where
dimensional stability under thermal cycling is important. The results obtained
thermally were further corroborate the suitability of these composite in high-
temperature and thermally-demanding environment.

Overall, the holistic characterization proved that stir casting-based Al composites had
enhanced mechanical, wear, and thermal properties and, therefore, represent potential

candidates for advanced structural and functional applications.
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1.13 Process Optimization

The Taguchi optimization technique was employed to determine the optimal stir
casting process parameters to produce Al-based composite materials using the
industrial waste and ceramic particle. This design approach reduces the number of
experiments to be done, but systematically evaluates how various processing variables
will affect the performance of the composite. In this study, important stir casting
parameters, which are reinforcement weight percentage, stirring speed, stirring time
and melt temperature were selected according to past literatures and preliminary tests.
Each parameter was tested at four levels in order to allow for ample processing
coverage and an L-16 orthogonal array was used to create the experimental matrix.
The L-16 array allowed reducing the number of experiments from 256 (with a full
factorial design) to only 16 experiments, ensuring the efficient and statistically
balanced evaluation of the selected factors. Each of the experimental runs was a
different set of stir-casting parameters.

Signal - to - noise (S/N) ratios were determined for the following measured responses:
tensile strength, hardness, wear rate, and thermal expansion. "Larger is better" criteria
was applied towards mechanical properties and "Smaller is better" criteria were used
for wear and thermal expansion. Main effects plots of S/N ratios identified the
optimum parameter levels. For the analysis, the results were also complemented by the
quantitative analysis of variance (ANOV A) methodology which indicated the relative
influence of each stir-casting parameter, where those most influential parameters were
the reinforcing contents and stirring speed. Confirmation experiments were used to

verify the effectiveness of optimized parameter combination.
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1.14 Recent applications of AMCs

The different AMCs have an economical significance and further research is necessary
into applications. New AMCs will be composites of hybrid nature, with better
qualities. The use of AMCs in many industries is shown in Figure. 1.10, and the roots

indicate the important components that affect such applications.

1.15 Problem Statement

The worldwide tendency to employ high-performance, cost-effective, dependable
engineering materials in a variety of applications has led to the increased research
interest in advanced composite materials. Amongst them, aluminium based metal
matrix composites (AMMCs) have become a promising candidate due to their
excellent mechanical performance, wear resistance and tribological capabilities. Due
to these properties, AMMCs are very attractive for critical applications to the
automobile and aerospace industries. However, increasing fuel costs and stringent
emission standards have forced manufacturers to make vehicles lighter without
sacrificing any safety, durability or performance. Lightweight alloys and composite
materials have therefore been seen as a successful approach to fuel efficiency and
reduction in emissions.

In the aerospace industry, structural parts, e.g. wings and fuselage, are always under
high tensile load and cyclic fatigue stresses. Conventional aluminium alloys, such as
Al2024, Al7075 are commonly used in these applications, but they have been
hampered, at least in their use as structural materials, by their limitations in strength to
weight, fatigue life and long-term reliability under extreme service conditions.

Although AMMC:s can provide potential improvements, there are still some challenges
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in optimizing their mechanical behaviour, understanding their performance under
complex loading, and unfortunately also challenging their suitability for large scale

industrial use.
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Figure 1.10 Applications of AMCs in Different Field
Therefore, there is a very critical need to perform the systematic investigation
regarding the mechanical characterization and computational study of aluminium
based metal matrix composite. This research will overcome the limitations and help to
develop light weight, durable, and efficient components for automotive and aerospace

applications
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1.16 Thesis Organization

Chapter 1 (Introduction)

This chapter describes the increasing demand for lightweight materials in engineering
and explains why this is the case for advanced composite materials. It includes the
development of composites throughout history, types and basic properties, giving
particular attention to aluminium matrix composites. Topics include fabrication by stir
casting, characterisation methods, optimisation of process, recent applications and
formulation of problem statement and research objectives.

The chapter opens with the demand for lightweight solutions, outlines the development
and kinds of composite and puts special emphasis on aluminium matrix composites
(AMCs). It covers the topic of matrix materials and reinforcement materials, stir
casting fabrication, as well as various characterization methods including mechanical
testing, microstructure analysis, wear and thermal characterization. Process
optimisation strategies and recent AMC applications are discussed and concluded with
a clear statement of the research problem.

Chapter 2 (Literature Review)

This chapter overviews the available literature on aluminium matrix composites from
the perspectives of matrix materials, reinforcements, fabrication methods and the
consequences for the mechanical, tribological, thermal and microstructural behaviour.
It critically reviews the studies related to stir casting, characterisation techniques,
optimisation strategies and current applications of AMC and identifies the research

gaps for motivating the present study and objectives.
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Chapter 3 (Materials and Methods)

Materials and procedures for the investigation are outlined in this chapter. The matrix
chosen is aluminium, while the reinforcements are titanium diboride (TiB2), copper
oxide (CuO). waste glass powder. Stir casting was used to make the composites and
were followed by tensile, hardness, impact, flexural, wear and thermal tests.
Computational analysis of the mechanical behaviour in tension and microstructural
examinations was also done to establish the relation between the processing
parameters and mechanical and thermal properties.

This section presents a list of materials and methods that have been used in the
development and evaluation of the aluminium matrix composites. Material of the
matrix is aluminium, TiB, CuO and waste glass powder. Fabrication and experimental
protocol is carried on through stir casting technique. Standard tests for tensile,
hardness, impact, flexural strength, wear, and thermal analysis are described as well
as computational models of tensile response and microstructural characterization to
make the link between processing and performance.

Chapter 4 (Result and Discussion)

This chapter shows the experimental and computational results of the aluminium
matrix composite. It analyses the effects of the type of reinforcement, the processing
settings and the fabrication conditions on tensile strength, hardness, impact resistance,
flexural strength, wear behaviour and thermal characteristics. Correlations between
microstructure and observed properties are established and discussed in comparison of

relevance to the relevant literature.
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Chapter 5 (Conclusion, Future Scope and Social Impact)

This chapter gives an overview of major conclusions of the research on aluminium
matrix composites. It brings out the effects of reinforcements, the fabrication
parameters, and processing conditions on the mechanical and wear performance,
thermal performance, and microstructural performance. The conclusions obtained
based on experimental and computational work show the effectiveness of the
developed composites. Future directions are suggested, including advanced processing

technique, new application areas of Aluminium matrix composites are suggested.
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Chapter 2
Literature Review

2.1 Overview

Composite materials obtained from the combination of two or more different
constituents having different physical or chemical characteristics [30-31]. Out of the
many varieties of composites, metal matrix composites (MMCs), polymer matrix
composites (PMCs) and ceramic matrix composites (CMCs) have gained a huge
industrial relevance due to their superior strength-to-weight ratio, the possibility of
engineering mechanical behaviour and the very good thermal stability of these
materials make them very attractive for a wide variety of applications [32-33]. Within
the aerospace field, the need to trim weight becomes a critical design requirement,
which is directly linked to both improvements in fuel efficiency and payload capacity
and total system performance. Aluminium-based composites, in which ceramic
particulates such as SiC, Al203; and B4C are used as reinforcement materials, are
widely used in structural parts of aircraft, landing gear facilities and engines, for their
enhanced specific strength, wear resistance and thermal stability [34-36]. Empirical
investigations have shown that the use of the hybrid reinforcements allows to optimise
the interplay between tensile strength, stiffness and fatigue resistance, which are
indispensable parameters for high performance aerospace applications.[37-38] A
parallel tendency can be seen in the automotive industry, where better use of
composites is growing for the production of engine parts, brake discs, constituents of
the car chassis and body panels, with the dual requirements being mechanical
performance and weight savings. Aluminium matrix composites (AMCs), reinforced

with particles of SiC, Al2O3 and graphite have shown significant improvements in their
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hardness, wear resistance and coefficient of thermal expansion, thus resulting in
excellent high temperature performance and good fuel economy improvements in the
wear rate and coefficient of thermal expansion of the alloying components, resulting
in excellent wear and thermal expansion characteristics. [39-42] Moreover, the
investigations into hybrid composites and nano reinforcements, in particular graphene
and carbon nanotubes, have been directed towards further enhancements of
tribological behaviour and thermal conductivity in order to reduce critical automotive
engineering issues [43-44].

Beyond aluminium, other metallic matrices, namely those made of magnesium,
titanium and aluminium, or nickel alloys, are also exploited in aerospace and
automotive sectors with the aim of developing composites according to very specific
structural, thermal or tribological requirements The sustained research and
development effort into this arena has given birth to composites which combine
lightweight design, high mechanical performance alongside advanced thermal
management to become indispensable to modern high performance transport systems.
composite materials offer up something singular amalgamation of properties strict to
for replication using conventional monolithic counterparts. The progressive
improvements in reinforcement types, processing practises and hybridisation
approaches provide a wide degree of latitude for optimising performance in
applications to aerospace and automotive applications. The following sections of this
review will critically consider the mechanical, wear, tribological and thermal
properties of aluminium matrix composites and allied metal-based composites which

have been designed to have such high-performance applications.
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The historical development of these classes of materials can be seen in Figure 2.1 [45]
Decades back, industrial and agricultural garbage replace exogenous ceramic
reinforcements. Composite reinforced with microparticles often yield to initiation of
micro-cracks at interface weak points Numerous investigations have indicated that
introduction of nano reinforcement into metal matrix alloys increases the alloy strength
and modulus while ductility and toughness may be reduced. Nano reinforcements have
greater strengthening efficiency as compared to their micron counterparts. Aluminium
with nanoscale SiC, Al,O3, Carbon nanotubes (CNTs) and Graphene make use of
strong van der Waal Forces, but internal incompatibilities between the Nano
reinforcements and the majority of MMC alloys make it difficult to achieve a
uniformly dispersed nano-reinforcement field experimentally. As a result, the use of
many aluminium-matrix nano-composites (AMNCs) is limited to relatively modest
strength gains, which restrict their application to limited areas of engineering and
biomedical applications. Multiple research endeavours have therefore been aimed at
relieving this bottleneck [46-48]. Generation of heterogeneous grain structures with
differentiated soft/hard zones e.g. bimodal, harmonic or gradient architectures is a
powerful strategy. These materials owe their excellent mechanical properties to the
major role played by hetero- deformation induced (HDI) strengthening and hardening,
which are the most prominent mechanisms controlling performance. Integration of
Nano reinforcements into fine, ultrafine or nanograined (FG/UFG/NG) matrix is one
of alternative ways to reconcile between strength and ductility. Hybrid micro/nano -
reinforcement (micro - nano hybridisation) can be considered therefore as a
particularly interesting paradigm for overcoming the current prevailing AMC

challenges. hybrid approaches are available to increase the mechanical attributes of
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AMCs the addition of micro- and nano-sized Al,Os particles prominently enhances the
hardness, tensile strength and wear resistance of the A356 aluminium alloy (being
accompanied by the favourable thermal stability and microstructural refinement).
Researcher advocates that compo-casting methods are a pragmatic way of obtaining
efficient production of Al>Oj3 reinforced A356 composites. With regard to micro-level
stress concentration, micro -stresses in hybrid composites can be distributed and
locked down. Despite significant advances in the production of high strength ductile
AMCs, the manufacture of strong, durable composites remains a daunting task of great

challenge [49-52].

Reinforcement Properties of MMCs
Synthetic Hardness
(AL,0,, SIC,

Porosity

Die temperature

e syt Melt temperature Magnesium BiC; etc) ;
i Industrial Tensile strength
tirrer ti ndustria X
T Rk Blade angle Copper wastes Wear.
Reinforcements poeperiee C i
X s I Agriculture OrTOston
(Types/Size/%) Ultrasonic vibration ron gwastes properties

>

Solid state (Friction
stir processing)

Degasser
Mg

Grain refiner

Zn

Ca Wettability

Si  Reinforcement’s
distribution

Liquid State (stir

castine B

Ti Blade erosion

Semi-solid Covering flux Porosity

Wetting agents Porosity

Research
opportunities Application

Porosity, wettability, Aerospace, defense,
matrix/reinforcements, automobile, marine,
sustainability marine, electronic,
efc.

Figure. 2.1 Various process variables impact the MMCs Performance [30]

2.2 Circular Economy Approaches in Aluminium Alloy

In the case of aluminium, include mining and also the transportation of bauxite,

refining the alumina, producing aluminium with primary and secondary processing,
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and the use of energy sources during the production process. An integral part of AMCs
production includes systematic by-products management, including red mud,
comprehensive waste management protocols, semi-finished processing stages,
including cold rolling, casting, hot rolling, heat treatment, forging and extrusion, as
well as purification by-products. These processes, as stated in references [53-54],
emphasise the necessity of sustainable practises, in view of the high environmental
footprints related to greenhouse gas emissions, waste production and energy
consumption. Figure 2.2 shows the impact of various sustainability initiatives as a
function of technology readiness level (TRL), for different alloy groups. [55-56]
Highly evident is that, for aluminium alloys, the implementation of electrically
powered processes using renewable energy sources such as hydropower is especially

powerful at high TRL, and it can be considered as one of the most effective strategies.

2.3 Rationale for Aluminium Matrix Composites (AMCs)

For instance, in the automotive industry, until the 1970s, cast iron and low-carbon steel
were the preferred materials and the engine block and the cylinder head were key
components of passenger cars. The significance of AMCs in this regard, as well as the
overall drive to improve their mechanical properties, remains profound. By using
ceramic or polymer reinforcements embedded inside a metal matrix, it is possible to
significantly enhance some important properties, such as strength or stiffness, or wear
resistance compared to a conventional monolithic metal. Numerous fabrication
techniques - powder metallurgy, in situ synthesis, and liquid metal infiltration - have
been investigated to produce said composites. Cast iron has been selected for both

parts due to its superior wear resistance, high temperature strength and ease of
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castability. Unfortunately, due to its significant density (7870 kg/m?), the engine block
is the most massive part of the car, and contributes about 3-4% to the total weight of
the car. To cut down the weight of vehicles and hence cut down CO; emissions, car
manufacturers are now substituting the cast iron of engine blocks with other
lightweight materials. Natural fibres and hybrid fibre composites are being used more
and more in this regard. These composites are so popular because they are cost

effective with better strength available and environmental benefits as well [14-17].
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Figure 2.2 Technological Readiness and Impact Potential of Sustainability Measures

in Structural Alloys [55-56].

Aluminium alloys are normally resistant to corrosion because they form a protective
oxide layer naturally on them. Some composites, however, exhibit a lower corrosion
resistance which is based on the type and amount of reinforcement added. The
scientific and technological importance of AMCs and related research in the field of

developing AMCs with enhanced properties is huge. Combining with a metal matrix
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other materials like ceramics or polymers allows to improve key properties, like
strength, stiffness or wear resistance, of a conventional metal. Several techniques are
available for fabrication of AMCs, such as powder metallurgy, in situ synthesis and
liquid metal infiltration. Achieving homogeneous dispersion of reinforcement in metal
matrix creates serious difficulties. Precise control over the spatial dispersion of

particles is an important necessary in ensuring a consistent mechanical performance.

2.4 Aluminium Matrix Composites (AMCs)

AMC:s find increasing application as e.g., drive shaft, brake rotor, piston, cylinder liner
[57-59]. One major problem in manufacturing composites is to ensure a good
interfacial bond between matrix and reinforcement. If matrix and reinforcement are
not well matched, the desired properties cannot be attained. Magnesium-based metallic
composites are subjected to limitations because of the higher oxidation rates and low
ductility at higher temperatures. To overcome these problems an inert atmosphere is
employed during the manufacturing [60-62]. Copper composites are always used when
thermal and electrical properties are significant; unfortunately, the pure copper is
weak, relative to other matrix materials [63-64]. AMCs mitigate many of these
limitations and possess good abrasion resistance [65-67]. The special properties that
come with aluminium make it a good combination with other materials for the
manufacture of composites. The classifications of aluminium alloys are distinguished
into heat treatable and non-heat treatable alloys depending on their response to the
hardening by precipitation. Heat treatable alloys develop maximum performance by
age hardening while non heat treatable alloys develop desirable properties by cold

working and natural aging. Heat treatable alloys can be performed only by using Age
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Hardening, and non-heat treatable alloys by using work hardening (cold working).
Figure 2.3 is a list of the wrought aluminium alloys that are suitable for metal matrix
composites (MMCs). The alloys of 1000 series are around 99% of pure aluminium
while the other elements are in alloys, like Al-Li (8000 series). Cast aluminium alloys,
which have systems such as A356, are also used to produce composites. There has
been a huge growth of research on aluminium MMC:s in the past 10 years. Aluminium
alloy 2024 (AA2024) is especially recognized widely known for its use in Aircraft

body, rivets, thin sheets, sporting goods, orthopaedic braces applications.

Metal
Alloying Element . - Mg Mn

Composition AlLCu M & A “' AlMg  AlMa
J e 3
Seri AA2000 AA4D00  AATO00  AAGO00 AAS000  AA3000
o Series Series Series Series Series Series
\ Y ) 1 Y )
; Heat Treatable Non-Heat Treatable
Hardening (Age Hardening) (Work Hardening)

Figure 2.3 Aluminium alloys Series [30]

2.5 Reinforcement Materials in Aluminium MMCs.

The performance of aluminium MMC:s is dependent on the type of reinforcement used.

Silicon carbide (SiC), aluminium oxide (Al>O3), boron carbide (B4C), titanium carbide
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(TiC) and titanium diboride (TiB2) ceramic reinforcements are common in the
literature. Such reinforcements are very hard, highly elastic and thermal stable and
therefore they lead to better composite properties.

One of the most common reinforcements that are in use is SiC due to its availability,
high hardness, and compatibility with the aluminium matrices. Al,O3 is highly
resistant to chemical acids as well as wearable, whereas the B4C has an incredible
hardness and low density. TiB> has received increased attention because it has high
melting point, better hardness and good wettability with molten aluminium than other
ceramics. Most of the researchers shows that TiB; reinforced aluminium composites
have increased hardness, tensile strength and wear resistance. Weight reduction is

often the top goal, which can be achieved by the strengthening of light metals.

2.5.1 Ceramic Reinforcement

The effect of ceramic reinforcement content on aluminium metal matrix composites
(Al -MMC) has been systematically investigated over the last decade. Reinforcement
weight %age is the overpowering parameter to the performance in its mechanical,
tribological and thermal aspects. Most studies report ceramic additions of 0.5 - 30 wt
%, depending on the type of reinforcement, particle size, and processing technique
[68-71]. Property enhancement is enhanced with reinforcement contents up to a certain
optimum content; beyond this content, agglomeration, porosity and interfacial stress
concentrations cause a decline in performance [72]. Silicon carbide (SiC) reinforced
aluminium composites, an increase in the reinforcement from 2 wt% to 10 wt% leads
to 15%-35% increase in ultimate tensile strength (UTS) and a 20%-60% increase in

hardness, compared with the base alloy [73-76]. At 15% to 20% wt% SiC, the hardness
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increases by 80% to 120% and the elastic modulus increases by 20% to 50%. However,
ductility decreases significantly, with elongations decreasing of 30% - 60% for more
than 10 wt% SiC, as a result of particle clustering and microcrack initiation [77]. From
wear studies, it is known that under dry sliding conditions 5 wt% SiC reduces wear
rate by 40 % to 70 % and 15 wt% SiC reduces wear rate by up to 90 % in dry sliding
condition [78]. Alumina (Al,O3) reinforced AI-MMC:s it can be stated that optimum
reinforcement concentrations are typically 5-12 wt%. Within this range, hardness
increases by 25-70 % and UTS improves by 10 %-30 % [79-81]. Above the 15 wt%
AL O3, tensile ductility decreases rapidly (>50%) because brittleness and stress
concentration at the particle-matrix interface increases [82]. Wear resistance is largely
enhanced, 30 % to 65 % reduction in wear rate of 6 % to 12 % wt% Al>O3 [83].
Titanium diboride (TiB2) reinforced aluminium composites exhibit superior
strengthening for lower levels compared to the other composites, which is attributed
to their good wettability and good interfacial bonding. Additions of just 2 to 6 wt%
TiB> result in between 30% - 65% of hardness and 20%-40% improvement in yield
strength [84-86]. At 8 wt% to 10 wt% TiB», the hardness is greater than 90% and
tensile strength is increased 35% to 50% due to grain refinement and Hall-Petch
strengthening [87]. TiB> also provides excellent wear resistance: a 50% - 85%
decreased wear rate with wt%. of 4% - 8% [88], compared with 10-80 wt% of SiC.
Boron carbide (B4C) reinforced composites, hardness values of 40 to 100 % and tensile
strength values of 15 to 35 % were achieved with addition of 5 to 10 % [89-90]. Wear
rates are lowered by 60% - 90% at 8-12 wt% B4C making these composites suitable
for high abrasion applications [26]. However, ductility losses of 40% - 70% are

common since of poor wettability and particle brittleness [91]. Similar trends are
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obtained for other carbide reinforcements including TiC, WC and NbC. Additions of
TiC ranging from 5 wt%-10 wt% give 30 wt%-80 wt% improvement in hardness and
20 wt%-40 wt% in tensile strength [92]. WC reinforcement gives extreme
enhancement of hardness up to 120% at ~15% wt% but results in significant increase
in the density and brittleness of the composite [93]. NbC additions of 2 wt% - 6wt%
give rise to 15%-30% yield strength increments, mostly by grain boundary pinning
and refinement [94]. Thermal properties are also very much affected by the content of
the ceramics. Dimensional stabilities are improved in thermal cycling applications by
SiC reinforced composites which reduce the coefficient of thermal expansion (CTE)
by 10%-35% at 10% - 20% wt% SiC [95]. Thermal conductivity may be reduced at
small levels 5%-15% because of interface scattering [96]. TiB, and AIN
reinforcements reduce CTE by 15 % - 30 % at 5-10 wt%. AIN has the ability to
enhance the thermal conductivity by 20 % - 40 %, which is suitable for electronic
packaging [97-98]. Low-cost reinforcements such as fly ash and ZrSi04, added usually
in amounts from 5 to 15 wt%, reduce composite density by 5 to 12% and increase wear
resistance for 30 to 60%. Nevertheless, improvements in tensile strength are small 5-
15 % [99 - 100]. Nano-reinforcements such as graphene, CNTs, even at 0.25% - 1%
wt%, provide increase in tensile strength by 20% -50% and increase in thermal
conductivity by 15% - 60%; dispersion problems are, however, of significance [101-
102]. from the literature, the following wt% of reinforcement is found to be optimum
ranges of mechanical, wear, and thermal properties: 5 wt%-12 wt% for SiC and Al>Os3,
3 wt% -8 wt% for TiB> and NbC, 5 wt%-10 wt% for B4C. Nano - ceramics, on the

other hand, need less than 1 wt% of nano - ceramics to strengthen them effectively.
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These results highlight the importance of reinforcement selection and contents

optimization on the design of high-performance AI-MMC:s.

2.5.2 Industrial Waste as a reinforcement

The use of industrial wastes as reinforcements in aluminium metal matrix composites
(Al- MMCs) has attracted much attention during last decade. Increasing focus on
sustainability, cost reduction, and mitigation of environmental impact have been the
drivers for this interest. Industrial by-products such as fly ash, red mud, blast furnace
slag, rice husk ash and bottom ash, quarry dust, waste glass, bagasse ash, marble dust
and steel slag have been investigated for alternative use as a reinforcement in place of
conventional ceramics. These waste materials contain hard ceramic constituents (SiO»,
Al20O3, Fe2O3, CaO and MgO) which are used to strengthen and provide wear
resistance on the addition to aluminium matrices. Research from year 2010 to 2025
reveal that aluminium composite reinforced with industrial waste is able to meet the
mechanical and tribological level of performance of the ceramic reinforced
counterparts with economic and environmental contribution [103-106]. Fly ash is the
most investigated industrial waste for Al- MMC:s. Its low density, for its great quantity
in supply and ceramic rich composition make it ideal. Studies show that adding 2-20
wt% fly ash will improve the properties, it will be good with most at 5-12 wt% [107].
one study reported that hardness and compressive strength of A356 alloy reinforced
by 10 wt% flyash were increased by 20-35% and 15-25% respectively. The
improvements are due to dispersion strengthening and load transfer. However, tensile
strength enhancements are relatively small (5-15 wt.%) at 8-10 wt.% and the ductility

decreases by 20-40% due to particle porosity and irregular particle shapes. [108-109]
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Fly ash helps to enhance the wear performance to a great extent. Wear rates are reduced
30-65% at 8-15 wt% fly ash at dry sliding. It also lowers composite density from 5-
12% which makes the material lightweight. Thermally the addition reduces thermal
conductivity by 10-25 % and decreases the coefficient of thermal expansion by 8-20
%, which improves the dimensional stability, but has reduced the ability of heat
dissipation [110-111]. Red mud - by-product in alumina extraction-contains large
quantities of Al,O3, Fe2O3 and TiO2, which is considered to be a suitable reinforcing
phase. Addition of 3-15 wt% red mud gives 25-55% improvement in hardness and 20-
30% more strength in compression than the base alloys. Tensile strength increases
moderate 10-20 % at optimum levels, decrease of elongation 30-50%. Wear resistance
is significantly improved, about 40-70 wt.% reduction at 8-12wt.% rate. Thermal
conductivity decreases 10-20 % and CTE decreases 10-25 % [112-113]. Rice husk ash
(RHA) is high in amorphous silica and is used in composites (3-12wt%). One of the
studied shows that 6 wt% RHA showed 20-40% increase in hardness, and 10-25%
increase in ultimate tensile strength. Wear rate reductions were between 35-60%.
However, if subsequent poor wettability and ash porosity are present, the particles may
agglomerate when reinforcement is greater than 10-12 wt %. Thermal conductivity is
reduced 12-30 % and CTE is reduced 10-22 % [114-115]. Low-cost reinforcements
like Waste glass powder and marble dust have also been used. Waste glass which
contains silica improves hardness by 20-45% and tensile strength by 8-18% at dosage
of 5 to 10 wt% or higher. Marble dust gives higher compressive strength but little
tensile strength because of calcium content present. Wear rate reductions by 25-50%
are reported for glass reinforced composites where as in case of marble dust, it has less

wear resistance than fly ash and red mud Recently works on hybrid systems of
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industrial wastes and conventional ceramics have been shown. For example, fly ash +
SiC or RHA + AlbOs3 hybrids increase the tensile strength by 20-40% and decrease the
wear rate by 50-80% as compared with single waste reinforcements. Although
industrial waste reinforced AI-MMCs have shown promising results in mechanical and
tribological performances, the tensile performance is still behind those of ceramic
reinforced composites. Main limitations have to do with the heterogeneity of the
particles, bad wettability, as well as the chemical heterogeneity. Nevertheless, these
composites reduce costs by 20-40 % and offer environmental advantages so that they
can be used for non-critical structural and wear applications Industrial waste materials
can be used to reinforce aluminium composites effectively, and the several studies
confirms this fact. Fly ash, red mud, RHA, slag and waste glass enhance hardness,
wear resistance and dimensional stability - especially when reinforcement between 5-
12 wt% is used. Hybrid reinforcement strategies and better processing provide routes
to overcome the encountered limitations and pose waste-based AI-MMCs as

sustainable options for future engineering applications [116-119].

2.6 Mechanical Behaviour of AMCs

Aluminium matrix composite (AMC) is an important material in the field of materials
science because it is made of aluminium and has low density and much stronger
mechanical properties such as high strength, hardness and wear resistance. This
interest originates in the requirement of lightweight and robust material for aerospace,
automotive and defense applications. Understanding the mechanical behaviour
influenced by the use of individual reinforcements, the combination and weight

fraction of the reinforcements is crucial for fundamental research as well as
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engineering design. The mechanical performance of AMCs relies strongly to the type,
distribution and volume fraction of reinforcement particles that are added to the
aluminium matrix metal. Common reinforcements (silicon carbide SiC, aluminium
oxide Al>Os3, boron carbide B4C) have been widely investigated due to high hardness
and modulus values which help hindering the dislocation movement and enhancing
the load transfer from the ductile matrix to the hard particle. These mechanisms
improve tensile strength, hardness and wear resistance when taken together often at
the expense of ductility [5,29]. Empirical studies of single - phase reinforcement
systems have shown that for most cases the reinforcement weight fraction increased
leads to improved mechanical properties up to some optimum. Beyond that point it can
be problems like particle agglomeration, interfacial defects that affect performance.
For example, stir cast AA6061/SiC composites of up to 15 wt % SiC exhibita 133.33%
increase in microhardness and a higher ultimate shear strength than unreinforced
AA6061[67]. Similarly, addition of 0-4 wt% SiC to AA6061 enhances hardness and
tensile strength of about 25 and 12% respectively, compressive strength about 12 %.
These results point out the reinforcement fraction as an important component of
property tuning. Similar trends are observed for studies of Al/B4C and hybrid systems.
B4C generally improves the hardness because of its inherent hardness, and also
improves wear resistance [88] Comparative studies have shown that B4C can achieve
higher mechanical improvements than SiC amounts of equal weight, in particular when
higher weight fractions are used. Hybrid composites with both SiC and B4C or the
addition of the secondary reinforcement such as graphite or TiO> can be used to alter
specific mechanical responses. For example, hybrid compositions of 7.5 wt% each of

ADO3 and B4C fracture strength is 154 MPa but ductility is reduced with increase in
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the amount of the ceramic [34]. Although, these results highlight a fundamental design
strategy in using strengthening materials that exhibit complementary reinforcements

in order to balance strength and ductility.

The literature also shows a nonlinear behaviour between the content of reinforcement
and the mechanical response. The volume fractions of higher weight generally increase
tensile strength and hardness, excessive reinforcement can result in particle cluster and
higher porosity, which can reduce the load-transference efficiency and mechanical
integrity. In powder-metallurgy AMCs, the best wear resistance and tensile strength
are only obtained at moderate levels of reinforcement, beyond which properties level-
off or worsen as the result of poorer densification and homogeneity. Hybrid systems
combining the ceramic with ductile reinforcements, such as TiO2, can yield an
improvement in strength and elongation at the same time and it has been shown that
some combinations can compensate for the embrittlement that is typical of ceramics
reinforcement alone [120]. Remarkable are quantified mechanical benefits, gains,
across AMC systems. SiC reinforcement can increase the hardness by 25% to 130%
than the base alloys and demonstrate how strong the ceramic particle has on plastic
deformation resistance. Tensile strength increments are also remarkable; the tensile
properties of Al7075 composites reinforced with B4C and coconut shell ash (CSA)
show the strength of hardness approximately 33% and tensile strength approximately
66% compared with the base alloy. However, these improvements often result in a loss
of elongation and ductility, which is a crucial element with regard to structural
application. Overall, from the literature, AMCs can be considered as highly tenable
materials in which the mechanical properties can be precisely regulated by the proper

choice of the types and weight fraction of the reinforcement. Relatively, in spite of

40



advancements, some problems remain to be tackled: uniform distribution of particles,
less interfacial defects, ductility and strength increase are some of them. Future
research should focus on advanced processing methods with a goal to minimise the
microstructural heterogeneities and to investigate new hybrid reinforcement systems
with the combined strength and toughness characteristics for next-generation structural
materials. Over the past two decades, researches of Aluminium matrix composites
(AMCs) made from aluminium and its alloys have been mainly concentrated on
enhancing mechanical performance of AMCs by the use of particulate and hybrid
reinforcement strategies. Investigations with alloys such as AA2024, AA6061,
AA7075 and cast alloys such as LM6/A356 show steady increases in tensile strength,
hardness, impact and flexural strength compared to monolithic aluminium matrices.
The amount of these gains varies with reinforcement type, weight fraction, particle
size and processing route, pointing out the critical relationship between the design of
materials and investigation of their mechanical performance.

Tensile strength improvements are made in AMCs most commonly by means of the
addition of hard ceramic particles, which can be SiC, Al,O3, B4C, TiC, as load-bearing
phases and grain refiners. In the case of AA2024, the ultimate tensile strength (UTS)
is increased by the addition of AIbO3 and SiC by promoting the transfer of load and
blocking the movement of the dislocations. For instance, UTS increases from around
97.8 MPa (unreinforced) to about 125.2 MPa in hybrid composites 0of 0.5/0.5 to 2.5/2.5
wt% AlO3/SiC with reinforcements [88], which is about 28% improvement.
AA6061/SiC composites produced by stir casting exhibited the increase of 25.6% in
tensile strength with 4 wt% SiC than that of the base alloy owing to homogeneous SiC

distribution and high particle-matrix bonding [121]. Hybrid AA6061 composites
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reinforced with B4C and SiC result in UTS improvements in the range of 16-20% with
the increasing of the reinforcement content, which indicates the synergistic effects at
nanoscale. Broad reviews show that tensile strength is enhanced by increase in
reinforcement content up to an optimum (10-15 wt%). Beyond this, particle
agglomeration and porosity can cause a reduction in benefits. Finer particulates
contribute to strength improvement owing to the contact of large surface area and the
restraining of dislocation movement [91].

Improvements in hardness are regularly achieved in AMCs. Ceramic reinforcements
the possibilities of plastic deformation. In AA2024 composites, both the Vickers
hardness increases significantly, as the amount of Al>O3/SiC increases up from the
base alloy [35]. A holistic analysis of AA6061 composites has found that with more
SiC, Al>O3, and B4C, hardness as well as tensile strength increases. For example, a
AA6061/15 wt% SiC has more than 130% higher micro-header compared to
unreinforced alloy [88]. Hybrid composites such as based on TIB> and AIN have about
25% increase in hardness compared to single reinforcement [97]. Industrial Waste
derived Reinforcements (Fly ash) has also been found to improve hardness on LM6
based composites; the introduction of fly ash gives rise to an increase in hardness of
88 % as compared to unreinforced alloys [122].

Flexural strength testing using three-point bending provides information about tensile
and compressive behaviour under bending loads and shows the composite resistance
to the bending deformation [123]. Hybrid composites are often observed to exhibit
good flexural gains over monolithic alloys. Studies on AA2024 and LM6-based
composites with agro - waste and hybrid particulate reinforcements provide flexural

strength increase of 18-30 percent considering that wellness of reinforcement phases
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impedes crack growth and delay the bending failure.[124] AA6061 composites with
these two materials (SiC and Al>O3) and hybrid nano-reinforcements of two materials
(B4C/SiC) showed flexural enhanced modulus and strength, which proved that using
hybrid reinforcement not only stiffens but also resists bending fracture.[42]. Flexural
gains are also related to the microstructural refinement and lower porosity obtained by
means of sophisticated processing routes like squeeze casting and electromagnetic

stirring.

2.7 Tribological Behaviour of AMCs

The tribological performance of aluminium matrix composites (AMCs) determine the
suitability of these composites for friction intensive applications such as the brake rotor
in the automotive industry, the bearings and sliding mechanical interfaces in the
aerospace industry. Monolithic Aluminium alloys exhibit a low wear resistance and
high friction in sliding dry conditions due to the low hardness and adhesive wear. In
comparison, AMCs reinforced with ceramic particulates (SiC, Al>O3, B4C, TiC, TiB»)
and hybrid combinations with solid lubricants have significantly lower wear rates, and
altered coefficient of friction (COF) profiles, across a number of different conditions
[125].

Ceramic particles perform the role of load bearing phase. They reduce matrix
deformation, encourage abrasive rather than adhesive mechanisms of wear and result
in reduced overall wear rate. Reviews find composites that have SiC and Al,O; wear
faster than the unreinforced alloys due to their higher hardness and stable sliding

surfaces [126].
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AA7075 composites reinforced with SiC/BN nano powders based on friction stir
processing showed an improvement of 53-61% of the wear resistance. Nanoparticles
can perform better than millimetre scale particles in terms of better supporting contact
stresses and inhibiting material removal. the use of SiC-graphite hybrid increased wear
resistance by 78% and also changes of wear mechanism from frictional fatigue to
abrasive/exfoliative [127].

Fly ash (FA) in AMCs also minimises wear volume at a constant load and speed.
Coarse FA particles have better anchorage with the matrix and do not suffer from
pullout unlike fine particles, which leads to lower wear. However, an increase of load
and sliding speed normally increases the rate of wear due to increased plastic
deformation and oxide film breakdown. This clearly highlights the necessity to
optimise at the same time the reinforcement and the operating conditions [128].

COF in AMCs:s is a function of the type of reinforcing utilised, weight fraction, load
and sliding speed. Uniform dispersion of SiC reduces the COF compared to the matrix
alloy by reducing the adhesive interactions and fostering stable debris. COF increased
with increasing SiC content but decreased with increasing sliding speed pointers to
tribolayer formation and temperature effect [129].

Loading, velocity of sliding, and distance have a significant influence on wear rate and
COF. Taguchi and ANOVA studies have always shown that the load is the most
significant mechanism for wear followed by the distance and velocity. Generally, wear
rate increases with increasing loads and speeds, whereas COF trends can be related to
tribolayer formation, temperature increases and softening of the matrix. Under
moderate conditions oxides and reinforcement induced hardness improves wear and

friction; beyond critical loads/speeds matrix damage can be more damaging [130-132].
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Aluminium alloys including AA2024, AA6061, AA7075, AA6082, LM27, LM25, are
all research of tribology. Reinforcement always results in wear rate and COF reduction
when compared with unreinforced alloys. The amount of improvement is dependent
on alloy chemistry, the type of reinforcement and microstructural integrity from
fabrication. For example, LM27 alloys with TiO2 exhibit large reduction of wear rate
at higher reinforcement level, which reflects the wide uses of ceramic particulates in
aluminium series.

The best improvements are observed for hybrid AMCs that combine hard ceramics
and solid lubricants (e.g., SiC/Gr, SiC/B4C/CNT) or nano-scale reinforcements. In
comparison with the single-phase reinforcements, these systems utilise wear rate and
COF reductions simultaneously by enhanced load transfer, tribolayer formation and
synergy mechanisms that stabilise sliding contact.

2.8 Thermal Properties of Aluminium Matrix Composites (AMCs)

Thermal management is very important in the design of modern composite materials
for aerospace, automotive, electronics and energy systems.[133] Aluminium matrix
composites (AMCs) are being studied for their thermal conductivity, coefficient of
thermal expansion (CTE) and thermal diffusivity properties as these properties
regulate heat dissipation, dimensional stability during temperature change and thermal
stress in structural parts. Aluminium alloys generally present high thermal
conductivity and moderate CTE values, but the additional presence of ceramic or
carbon or even hybrid reinforcements will allow the modification of both properties
according to the requirements. Thermal conductivity measurement (k) is a
measurement of the appropriateness for conductive heat and matters with heat sinks,

engine parts of automobiles, brake discs, electronic housings [134-135]. Pure
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aluminium conducts electricity well by free transport of heat. When it is alloyed or
reinforced, the second phase particles scatter the phonons and interfere with the
electron pathways, making it less conductive. SiC reinforcement normally reduces
thermal conductivity as compared to unreinforced matrices due to increase in
scattering in the interface and the broken heat path; the amount of reduction is a
function of particle size and distribution. For example, stir-cast Al MMCs containing
0-30 wt% SiC were found to result in changes in thermal diffusivity and conductivity
that were measurable up to 500°C with the main heat transfer behaviour being
governed by the metal-ceramic interface. Al/SiC/graphite hybrids also prove that small
fractions of weight of SiC and graphite affect the k at room temperature to high
temperatures. Low wt.% hybridise the thermal transport and material integrity.
Graphite and other carbon reinforcements are capable of improving conductivity in
preferential directions due to their high intrinsic conductivity and, in particular,
because arranging the reinforcement in the form of flakes or networks improves the
conductivity. However, overall composite behaviour and behaviour in relation to
orientation and processing method [136-137]. Powder-metallurgy studies of
aluminium and graphite composites showed that with increase of graphite volume
fraction conductivity dramatically increased (e.g., 10-90 vol.% of graphite increases k
from 324 to 783 W/m-K) and also CTE differs. Multiscale reinforcements such as
multi-walled carbon nanotubes (MWCNTs) and graphene help to enhance the
transport of phonons, which are important at low temperatures. It is possible at high
temperatures that the interface scattering reduces the conductivity, and indicates
complex temperature dependent transport of hybrid AMCs. CTE is an indicator as to

how much a material is expanded or contracted by temperature changes, which is
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essential for composites that are experiencing thermal cycling or are attached to
different materials. Aluminium alloys normally exhibit CTE of about 20-23*10° K!.
Reinforcements having lower CTEs such as SiC, Al>O3, B4C and graphite have lower
CTEs compared to aluminium matrix, thus, reinforcements reduce the dimensional
stability of composite resulting in lower thermal stress mismatch. Hybrid composites
with SiC and graphite indicate the improvement of dimensional stability with an
increasing graphite content without dramatic variation in different particle sizes.
Adding of SiC further reduces the expansion, in comparison to base alloy, due to
constrained matrix expansion. Ceramics such as B4C and oxides also perform well to
reduce CTE in general, as the volume fraction of the reinforcing phase, and the particle
size is reduced, the CTE of AMC will be reduced, but excessive amount of reinforcing
phases will lead to the clumping and stress concentration. Key microstructural features
- particle dispersion, interface quality, porosity and reaction phases Al4Cs have a strong
influence on thermal behaviour. Porosity and heterogeneities cause the scattering of
phonons and electrons which reduces the conductivity. Processing methods (stir
casting, powder metallurgy, squeeze casting, spark plasma sintering) modification and
manipulation of interfaces by alloying or coating could be used for by-passing these
problems. AMCs intended to fulfil specific thermal applications-for brake discs,
engine components and electronics packaging-need to combine conductivity with CTE
to efficiently remove heat while maintaining dimensional integrity with loads.
Ongoing advances in high temperature measurements and thermal transport modelling
are paving the way to more accurate predictions and control of composite thermal
behaviour, which is a critical requirement in applications of high-performance

engineering applications [138-141].
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2.9 Computational Analysis of Reinforced and Unreinforced Al-2024-Based

Composites

Computational modelling has played a decisive role in elucidating the deformation,
strengthening, and failure mechanisms of aluminium matrix composites (AMCs),
particularly those reinforced with ceramic particulates. Early combined experimental-
theoretical studies laid the groundwork for understanding microstructural evolution
and mechanical response under service conditions.

The transition toward fully coupled experimental-computational frameworks was
marked by the work of Li et al. [142], who developed a damage evolution model for
discontinuously reinforced aluminium matrix composites. Their micromechanical
simulations accurately predicted strain localization, particle cracking, and matrix
damage accumulation, demonstrating that reinforcement volume fraction directly
controls stiffness enhancement and failure strain reduction. This study quantitatively
linked increased elastic modulus and tensile strength to effective load transfer, while
also capturing the premature damage initiation at higher particle contents.
Finite-element-based micromechanical modelling was significantly advanced by
Aghdam et al. [143], who simulated yield and collapse behaviour of metal matrix
composites. Their results showed that increasing ceramic particle volume fraction
leads to higher macroscopic yield strength--often by 20-40% depending on
reinforcement geometry--but also intensifies local stress concentrations, ultimately
limiting ductility. These findings were reinforced by multiscale approaches developed
by Xia and Curtin [144], who demonstrated that damage evolution in aluminium

matrix composites is governed by particle fracture and interface decohesion,
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mechanisms that computational models can predict with high fidelity across length
scales.

Although Cannillo et al. [145], focused on glass-alumina composites, their numerical
fracture modelling provided transferable insights into ceramic-reinforced metal
systems, particularly regarding crack deflection and toughening mechanisms. These
principles were later applied to AMCs to explain enhanced hardness and stiffness
alongside reduced fracture toughness at higher reinforcement contents.
Process-oriented computational modelling gained prominence with Ilie et al. [146],
who simulated extrusion of Al-SiC composites using coupled macro- and micro scale
methods. Their analysis demonstrated that reinforcement particles induce
heterogeneous strain and residual stress fields, which directly influence post-
processing mechanical properties. This observation aligns with later progressive
damage frameworks for composites developed by Tay et al. [147], which emphasized
the importance of incorporating stiffness degradation and failure criteria into
numerical simulations.

Microstructure-based finite element modelling by Prabu and Karunamoorthy [148],
quantitatively showed that particle-reinforced AMCs exhibit substantial increases in
stiffness and strength--typically 25-50% improvement in elastic modulus and yield
strength--depending on particle size and distribution. Their work confirmed that
computational models can predict failure initiation sites with strong agreement to
experiments.

Computational machining and tribological studies further expanded the application of
numerical methods. Umer et al. [149], employed cohesive zone modelling to simulate

machining of particle-reinforced AMCs, demonstrating that ceramic particles
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significantly increase cutting forces and tool wear due to elevated local hardness.
Kursun et al. [150], combined experiments and simulations for alumina-reinforced
aluminium composites, reporting hardness increases exceeding 40% at moderate
AL O3 contents, while numerical stress analysis revealed increased brittleness at higher
reinforcement levels.

Review-level syntheses by Abidin et al. [151] and Talreja and Varna et al. [152],
emphasized that modern computational frameworks--ranging from micromechanics to
continuum damage mechanics--are now capable of predicting stiffness enhancement,
strength gains, and failure modes with high accuracy, provided that particle
morphology and interface properties are explicitly modelled.

Recent studies have increasingly focused on quantitative prediction of strength
improvements. Biswas et al. [153], combined experiments and finite element
modelling to analyse compressive failure in in-situ AI-Mg>Si composites, showing
compressive strength increases exceeding 30%, with simulations accurately capturing
particle-induced constraint of matrix plasticity. Balokhonov et al. [154], further
demonstrated that residual stresses around carbide particles significantly influence
yield strength and fracture behaviour, with numerical models predicting up to 25%
variation in strength depending on residual stress state.

Advanced computational frameworks have also been applied to fibre-metal laminates
and hybrid composites. Thomas et al. [155], provided a comprehensive computational
review showing that numerical models reliably predict stiffness and strength
improvements of 20-50% in laminated aluminium composites. Farid et al. [156],
specifically quantified the strengthening effect of TiC reinforcement in aluminium

matrices, demonstrating via coupled experimental-computational analysis that 5-10
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wt% TiC yields hardness increases of approximately 30-80% and tensile strength
improvements of 20-40%, attributed to grain refinement and effective load transfer
captured in simulations.

State-of-the-art reviews by Bhuvaneswari et al. [157], highlighted the increasing role
of simulation-driven design in composites, while recent multiscale optimization
studies by Shaquib et al. [158], demonstrated that fly-ash-reinforced AMCs can be
computationally tailored to achieve balanced improvements in stiffness, wear
resistance, and thermal stability. Kumar at al. [159], applied numerical wear models to
hybrid AMCs for piston applications, reporting wear rate reductions exceeding 40%
with reinforcement addition, closely matching experimental observations.

Finally, digital materials modelling tools such as DIGIMAT have enabled rapid
parametric studies. Votarikari et. al. [160], showed that computational homogenization
predicts increases in elastic modulus and yield strength of 15-35% depending on
particle type and volume fraction, confirming the reliability of virtual material design
for AMCs.

Concluding Synthesis Collectively, these studies demonstrate that computational
analysis has evolved from qualitative interpretation to quantitative prediction of
mechanical property enhancement in aluminium matrix composites. Across a wide
range of reinforcements and modelling approaches, numerical simulations consistently
predict stiffness, hardness, and strength improvements ranging from 20% to over 80%,
while also identifying critical trade-offs such as reduced ductility and increased stress
concentration. These findings firmly establish computation-driven design as a

cornerstone for the optimization of next-generation aluminium matrix composites.
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AA2024 composites are known for having a high strength to weight ratio and a wide
range of applications in the aerospace and automotive industries. Computational
modelling has become crucial for unravelling the mechanisms of deformation,
predicting the mechanical property enhancement, and for the optimal design of the
microstructure for AA2024 composites. Numerical simulations provide an accurate
value of the effects of reinforcements on hardness, yield strength, fatigue life, and
impact resistance. Early studies of fibre and particulate reinforced with matrix AA2024
focused on the improvement of wear resistance and strength. Naplocha et al. [161],
found that the use of fibre reinforced AA2024 decreases the material loss during dry
sliding, while the computational models of wear show an accurate prediction of stress
distribution depending on the load, and that this corresponds to the observed reduction
of the wear - of up to 70 %. Rao et al. [162], researched on AA2024 with fly ash
particles and found 15-25% improvements in the yield and tensile strength, which was
supported by simulations of effective load transfer from the matrix to the particles.
Shabani et. al. [163], have performed computational optimization on cast AA2024
composites and have found that the presence of low-volume fractions (5-10 wt%)
increases the hardness by 30-50% and tensile strength by 15-30%. Higher fractions,
result in focusing of stress and there is a possibility of ductility loss. Their models
indicated various optimal intermittent structures for reinforcement, which maximised
controlled microstructure for maximum performance. Failure mechanisms of bolts in
bolted joints and complex structures have been explained by the finite element
analyses. Fallahnezhad et. al. [164], provided a double-lap bolted AA2024-T3 joint
modelling performed by showing a maximum stress in any fastener holes of more than

250 MPa for single fasteners. Simulation results were consistent with experimental
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crack initiation sites, and implied that the use of matrix reinforcement may reduce the
local stress peaks by as much as 20%. Electro - discharge machining of particulate
reinforced materials AA2024 was studied by Daneshmand et. al. [165], Their
simulations predicted hardness increases of a 40% and altered heat affected zones with
7.5 Wt% Al>Os, which matched the value of a 30 to 35 percent reduction in surface
wear observed experimentally. Computational parametric studies were employed in
order to optimise EDM parameters in terms of surface cracking and tool wear. The
particle fracture and fatigue were extensively modelled. Wisner et. al. [166], were able
to quantify particle induced stress concentrations under cyclic loading conditions and
found that 5-10wt% of ceramic reinforcement increased fatigue initiation stress by 15-
25% but decreased elongation by 20-30%. Shin and Bae et al. [167] obtained 25 to 40
of fatigue life improvement using multiple walled carbon nanotube reinforcement that
was verified through crack growth simulations. Mazlan et. al. [168], took this one step
further to high temperature cases, showing a reduction in fatigue life by 20-35% for
AA2024-T3. good prediction of the crack propagation rate using numerical models.
High strain rate and impact behaviour was studied through analytical and finite
element methods. Gara et al. [169], simulated high-speed impact on AA2024 and the
results indicated a good agreement with the experimental results in predicting stress
and strain distributions and a 15-20% increase in the energy-absorbing capability of
the reinforced alloys. Balokhonov et al. [170], using polycrystalline simulations have
determined that residual stress heterogeneity can alter local yield strength by a
significant amount (up to 25 convexity) which affects the initiation of fracture.
Fragmentation under extreme strain rates was further investigated by Gara et al. [171],

demonstrating the accurate prediction of crack coalescence and particle breakage by
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numerical models with an increase of strain localization of 10%-15% in
microstructurally heterogeneous areas. Additively manufactured AA2024 also has the
advantage of being computer microstructurally designed. Gairola etal. [172],
estimated a 20-30% decrease in the fatigue-crack growth rates and 15% increase in the
fracture toughness using micro-informed finite element models. Nanocomposite
reinforcement with TiO> has been made successfully analysed numerically. Mahan et
al. [173], found that 2 -5 wt% TiO nanoparticles can increase the hardness of the
material by 35 - 50 wt% and the yield strength by 20 - 30 wt% that can be attributed
to particle-induced dislocation pinning and decreased local plastic strain. Farid et al.
[174], reported a 30 to 80 wat percent increase of hardness and a 20 to 40 wat percent
increase of tensile strength with 5-10 wt% TiC indicating successful transfer of loads
and grain refinement actions that were predicted by simulations. Finally, ballistic
simulations by MK et al. [175] showed that multi-layered AA2024 has 15-25% more
energy-absorber capability than monolithic plates. Their models predict stress wave
propagation and sequence of failure with high fidelity and hence value of
computational analysis in the design of AA2024 structures for extreme mechanical

loading applications, including aerospace and defence applications.

2.10 Historical Development of hybrid aluminium matrix composites (HAMCs)

HAMCs are innovative matrix materials that are being used in aerospace and
automotive industries to provide a lightweight solution that is combined with high
strength [176]. Among the manufacturing techniques, stir casting is highly appreciated
by its simplicity and cost-effectiveness [177]. Generally, HAMCs are made through

one of the following: a) solid-state processing (diffusion bonding, powder metallurgy,
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physical vapor deposition) b) liquid-state processing, ¢) in situ processing. Researchers
have found stir casting to be the most successful of such techniques [178]. Key process
parameters melting temperature, stirrer speed, stirring time, stirrer position and
reinforcing movement, stirrer design, die preheat, reinforcement choice, etc. are some
of the process parameters that need to be optimized since they determine the final
properties of the composite [179].

Reinforcements have a significant influence on the composites, such as strength,
toughness, and wear resistance, and while fabrication is an issue, it involves the
uniform dispersion of particles and minimization of defects [180]. During the past two
decades, there has been significant development for aluminium matrix composites
(AMCs). numerous researchers have offered some solutions to overcome these
limitations. One is to reinforce the AMCs with agricultural and industrial waste, which
created improvements in performance when compared with unreinforced composite
materials [181]. A second approach involves the use of nano and micron-sized
particles (approx. 50 micrometres to 100 nanometre) which improve strength, ductility
and fracture toughness 182]. The disadvantages of this method are the shortage of
“suitable nanoparticles, insufficient wear resistance and non-economical production.
The third strategy presents high-performance HAMCs consisting of composite
materials composed of nano, micro and macro particles combinations, which provide
a less mixing cost than the single reinforced developed AMCs [183]. HAMC:s also
substitute synthetic ceramic reinforcements with industrial and agricultural waste,
which is cost-effective and has a smaller impact on the environment [184]. These
composites have been viewed as promising for allowing the demands of high-end

engineering applications to be met. To prepare AMCs exhibiting desired properties
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fairly dispersion of the reinforcements in the aluminium matrix and the optimal process
parameters are the keys [185]. Nonetheless, some studies have been done in the frame
of single reinforcement AMCs aiming at improving mechanical and tribological
performances [186]. In order to further improve these properties, more than one
reinforcement can be added to a single matrix, i.e., Al. Common wear mechanisms
experienced in AMCs are mild abrasive wear, oxidative wear, delamination and severe
plastic deformation. To overcome the shortcomings of the single reinforcing system,
hybrid aluminium matrix composite (HAMC) has been designed by incorporating two
or more synthetic reinforcements in the aluminium matrix [187]. Many technical areas
- such as aviation, automotive, optics, antennas, advanced electronics and precision
instruments - require dimensional stability and sufficient mechanical strength. High
thermal conductivity with low density is also an important requirement for good
thermal management for electronic applications [188]. Strengthening in these
materials 1s due to the load transfer, dislocation pinning and Orowan mechanisms.
Though promising in aerospace and automotive industries as well as biomedical
engineering, single-reinforcement AMCs with low reinforcement content cannot
provide the best possible combination of properties [189].

In recent decades, the wastes generated in industrial and agricultural processes such as
graphite, fly ash, red mud, ash of bamboo and rice husk, leaf ash, bagasse ash, maize
stalk ash, palm kernel shell ash, and coconut shell have been included in research
works. These wastes, if used judiciously, do not have a negative effect on the
composite's properties while contributing to sustainability., which provide a way to
achieve sustainable alternatives to synthetic ceramics. Dual synthesis ceramics,

however, have a tendency of making composites less ductile and more brittle, thus
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resulting in more roughness on the surface during machining and weight due to density
mismatch between particles and matrix [190]. In addition, synthetic ceramics are
known to difficult abrasives that are expensive. Using agro-wastes is the solution to
overcome these issues, and at the same time reduces the amount of environmental
pollution. In the ex- situ method, the reinforcements are added to molten metal, under
this condition of poor wettability and particle agglomeration is expected. Studies
shows the addition of reinforcement improves mechanical properties over the original
as-cast alloy, but at a certain point, excessive clustering decreases performance.
Conventional stir casting is popular because it makes such clumping easily and this is
a major drawback. Ultrasonic treatment of the melt after the mechanical stirring
process has been used to reduce agglomeration, which improved the particle
distribution. [191].

As a result, non-uniform distribution of reinforcement is achieved due to uneven
mixing. The in-situ method, in which reinforcement is formed by an internal chemical
reaction, eliminates these issues well. When selecting reinforcements for a particular
application, consideration must be given to factors such as force, temperature, particle
load, sliding speed, sliding distance and opposing surface hardness as this has a critical
effect on the durability of composites [192]. Understanding the relationship between
these elements and morphology and wear processes allows accurate determination of
aluminium MMC wear performance. This review is focused on the fabrication of
aluminium metal matrix composites (MMCs) by all the methods currently employed
and analyses the influence of the fabrication method on the wear behaviour and
mechanical characteristics of various reinforcements in the aluminium matrix are the

subject of continuing investigation. The microstructure of diverse composites is
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discussed in detail, keeping in mind the refinement of grains. The review also discusses
the complex use of aluminium. MMCs, the many challenges faced as well as proposing

solutions to such issues.

2.11 Stir Casting Technique for Aluminium Metal Matrix Composite

The effectiveness of MMCs is largely determined by their fabrication process. There
are many processing methods for the development of composite such as casting, stir
casting, powder metallurgy, squeeze casting, infiltration and additive manufacturing.
Among them, the most inexpensive and scaled-up technique of producing aluminium-
based MMCs is the stir casting technique as shown in Figure 2.4 primarily to create an
automotive and aerospace parts [193]. The stir casting process may be affected by low
processing parameters between the matrix and reinforcement necessitating good
optimization of processing otherwise reinforcement agglomeration, porosity take place
[194]. Gas injection and stir-casting method was developed to prepare the graphite
composite and found that developed composite had the better mechanical properties
than monolithic alloy [195]. These composites exhibited good tensile strength and
hardness due to high SiC content. Another research work was performed to predict the
mechanical properties of aluminium based composite by simulation and numerical
methods [196].

A mechanical stirrer was used for mixing of Al>Os reinforcement and Al-6061. The
developed composite had superior mechanical properties than the matrix metal. Tee et
al. Produced an Al/TiB> composite prepared by stir casting in argon atmosphere [ 197].

Metallurgical investigations revealed the fair distribution of scattered particles. Stir
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speed effects were investigated during AMC production [198] and suggested that
constant stirrer speed is better to avoid defects

The ultimate tensile strength (UTS) was found to increase using stirrer speeds of up to
300 rpm. At such conditions, the addition of BLA gave an increase of hardness and
tensile strength of 4% respectively. fabricated SiC/Al-6061 AMCs using stir-casting
technique and investigated the effect of SiC on the mechanical characteristics. The
study revealed that the composite having 15 wt.% SiC enhanced the ultimate tensile
strength by 65.2% and micro hardness by 133.3%, to the base matrix [199-200.]
Computational modelling and simulation ensured the correlation of several factors
involved in the process such as blade number and stirring velocity in stir-casting.[201]
A detailed computer model examined the effect of feeder on the fabrication of AMC

Reinforcing particles were applied by improved funnel type feeding mechanism and a
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Figure 2.4 Line diagram of a conventional stir-casting set-up

stirrer to ensure relatively fairly distribution of reinforcement into the molten base

59



metal. In a separate research Stir Casting method was used to develop AMCs using
Fly Ash Reinforcement (2, 4, and 6 wt %). Tribological test with AMCs containing
6% fly ash showed low wear rate while the 4 percent fly ash composite exhibited low
coefficient of friction [202]. A detailed investigation showed that the stirring intensity
and times had major influences on the agglomeration, inclusions and oxidation of pure
Al and TiB2 compounds. SiCp addition lead to the decrease of dendrite length and the
increase of nucleation frequency, which lead to the increase of tensile strength [203].
Vacuum moulding assisted stir-casting used by Singh et al. [204] was employed to
produce Al-6063 based SiC reinforced composites by optimizing the process
parameters to enhance the wear characteristics. Kannan et al. [205] used stir and
squeeze casting for the preparation of SiC/A17075 and SiC/Al>03/Al17075 composites
and compared and deliberated the properties. The UTS enhanced was attributed to two
factors: improved bonding between the reinforcing and molten aluminium and
chemical protection of the fibres. Another work has also been carried out with a thermo
mechanical simulator to simulate the isothermal compression on SiC/Al6061
composites manufactured by squeeze casting [206].

The reciprocating wear experiments exposed that the wear resistance of composites
was increased by 20-40% with the increase of the reinforcement and decreased with
the increase of the wear parameters. Bembalge and Panigrahi fabricated bulk ultrafine
grained (UFG) AA6063/4(wt.%SiC) composite sheets using hybrid technology
combining stir casting and cryo-severe plastic deformation. The sheets contained SiC
reinforcements of various sizes. Reinforcements were as small as: 1nm, 12nm and
45nm. In these UFG composites, the effectiveness of cryo-rolling and the particle size

resulted in microstructural refinement with all the UFG grains obtained less than 350
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nm. The refinement resulted in a high dislocation density with a great improvement in
tensile strength. Specifically, tensile strength increased by 88%, 108% and 141%
compared to the un-reinforced alloy, according to SiC particle size [207].
Sambathkumar et al. [208] used a two-stage casting route to manufacture AA7075
HMMC reinforced with nano Al>O3 and the micro fibre coconut shell ash resulted
appreciable enhancements in mechanical nature. Pazhouhanfar and Eghbali produced
Al6061 based composites with 3, 6, and 7 weight percent of TiB» by stir casting and
investigated the mechanical performance and microstructure. Tensile testing revealed
an increase in the ultimate tensile strength to 257 MPa after 9 wt.% TiB: addition; an
increase of 29.2 percent compared to base alloy [209].

Stir-casting parameters affect the mechanical behaviour of AMCs. While a large
number of studies have been conducted on the stir casting process, there are very few
that have optimized the parameters of stir-process. This study aims to develop hybrid
composites and find the best values of the parameters to enhance Ultimate Tensile
Strength (UTS), Hardness (HN), Impact Strength, Flexural Strength and Wear Rate of
the developed composites. There were parameter levels that were tested in order to
identify the combination that will show the best performance.

Reinforcement size: In stir casting, the particle size is one of vital parameter that
affects the strength of the material. As a general rule of thumb, the smaller the particles
size there was an improvement in the mechanical properties however the proper
mixing of the fine or smaller was difficult [210-211]

Stirring speed: Stirring helps in distributing the reinforcement particles in the matrix
and follows the viscosity of molten aluminium. The viscosity has to be good: too high,

the particles found it difficult moving; too low, the particles could not be suspended.
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Increased speeds result in an increased spacing between particles. Exact stirring speeds
cannot be mentioned because they are dependent on the geometry of the stirrer blades
[212].

Stirring time: Impact on particle dispersion: To make a dispersion homogeneous is
important to ensure good mechanical performance. An increased stirring time results
in a more fairly distribution and optimal particle separation. However, no such
optimum value are specified it may be differ for different condition [212-213].
Melting temperature: The viscosity is reduced, which may not be desirable at high
melting temperature however the wetting ability of the molten matter enhanced. At the
low melting temperature, there is a particle agglomeration. For this reason, it is
essential to maintain a suitable melting temperature [32-214].

Reinforcement and mould preheating temperature: Reinforcement and mould
preheating temperature has a great effect on the MMC characteristics. Before pouring
the reinforcement materials into the molten matrix it kept for the preheating in muffle
furnace at controlled temperature, the preheating temperature was varied for
reinforcement to reinforcement. At 300°C, the form factor drops dramatically,
resulting in reduced performance. Mould temperature that is too low results in cold
shut defects and poor mechanical quality. Extremely high temperatures of dies
negatively impact the working environment and diminish productivity [213].

Stirrer blade Geometry: Mixing of the reinforcement particles and matrix material
also depend on the blade design. The impeller or blade design was very important in
creating a vortex and ensuring good melting. To reduce a reaction between the stirrer
made of stainless steel and matrix material (Al alloys) at high temperatures, stirrer

blades coated with zirconia [215-216].

62



2.12 Identified Research Gaps
From the archival literature review following research gaps have been identified.

» Waste materials offer potential as alternative reinforcements to enhance base
material properties, though their application in developing MMC:s for specific
uses remains underexplored.

» Several studies suggest that combining waste materials with ceramic particles
can enhance base material properties, yet the individual contribution of each
reinforcement still requires detailed investigation.

» It has been observed that very few researchers utilized Waste glass powder
along with TiB; in the development of an aluminium-based hybrid composite.

» The Process parameters of stir casting still needs the optimum solution to get
the MMCs with negligible defects.

» The wear performance of materials for specific applications involving metallic
contact remains insufficiently explored and requires further detailed
investigation.

2.13 Research Objectives

» Development of TiB, + Waste glass powder + Nano CuO particles reinforced
metal matrix composite with AA2024 aluminium alloy matrix by Stir Casting
and its Characterization.

» Investigation of Mechanical, Wear, and Thermal properties of developed
composite material.

» Investigation of failure behaviour of developed composite material and its

computational analysis.
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Chapter 3
Materials and Methods

3.1 Matrix Material

Aluminium Alloy was chosen as a matrix material, in view of their extensive use in
the production of various components used in Aerospace, Missile, Defence Sports
Equipment Automotive Medical and Marine industries [217-218]. Aluminium 2024 is
considered a Matrix in this current study. In the 2000 aluminium Series, the widely

used material is AA2024.

Table 3.1 Chemical composition of AA2024 is as follows:

Component Al | Cu Mg Si O | Ca| Fe Na Ti
Weight Percentage
(Wt. %) 90.8 | 4.1 14 [05] 24 |{01] 04 | 02 | 0.1

Figure 3.1. a) Matrix Material AA2024 b) SEM Image of AA2024 and ¢) EDS Result
of the Matrix Material
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Lightweight, high-strength, efficient & economical components are required to
produce in Aerospace and automobile industries, due to increased fuel costs day by
day as well as emission norms. The higher amount of tension as well as fatigue have
been faced by aircraft wing, and fuselage structure, are manufactured by using
AA2024 [219]. Table 3.1 and Figure 3.1 a) Matrix Material AA2024 b) SEM Image
of AA2024 and c) EDS Result of the Matrix Material the Shows chemical composition

respectively.

3.2 Reinforcements

AMCs are being developed using different type reinforcement materials and
fabrication techniques. In the present study, three reinforcements we have explored
TiB., Nano-CuO, and Waste glass powder composites. Each reinforcement has its own
advantages: TiB2 enhances the oxidation stability and corrosion resistance; Nano-CuO
enhances the wettability of silica in the Al matrix which leads to better mechanical
performance; crystalline silica enhances hardness and strength; and Waste glass

powder adheres well on Al which also strengthens and hardness the matrix [220-221]

3.2.1 Titanium Diboride (TiB:)

Due to the exceptional properties of TiB,, it is considered a primary reinforcement in
the development of AA2024-based composite material. The hexagonal crystal
structure of the TiB2 makes it suitable for both functional and structural applications,
also it exhibits excellent thermal and electrical properties. The presence of TiB: in the
composite material improves the thermal stability and refractoriness, which is desired
for high-temperature applications [85-86]. The strong interfacial bonding and high

stiffness with the matrix material permit efficient load transfer, grain refinement, and
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resistance to plastic deformation, making it a prominent reinforcement for high-
performance applications [87, 222]. Chemical Composition of TiB; and SEM & EDS
micrograph for TiB; reinforcement particles mentioned in table 3.2 and depicted in

Figure 3.2 respectively.

Table 3.2 Chemical composition of TiB; is as follows:

Component Ti C O | Nb | Pt | Zn | Cu | Others

Element Weight 3941258 (212 6.1 | 41 | 1.8 | 1.5 0.1

Percentage (Wt. %)

Figure 3.2. SEM and EDS micrograph for TiB: reinforcement particles

3.2.2 Copper Oxide (CuO)

Copper Oxide (CuO) is an inorganic compound used as a secondary reinforcement in
MMCs to improve thermal conductivity, oxidation resistance, and tribological

performance. It also plays a role in enhancing the dispersion of primary ceramic
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particles in the metal matrix. CuO is relatively soft compared to ceramic
reinforcements but helps form oxide films during wear, reducing the coefficient of
friction [220,223]. The Chemical composition of CuO and SEM & EDS micrograph

for CuO reinforcement particles depicted in table 3.3 and Figure 3.3

Table 3.3 Chemical composition of CuO is as follows:

Component C Cu Nb Pt Others

Element Weight 72.9 11.6 9.7 5.7 0.1

Percentage (Wt. %)

Figure 3.3 SEM and EDS micrograph for CuO reinforcement particles

3.2.3 Waste Glass Powder

Waste glass powder (commonly soda-lime or borosilicate) is increasingly used as a
cost-effective, eco-friendly reinforcement in aluminium and polymer composites. It is

derived from recycled glass, making it a sustainable additive. Glass powder enhances
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hardness, wear resistance, and thermal insulation, but its brittleness must be managed
during processing. Glass powder reinforcement in AA2024 composites increases
hardness and wear resistance by acting as a rigid filler that impedes dislocation motion.
Its low density contributes to lightweight composites, though excessive content may
cause brittleness. Glass powder improves composite stiffness while maintaining cost-
effectiveness and environmental sustainability in material design [116,117]. The
Chemical composition glass Powder and SEM and EDS micrograph for Glass Powder

reinforcement particles depicted in table 3.4 and Figure 3.4 respectively

Table 3.4 Chemical composition of Glass Powder is as follows:

Component o Si | Al [Nb|Fe | Pt| K Ti Ca

Element Weight 66.1 1591181241509 06 | 05 | 03

Percentage (Wt. %)

Figure 3.4. SEM and EDS micrograph for Glass Powder reinforcement particles
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3.3 Fabrication Method

For the development of the AA2024 composite material, stir casting as shown in
Figure 3.5 and Figure 3.6 Step-by-step process of fabrication of composite material
has been considered as one of the suitable techniques due to its low cost and fairly
distribution of the reinforcement particles. AA 2024 matrix material was cut into small
pieces and melted in the furnace between 700°C to 750°C[72]. The electric muftle
furnace having a ceramic/graphite crucible. Preheating of the reinforcement at 200°C
for 2040 minutes in a muffle furnace is essential to reduce the surface moisture,
enhance wettability, and minimize the risk of gas porosity or interfacial debonding
within the composite before pouring into the molten metal. Stirrers at a speed of 400
rpm were used for mixing the matrix material and reinforcements for 10-12 Minutes
[179,224]. Due to the movement of the stirrer vortex is generated into which preheated
reinforcement particles are gradually poured into the molten matrix. In this way, try to
fair distribution of the particles is ensured with minimum agglomeration. To eliminate
the dissolved hydrogen and other gaseous impurities from the melt, nitrogen gas is
introduced. It will help to reduce porosity in the developed composite. Finally, the
mixed molten melt pours into the preheated metallic mould at 150-200°C. Preheated
mould reduces the thermal gradient as well as minimizes the residual stresses
[221,225]. Total 7 Samples has been casted as per combination shown in table 3.5. The
stir casting technique relatively simple and cost-effective as compare other available
techniques allows for the fabrication of high-performance hybrid composites with
enhanced mechanical and tribological properties. The process variable such as stirring

speed, preheating temperature stirring time, stirrer blade design and melting
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temperature, play a critical role in determining the microstructural uniformity,

interfacial bonding strength, and mechanical performance of the resultant composite.

REINFORCEMENT

ADDITION \

CRUCIBLE

/

| STIRRER

— | Blades

FURNACE \ U

Figure. 3.5 Schematic Diagram of Stir-Casting Process set-up

a. Crucible with Matrix Material b. Muffle Furnace for Melting Material

e. Composite Material

d. Pouring of Molten Metal in Mould

Figure 3.6 a to e Step-by-step process of fabrication of
composite material
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Table 3.5. Composition of Fabricated Samples

S.No. |Composite material| TiB,  weight| Glass Powder | Nano-CuQ
compositions percentage Weight weight
(wt.%) percentage | percentage
(wt.%) (wt.%)
1 Composition 0 0 0
1(Base Metal)
2 Composition 2 75 0 0.25
i Composition 3 0.25 125 0.25
4. Composition 4 5 25 0.25
5. Composition 5 175 375 0.25
6. Composition 6 25 5 0.25
7. |Compositon7  |1.25 6.25 025 b
8. Composition § 0 1.3 0.25 B o tx

3.4 Experimental Procedure

3.4.1 Tensile Testing

Tensile testing specimens of AA2024 based hybrid composite material were prepared
as per the ASTM standard EO8 [226] to investigate the Mechanical Properties and the
effect of reinforcements (TiB2, Nano CuO, and Waste Glass powder). Further the
standard sample were prepared with the help of a Wire cut EDM Machine to achieve
the dimensional accuracy. Emery paper and acetone were used to cleaned or remove
the surface dirt, which may affect the test accuracy. Tensile tests were conducted on
an Tinius Olsen 100ST Universal Testing 100kN as presented in the Figure 3.7a.
Electromechanical extensometer for strain measurement were used. The experiments
were performed under the following conditions: temperature maintained (25 + 2°C)
and at a constant strain rate of 10~s™!. samples as presented in the Figure 3.7 b and ¢

were tested from each casted composite and the average values were reported to ensure
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statistical consistency. The test yielded values for UTS, yield strength (0.2% offset
method), and percentage elongation. The incorporation of TiB. enhanced the load-
bearing capacity of the matrix due to its high stiffness and interfacial bonding. CuO
and glass powder acted as secondary reinforcements, contributing to grain refinement

and hindering dislocation motion.

Jmm

Figure 3.7 (a) Universal testing machine, (b) Line diagram of Tensile test
specimen c¢) Prepared samples along with scale

3.4.2 Hardness Testing

The surface hardness of AA2024 and hybrid composites was evaluated using the
Vickers microhardness test as shown in Figure 3.8 a. Specimens as presented in Figure
3.8 b and ¢ were cut from the cast samples as per ASTM standard E18[227] and
polished using successive grades of emery paper, followed by fine polishing with
diamond paste to produce a smooth, defect-free surface suitable for accurate

indentation. Hardness measurements were performed using a Tinius Olsen Vickers
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microhardness tester. A 0.2 kgf load was applied for a dwell time of 15 seconds.
Testing was conducted under controlled room temperature (25 + 2°C) and dry
conditions to maintain consistency. five indentations were made on each specimen,
spaced adequately to avoid interaction of plastic zones, and the average Vickers

Hardness Number (VHN) has been evaluated.

Isometric View

(®)

()

Figure 3.8 (a) Hardness Testing machine, (b) Schematic diagram of Hardness test
specimen c) Prepared samples
3.4.3 Impact Testing

AA2024 composites reinforced with TiB2, CuO, and Waste glass powder was
evaluated using the Charpy impact test, following ASTM E23-18[228] standards.
Specimens were machined into standard V-notched rectangular bars measuring 55 x
10 x 10 mm. The notch was carefully machined to ensure consistent stress

concentration. Testing was performed on a Walter + Bai Ag Impact Tester as presented
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in Figure 3.9 a at room temperature (25 = 2°C) under dry conditions. Three sample as
presented in Figure 3.9 b and ¢ were tested from each casted sample and the average

impact energy.

E

Figure 3.9 (a) Impact testing machine, (b) Schematic diagram of impact test
specimen c¢) Prepared samples along with scale.

3.4.4 Flexural Strength

The 3-point bending test of developed composite material compositions have been
performed on a universal testing machine with special attachments by utilizing the
ASTM E290[229] standard. The specimens with the dimension 70x7x1.75 mm as
shown in Figure 3.10 was tested at room temperature. The schematic diagram of the
specimen diagram of 3-point bend testing is mentioned in Figure 3.10 b. The following

equations were used to evaluate the flexural strength of each sample.
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Bending stress (o) = e (1)
. bh?
Moment of Inertia(I) = CTRAIIITE 2)
. WL
Bending moment (M) = e 3)
Deflection(8) = :vs_]; ...................... 4)

Where E-Young’s modulus L- Span length, W-load, and y- Distance from the neutral

axis

(a)

Force

All dimemvions arc in mm

(©)

Figure 3.10 (a) Schematic diagram of 3-point bending test specimen
b) Prepared samples along with scale ¢) Bending Specimen
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3.5 Wear Testing

Pin-on-disc apparatus was used for conducting the experiment as presented in Figure
3.11. Wear loss and friction of coefficient has been evaluated by wear test of fabricated
composite. ASMT standard G99 [230] were used to fabricate the wear sample as per
following dimension a 30 mm length and 8 mm of diameter for test in the form of
cylindrical pin made from the composite material. The machine is made up of rotating
disc with high hardness of the steel (EN31) and pin holder to maintain the pin at right
angles to the disc surface. The load exerted was 15-45 N and the distance of sliding
was between 1000-2500 mm and the frictional forces were measured to calculate the
coefficient of friction (COF) and wear measured by the loss of weight of the pin. The
prepared sample was pressing against the rotating disc. As the disc rotated friction was
generated between sample and the rotating disc. Friction force were recorded
continuously. This configuration produces a point contact condition that gives rise to
high localised contact stresses that are typical of many engineering applications such
as bearings and rolling-sliding contacts. Three samples were tested for each
experimental run with the average of the coefficient of friction represented. The weight
loss of the developed composite specimens during the wear test was calculated with
the help weight difference between the specimen before and after the wear test. The
density of the fabricated composite specimens was calculated by using the principle of
Archimedes. The samples were cleaned carefully in ethanol to remove the containment
such dirt on the surface and dried to get accurate mass readings prior to the
measurement at room temperature. Digital weighing machine with an accuracy of +
0.1 mg was used for weighing of each specimen for the first in air further weight was

evaluated in the immersion of sample in distilled water at the same temperature, avoid
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to entrap air bubbles at the surface of the specimen while being immersed. The density
of the developed composite material has been evaluated as per the Equation (6) Figure
3.11 (a) 2D dimension of the sample (b) prepared sample of composite material of
wear test. (c) pin on disc tribometer (d) pin on disc holder with pin (e) Prepared

samples along with scale (f) Samples as per the orthogonal array Lie.

_ (WaXpW) (5)

Where, p = density, Wa. = Developed composite weight in air, Ww= Developed

composite weight in water, py,= pure water density

Wear Rate was calculated with help of following equations

Weight Loss(Am) = (W; = Wr) eovviiiiiiiiiiiiiiiiceee, (6)
Wear Rate = ATm (@/M) o (7
Volume loss(AV) = ATm(m3) ........................................... (8)
Specific Wear Rate (k) = % (MP/N-M) .o 9)
L =Load (N) V= Sliding velocity (m/s)
T= Time (s) S= Sliding distance (m)
Am= Weight Loss (Kg or g) p = Density (kg/ m® or g/cm?)
W, = Initial Weight W, = final Weight

AV=Volume loss

Coefficient of friction (COF) was calculated with help of following formula
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p= Coefficient of friction (COF) and F= Friction Force (N)

Figure 3.11 (a) 2D dimension of the sample (b) prepared sample of composite
material of wear test. (¢) pin on disc tribometer (d) pin on disc holder with pin
(e) Prepared samples along with scale (f) Samples as per the orthogonal array L16.

The Taguchi approach is a powerful design approach that optimizes the process
settings with a low number of experimental runs and an improved quality [131]. Its
main concept is that variation sources are minimized as much as possible by carefully
selecting the levels of the control factors. In this work, a Taguchi Design of
experiments (DOE) based study was carried out on five process parameters each of

which was tested at different four levels. An L6 orthogonal array was chosen as shown
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in Table 3.7 that allowed handling of the experimental conditions efficiently and
greatly reduced the total number of tests as compared to using a complete factorial
design. The response rendition was measured using the signal- to- noise (S/N) ratio.

Reliant on the objective the S/N ratio is calculated for a "Larger is better" attributes.

S/N = —101log,, (1 Z 1 ) ........................ (11)
T

)
i-1 Yi
where the summation runs from i=1 to n, yi is the observed values and n is the

number of observations

For a "smaller is better" attributes is

1 Tl
S/N = —-101 - 2 (12)
/ 0210 (n ; yi)

For a “nominal-the-best” characteristic, it is defined as

2
S/N = 101log,, (‘“’—2) ................................. (13)
: a

with p and o representing the mean and standard deviation of the response,

respectively

The parameter combination with the highest S/N ratio was selected as best, in terms
of better performance with less variation. The relative significance of each parameter
was further evaluated by the analysis of variance (ANOVA), to determine the most
relevant ones in this study when considering how they influence the response of the

system [132].
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ANOVA is a statistical technique for assessing the importance and contribution of
each process parameter to the response, which one wants to measure. In this
experiment, the five parameters of control on the responses were quantified with the
help of analysis of variances (ANOVA) for four levels of parameters. Its goal is to
break down into parts the total variations on the response due to each of the parameters

and to experimental error. The total sum of squares i.e., St is

Se =N (V=) oo, (14)

Which can be reduced to the following form?

The total sum of squares and variable sums of squares are the basic calculations
required and these are the ones that are needed for the ANOVA table. More values

derived from the sum of squares for the factor A are:

Mean Square (or Variance) Va= Jf—A e (16)
A

Where Sa is the sum of square of each variable

F-Ratio FA=2 ... (17)

e

Mean squares of A

Percentage Influence = Sam of Mean square value Of arror. "+ *" "+t s s (18)
Sum of square for the error terms Se = St— (Sa+ Sp+Sc+Sp) weevvevenvnnini. (19)
DOF for error terms f. = (Total DOFs) — (Total of all factors DOFs) .................. (20)
Variance of error terms Ve = ;—: ......................................................... (21)
Percentage of error terms Pc = 100 — (Pa + PB+Pc+Pp) cooveveiiinnini.. (22)
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From the response tables of the analysis of variance it could be observed that
parameters having higher percentage contribution were deemed to be more dominant
which would support the best parameter set found from the assessment of signal to
noise ratio.

A multivariable regression model was then constructed in order to quantitatively
describe the effect of the process variable on the responses. Regression has the
advantage of predicting the response variable with several independent variables, and
showing response effects of the control settings individually and collectively. In this
case, the five parameters of variation were set based on four levels of variation using
the Taguchi design. The typical linear regression model equation is represented in the
equation no. 23.

Y= Bo + Ble + BzXz + B3X3 + B4X4 + BSXS T (23)

where Y is the predicted response, Xi-Xs are the parameters of the process, o is the
intercept, B1-Bs are the regression coefficients and ¢ is the error term

Table 3.6 Process parameters and their level

Levels of Factors
Notation Parameter Units | 1 2 3 4
R1 TiB: wt% |0 2.5 5 7.5
R: Waste glass powder | wt.% |0 2.5 5 7.5
L Load N 15 25 35 45
Sliding Velocity ms' 075 |15 225 |3
D Sliding Distance m 1000 | 1500 | 2000 | 2500
CuO is Constant (0.25%)
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There were 5 process parameters, which were varied: reinforcement 1 (TiB2 wt.%),
reinforcement 2 (Waste glass powder wt.%), load, sliding velocity (m/s) and sliding
distance (m). All parameters were tested in 4 levels, as shown in Table 3.6. CuO was
added in a small constant amount (0.25 wt.%). Lis array picks the sets of the
combinations that are favourable, which saves time and cost without the cost of
quality. A reduced-orders model was used in analysing the quality characteristics.
Statistical software Minitab 19 was used for the data analysis.

Table 3.7 Orthogonal array L16

gas |Lona | Sidine | Stding | LT
S. No. | TiB2(wt.%) powder (N) zfrc;l/os;ity ;irirf;:ance <1073
(wt.%) (g/m)
1 0 0 15 0.75 1000 8.2
2 0 2.5 25 1.5 1500 12.4
3 0 5 35 2.25 2000 15.3
4 0 7.5 45 3 2500 17.4
5 25 0 25 2.25 2500 16.2
6 25 25 15 3 2000 12.9
7 25 5 45 0.75 1500 10.2
8 25 7.5 35 1.5 1000 7.2
9 5 0 35 3 1500 14.8
10 5 25 45 2.25 1000 13.5
11 5 5 15 1.5 2500 6.9
12 5 7.5 25 0.75 2000 5.4
13 7.5 0 45 1.5 2000 13.9
14 7.5 25 35 0.75 2500 9.1
15 7.5 5 25 3 1000 6.8
16 7.5 7.5 15 2.25 1500 4.2
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3.6 Thermal Analysis

The thermal expansion test has been conducted to determine the dimensional stability
of composite materials under constant temperature conditions [133-135] The
coefficient of thermal expansion (CTE) test for the AA2024 alloy-based composite
was conducted using a controlled furnace setup to evaluate the dimensional stability
of the material under elevated temperatures. Three samples corresponding to each
composition were tested to ensure repeatability and accuracy of the results. Each
specimen was prepared as per the following dimensions 20 mm x 10 mm x 5 mm and
initially measured at room temperature. Then samples were gradually heated in muffle
furnace shown in Figure 3.12 to 200 °C, allowing sufficient time 30 min for thermal
equilibrium at each temperature stage. The change in length of each specimen with
respect to the temperature rise was precisely recorded, and the thermal expansion
coefficient was calculated. thermal expansion coefficient curve using the relation

between the change in length, original length, and temperature difference.

This procedure provided insight into the thermal expansion behaviour and stability of
the AA2024 alloy based composite material under thermal loading conditions. The

thermal expansion coefficient (CTE) is calculated from the relationship.

Strain =0 At ..o (25)

Strain = AL/Lo= 00 At oo (26)

Where
a =Coefficient of thermal Expansion, AL (Change in Length) = L- Lo, L= Final Length

and Lo- Initial Length. At= Change in temperature
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(b)

(@)

Figure 3.12 (a) Muffle Farnace and (b) Sample for Thermal Expansion with Scale

3.7 Microstructural Analysis

The microstructural investigation samples were prepared by a double-disc polishing
machine. Further, Keller’s agent was used to etch the samples. The Chroma India
Metallurgical Microscope (MVIG2005) was utilized to extract optical micrographs for
all the composition Further, Zeiss SEM was utilized for extracting the SEM
micrograph.

3.7.1 Optical Microscope

Optical micrographs will be acquired from the semi-automatic Chroma India
Metallurgical Microscope (MVIG2005) as represented in Figure 3.13 This light
microscope uses a combination of light and lenses in order to magnify images. The

eyepiece, which is attached to the eyepiece holder, is used for viewing the specimen

with 25mm field of view. The objective lens has a 10x magnification. A focus knob
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adjusts the ocular lenses and the focus drive has last bore 25 mm of stage for coarse

and fine adjustment.

Figure 3.13 Chroma India Metallurgical Microscope (MVIG2005)

The specimen ends on an aperture (hole in the stage). Lighting is provided by a high-

power LED illuminator. Micrographs are taken to a maximum scale of 500x
3.7.2 Instrument used for Microstructural Analysis

A Nova Nano SEM 450 Field Emission Scanning Electron Microscope (FE-SEM) and
Carl Zeiss EVO 50 Scanning Electron Microscope (SEM) was used for high resolution
surface analyses and microstructure analyses as presented in Figure 3.14 a and Figure

3.14 b respectively.
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The Nova Nano SEM 450 is designed for use in ultra-high-resolution imaging of
cutting-edge materials. It has a Schottky field emission electron source that operates
well over the entire accelerating voltage range, 0.2 kV-30 kV. This allows to obtain
high resolution surface images at low voltages as well as do efficient micro-analytical
work at higher beam currents. The instrument has the best resolution 1.0 nm at 30 kV,
can have a magnification from 5x up to 1,000,000x, ideal for detailed Micro and nano-
scale studies. The Nova Nano SEM 450 provides secondary - electron (SE) imaging
in both field - free and immersion mode, with the ability to

obtain comprehensive low to high resolution imaging of various material systems. An
advanced Silicon- drift Detector (SDD-EDS) delivers elemental and compositional
analysis, precisely determining and visualizing the variation in the composition of the
surface layers. Additional detectors include In-lens SE (TLD-SE), In-lens
backscattered electron (TLD-BSE), Everhart-Thornley SE Detector, Low vacuum SE
detector, and high sensitivity low-kV DBS (Directional Backscattered). Backscattered
electron detection is available in all modes due to the use of a quadrant semiconductor
diode system. With an analytical working distance (~5.0 mm) and a 35° off angle for
X-ray analysis, the NovaNanoSEM450 provides excellent flexibility in imaging at
high resolution, compositional analysis and detailed examination of microstructures in
advanced engineering materials and composite materials.

Carl Zeiss EVO 50 SEM Microscope has a large specimen chamber which takes
relatively large samples and operates at an analytical distance of approximately 8.5
mm. This is done by means of a precise array of inclined detectors and a sharp conical
objective lens. The machine has a wide operating range, varying the accelerating

voltage of 0.2 to 30 kV and its magnification from 5* to 1 000 000*. Consequently, it
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is able to address features to micrometres down to nanoscale. At 30kV it can resolve

details of 2.0 nm.

Figure 3.14 a) Carl Zeiss EVO 50 b) Nova Nano SEM 450
The EVO 50 SEM is also used for Energy-Dispersive X-ray (EDX) microanalysis,
thus allowing non-destructive elemental and phase composition analysis with good
accuracy. It is useful for the elements qualitative and quantitative information for
testing the homogeneity of composition and the distribution of reinforcement in the
composite. The microscope is also equipped with Electron Backscatter Diffraction
(EBSD) for grain structure and crystallographic orientation and phase analysis.
Advanced INCA and AZtec software from Oxford Instruments make data acquisition
and analysis time efficient at micro- and nanoscales. For imaging, the device has
secondary-electron detectors such as Everhart-Thornley detector for surface
morphology and backscattered-electron detectors on quadrant semiconductor diodes

for composing contrast imaging. These are advanced features that make the Carl Zeiss
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EVO 50 ideal to study the detailed microstructural and elemental characterization of
engineering materials and composites. Signals from the surface of the material under
study are generated by the device by directing a focused high energy electron beam
to it. From these electron-sample interactions, information of the morphology of the
surface, the crystal orientation and the chemical composition can be derived. A two-
dimensional image is formed from the selected specimen region which allows

detailed analysis of the properties.

3.8 Computational Analysis of Tensile Behavior

The plastic flow behaviour of TiB> /Waste Glass Powder/CuO reinforced AA2024
composite material. Abaqus FEA has been implemented to investigate the tensile
behaviour of sample no.4 of the developed composite material composition. Further,

the validation of evaluated power law constants was also performed.

Coarse mesh

Seed size 0.001m

Fine mesh
Seed size 0.0005m

Figure 3.15 Validation of Hardening (Power-Law) Model
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\AA A

Vx, Vy, Vz =0 Vx=10 mm/minute, Vy, Vz =0

Figure 3.16 Loding and Boundary Condition of Specimen

The standard static solver has been utilized to perform the present FEA investigation.
The tensile test specimen assembly was meshed with the help of C3D8R element as
shown in Figure 3.15. The 10608 elements and 13257 nodes are generated in the tensile
test assembly meshing. The specimen has been subjected to loading and boundary
condition Velocity x, Velocity y, Velocity z = 0. Further, the top portion of the tensile
specimen moved along x direction with the boundary condition Velocity x = 10
mm/min, Velocity z =0, Velocity y = 0, where Velocity x, Velocity y, and Velocity z
are the velocity in the x, y, and z direction as shown in Fig 3.16. The fracture in tensile

testing occurs in the middle of the specimen gauge length.
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Chapter 4
Result and Discussion

4. Results and Discussion

4.1. Influence of weight %age of reinforcement on tensile properties

Figure 4.1 (a) presents the engineering stress—strain responses of all eight composites
developed using the AA2024 aluminium alloy matrix and clearly illustrates the
progressive modification of elastic—plastic behaviour with the addition of ceramic and
hybrid reinforcements. The unreinforced alloy (Sample 1) exhibits the typical ductile
aluminium response characterized by a lower initial slope, early yielding, moderate
strain hardening, and the highest terminal strain, attaining an ultimate tensile strength
(UTS) of 495 MPa and yield strength (YS) of 375.07 MPa with 13.99% elongation.
Reinforcement addition has the effect of shifting all the stress-strain curves to the right
(upwards) thereby showing an increase in load-bearing capacity and stiffness. The
change is due to the enhanced load transference and pinning of the dislocation.
Sample 2 with 7.5 wt.% TiB; and 0.25 wt.% CuO produced 17.3% and 15.0%
increments in the ultimate tensile strength and yield strength of the base alloy
respectively. Sample 2 Shows increases in the ultimate tensile strength to 543 MPa; an
increase of 9.7%, and the yield strength to 412.54 MPa; an increase of 10.0%. This
confirms that hard ceramic particles help to strengthen the matrix. Adding of
reinforcement particles in the range of 6.25% TiB: 1.25% WGP and 0.25% CuO
(Sample 3) gives a higher result on UTS to 562 MPa and 423.40 MPa on YS, 13.5%
and 12.9% respectively, compared to Sample 2. Sample 4, with 5% TiB2, 2.5% WGP
and 0.25% CuO, shows the highest stresses at all stages of deformation. But its strain

fracture decreases from 13.99% to 9.45%, a decrease of 32.5%, a fairly typical strength
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versus ductility trade-off. As WGP content increases and TiB> content decreases,
progressively lower stresses are exhibited in samples 5-8. Their ultimate tensile
strengths decrease to 6.3%, 3.3%, and 0.4% for samples 5-7; sample 8 decreases to
483 MPa, 2.4% compared to the base alloy and 16.8% to sample 4. These decreases
are associated with decreased efficiency of the reinforcement, particle clustering, and
stress concentration. True stress versus true plastic strain is shown in Figure 4.1 (b),
which provides a better representation of strain hardening. The base alloy has lower
flow stress, but accumulates more plastic strain, indicating that the base alloy is more
ductile, but less resistant to plastic deformation. Reinforced samples demonstrate
higher flow stresses and steeper hardening slopes, confirming improved dislocation
obstruction and interfacial load transfer. Sample 4 shows consistently the highest true
stress point over the whole plastic regime with a continued work hardening and
delayed saturation. Which means great microstructural stability and perfect particle
dispersion. Samples 2 and 3 harden more than the base alloy but attain peak flow
stresses approximately 6 to 9% lower than Sample 4. In contrast, samples 6-8 have
earlier as well as slower saturation rear and therefore imply early initiation of damage
and weaker particle matrix bonding at large WGP fractions. Thus, TiB2-NanoCuO-
WGP exhibits the synergistic strengthening effect within an optimum compositional
range; the excess addition of glass but lessens the plastic stability.

The discrete values of yield and ultimate tensile strengths are summarised in Figure
4.1(c). Sample 4 leads followed by samples 3 and 2 Compared to Sample 4, Sample 3
has < 1.9% and 3.3% lower YS and UTS, respectively; Sample 2 has 4.6% and 6.9%
lower YS and UTS, respectively. The decrements become more prominent for

Sample 5 (about -8 - -9%), for Sample 6 (11 - 12%), for Sample 7 (14 - 15%) and for
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Sample 8 (17%) confirming that excessive WGP content decreases the efficiency of

strengthening and decreases the interfacial integrity.
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Figure 4.1. The mechanical properties of developed composite
material, (a) Engineering stress vs. Engineering strain, (b) True

stress vs. True plastic strain, (¢) Yield and ultimate tensile strength,

(d) Percentage elongation vs. sample number, (¢) n, K vs. sample
number, (f) Strain hardening rate vs. True plastic strain
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Figure 4.1 (d) presents the percentage elongation which shows the inverse relationship
between strength and ductility. The ductility of the base alloy is the highest at 13.99%
All reinforced composites lose elongation due to the restriction of plastic flow by rigid
particles. Sample 4 maintains a moderate value of ductility (9.45%), an acceptable
compromise because of its high strength. Compared with Sample 4, samples 6-8
experience further ductility losses of about 27%, 31% and 36% respectively, which is
an indication of a more brittle behaviour and a low level of plastic accommodation at
high glass contents. Integrating Figures 4.1 (a-d) the mechanical balance is the best for
the Figure 4.1 (c¢) hybrid composite of the Sample 4 (5 wt.% TiB2, 2.5 wt.% WGP,
0.25 wt.% CuQ) with the highest strength, strain hardening and acceptably elongation.
It is thus the optimum formulation among all the AA2024-based composites for
structural applications. Figure, 4.1 (e) shows the variation of strain hardening exponent
(n) and strength coefficient (K) as a function of the number of samples which reflects
work hardening response of TiB», glass powder and nano CuO reinforced metal matrix
composites. Tensile results indicate that yield strength and ultimate tensile strength
increase from Sample 1 to Sample 4 (YS: 375 MPa to 431 MPa; UTS: 495 MPa to 580
MPa) due to effective load transfer, dislocation pinning, and grain refinement from
well-distributed reinforcements, while elongation decreases from about 14% to about
9%. For higher reinforcement levels (Samples 5 to 8), both strength and ductility
decline (UTS about 483 MPa to 526 MPa; elongation about 6%), attributed to particle
agglomeration and interfacial debonding. Sample 4 therefore represents the optimum
composition with maximum strengthening and improved work-hardening behaviour,
supported by the trend of n and K. Figure 4.1 (f) presents the variation of strain

hardening rate with true plastic strain for all samples, demonstrating the evolution of
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work-hardening during plastic deformation. At low true plastic strain, the strain
hardening rate is significantly high, for example Sample 1 11,000 MPa, Sample 2
20,800 MPa, and hybrid reinforced Samples 3 and 4 reaching 37,000 MPa and 35,000
MPa, respectively, indicating strong dislocation multiplication, particle-matrix load
transfer, and effective dislocation pinning by TiB:, waste glass, and nano-CuO. As the
true plastic strain increases, i.e., passing from 0.01 to 0.05, the hardening that occurs
is lower, passing from approximately 5000 to 2000 MPa, indicating the occurrence of
dynamic recovery processes, the rearrangement of the dislocations, and the saturation
of the harden mechanisms. Samples with over enforcement (5 to 8) have a faster
reduction in hardening rate, typically under 1,500 MPa at higher strains. This reflects
the early localized damage that was caused by the clumping and interfacial debonding
of particles. The occurrences of negative values of hardening at large strains confirm
the occurrence of strain softening and microcrack propagation leading to plastic
instability. Overall, Figure 4.1(f) indicates that the optimum hybrid compositions
(especially Samples 3 and 4) have excellent initial work-hardening and delayed
softening behaviour as compared to the base alloy and to the highly reinforced

compositions.

4.2. Impact and Hardness behavior of developed composite material

Figure 4.2 describes the variation of hardness and impact caused by the variability of
reinforcement in AA2024 aluminium alloy-based composites. Hardness was
increasing from Sample 1 to Sample 8 as a result of TiB2, nano-CuO and waste glass
were added. Sample 1 - base alloy - the hardness of the reference was set up to 137.74

HV. The hardness of Sample 2 was increased to 154.38 HV (an increase of 12.08 wt.%

96



for added TiB; and 0.25 wt.% of nano CuQO). Replacing TiB> by waste glass with

increasing amounts gave the samples 3-6 155.86 HV (13.15% above base), 159.12 HV

(15.52% above base), 161.05 HV (16.93% above base), and 164.83 HV (19.67% above

base). The highest values were in Samples 7 (168.16 HV, 22.09 %) and 8 (170.93 HV,

24.10%).
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Figure 4.2. The hardness and impact properties of the developed

composite material

These results show that the waste glass enhances the strength of the surface by the

distribution of the hard particles and the resistance to localised plastic deformation.

However, to increase the hardness it had to sacrifice the impact energy. Sample 1

absorbed the most energy-(2.094J)) With reinforcement, Sample 2 fell to 2.042 J (about

2.5% loss). The decrease persisted. 2.033J (Sample 3, 2.9% loss). 2.003 J (Sample 4,
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4.4%). 1.988] (Sample 5, 5.1%). 1.966] (Sample 6,6.2%). Samples 7 and 8 went down
further to 1.940 J and 1.911 J (7.4% and 8.8% loss, respectively). The trend confirms
one of the classic strength-toughness trade-offs: As waste glass is increased, the glass's
hardness is increased but its brittleness and strength also increase, reducing the

material's impact toughness.

4.3. Influence of reinforcement particles on the flexural behavior of developed
composite material compositions

Flexural strength as a function of flexural strain is shown in Figure 4.3 (a).
Figure 4.3 (b) compares the peak flexural strength across the sample number and
gives the corresponding percentage changes. The base alloy (Sample 1, AA2024) has
a flexural strength of around 640 MPa which reflects the bending resistance of the
matrix. Introducing 7.5 wt% TiB; and nano- CuO (Sample 2), the strength was further
enhanced i.e., up to 719 MPa, that is, a gain of 12.4%. Further strengthening of the
composite was obtained by addition of both waste glass and TiB> Sample 3 gave
approx. 761 MPa (18.8% above base) and sample 4 a peak of approx. 803 MPa, an
improvement of 25.5%. These gains are attributed to fairly dispersion of particle, grain
refinement, crack deflection, as well as high interfacial bonding which retard the
initiation of the micro-cracks under bending. Beyond this optimum value, introducing
more waste glass and less TiB> contents (Samples 5-8), flexural strength decreased
from around 731 MPa to 666 MPa. Although still 4.0 to 14.3% higher than the base
alloy, these samples were 9.0 to 17.1% weaker than Sample 4. The decrease is caused
by the reduced efficiency of strengthening, particle clustering, decreased ceramic

content and stress concentration leading to premature fracture.
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Figure 4.3. (a) Flexural strength vs. Flexural strain,

(b) Flexural strength vs sample number
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The curves in Figure 4.3 (a) indicate higher slopes, higher stiffness and delayed
crack propagation in Samples 3 and 4. Figure 4.3 (b) confirms that Sample 4 is the
best composition of hybrid, before the solid synergy of TiB», waste glass and nano
CuO is predominant and when the glass content is higher the performances get

WOTSE.

4.4. Microstructural Investigation

\
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Figure 4.4. SEM micrograph of sample AA2024/waste Glass 2.5wt%/TiB2 5.0
wt%/Nano CuO 0.25wt% (Sample 4) at a working distance (a) 7.5 mm, (b) 8.0
mm (c) Fractography

Figure 4.4 presents the SEM micrographs of the Sample 4 at working distances 7.5

mm (a) and 8.0 mm (b). The images show a homogeneous dispersion of bright, angular
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TiB; particles, irregular phases of waste glass on the grain boundaries and nano-CuO,
as fine distributed features in the matrix. This microstructure favours the refinement
of grain, dislocation pinning, crack deflection, as well as strong particle-matrix
bonding with little agglomeration. The lack of a systematic variation at both distances
is indicative of a stable particle hybrid distribution and explains the improved load
transfer, stiffness and overall mechanical performance. Fractographic analysis in
Sample 4 (Figure 4.4 (c)) reveals prevailing ductile fracture features of micro-dimples,
micro-void-coalescence, poor particle pull-out, interfacial debonding, and shear lips.
The fine and homogeneously distributed dimples indicate considerable plastic
deformation for matrix and the growth of micro-voids controls the fracture path.
Minimal particle pulls out and localised debonding suggest reinforced matrix with
good bonding of particle with matrix and controlled initiation of voids in reinforcement
matrix interface. Shear lips are a sure sign of shear assisted plastic deformation in the
final failure. These features show mixed ductile fracture mechanism by showing good
load transfer and improvement in toughness in Sample 4 due to synergistic hybrid
reinforced.

Figure 4.5 is the EDS map of Sample 4 (AA2024 containing 2.5wt% waste glass,
5.0wt% TiB2 and 0.25wt% nano-CuQO). The successful incorporation of the hybrid
reinforcements in the AA2024 matrix is confirmed by the map. Aluminium signals
prevail showing the matrix, along with localised Ti and B signals showing discrete
TiB» particles. Silicon and oxygen signals are on the trail, and they track down the
waste - glass phase, predominately along the grain boundaries, that helps grains refine
and crack deflection. Copper and oxygen co- indicator of fairly dispersed nano-CuO

which pins the dislocations and increases the interface strength. Overlap of Al, Ti, B,
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Si, Cu and O's signals, which indicates good particle matrix bonding and very little
agglomeration, are responsible for good load transfer and enhanced deformation
resistance. Overall, fairly elemental distribution is a good processing, it has low
segregation, and a stable hybrid microstructure that is responsible for superior tensile,
flexural and work hardening performance of Sample 4. This confirms the synergistic
strengthening effect of TiB2, waste glass and nano-CuO in the composite.

4.5. Validation of Hollomon power law parameters for sample AA2024/waste

Glass 2.5wt%/TiB2 5.0 wt%/Nano CuO 0.25wt% (Sample 4)

Conducted a numerical simulation in order to validate the experimentally derived
Hollomon parameters i.e, strength coefficient K and strain hardening exponent n for
the hybrid composite. The response of the specimen during a tensile test was
reproduced using finite element analysis (Abaqus). Among all compositions Sample 4
had the best mechanical performance with a yield strength of 431.37 MPa and an
ultimate tensile strength of 580.37 MPa. The specimen geometry is to the standard
design according to ASTM E8/E8M-04, as shown in Figure 4.6(a). The boundary
conditions are shown in Figure 4.6(b). In the model the right end was fully constrained
(no translation - Vx, Vy, Vz, and no rotation - Vrx, Vry, Vrz) to represent a fixed
support. The left end was given a displacement resulting in 10 mm/s movement at the
x axis, other velocity components were set to zero simulating uniaxial tension at 107
s strain rate.

The measured Hollomon parameters were applied as input plastic hardening in the
constitutive model. Simulation material properties: density: 2750 kg/m?; Young's

modulus: 87.10GPa; Poisson's ratio: 0.32 A 3-d mesh of C3D8R eclements was used,
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then comprising 13257 nodes and 10608 elements, which ensures proper resolution of

stress and strain gradients Figure 4.6(c).
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Figure 4.5. EDS mapping of sample AA2024/waste Glass 2.5wt%/TiB>
5.0 wt%/Nano CuO 0.25wt% (Sample 4)
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Figures 4.7 and 4.8 are the Von Mises stress and the equivalent plastic strain (PEEQ)
contours for each step in the analysis. Von Mises stress is concentrated at maximum
in the gauge region and progressive strain localization and initiation of necking occurs.
PEEQ contours confirm the highest plastic strain also localises in the gauge region and
therefore the fracturing is also initiated in the necking zone which corresponds to
experimental results. Experimental and FEA true stress-true plastic strain curves of
Sample 4 are compared in Figure 4.9. Both of the curves exhibit a similar nonlinear

strain-hardening trend, confirming that the selected Hollomon parameters can be used
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to capture the plastic behaviour of the composite. At a plastic strain of 4.68x10, the
experimental true stress is found to be 399.40 MPa while the FEA prediction is 427.69

MPa which is about 4-5% deviation.

(@)

"’i\':] O
Vz =9

mm/s, Vy
Jy

Figure 4.6. (a) Tensile test specimen CAD model, (b) Boundary and
Load conditions, (c) Meshing

At 0.01065 plastic strain, experimental stress is 507.63 MPa vs. 519.34 MPa by FEA
showing similar agreement. At 0.0647 plastic strain the experimental stress is
621.82MPa; FEA predicts 640.28MPa again in the same band of variation. FEA
reaches a real plastic strain 0.08352, and predicts 651.11 MPa, according to the
experimental hardening trend. Throughout the plastic deformation range the

experimental-numerical variation is within 4-5%. The minute over-estimative curve in
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the FEA curve probably stems from ideal material homogeneity, simplified b.c. and

no microstructural harm to the model.

Step Time: 0

Step Time: 0.01
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Step Time: 0.015
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Figure 4.7. Von-mises stress contours up to necking AA2024/waste Glass
2.5wt%/TiB2 5.0 wt%/Nano CuO 0.25wt% at different step time

Necking

Step Time: 0.02
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Figure 4.8. Equivalent Plastic Strain FEA results up to necking
AA2024/waste Glass 2.5wt%/TiB2 5.0 wt%/Nano CuO 0.25wt% at
different step time and Fractured Tensile test sample after testing
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4.6 Tribological Behaviour

4.6.1 Development of regression model for the wear loss

Statistical analysis of the wear test was conducted by Minitab 19 software. Quality
characteristics smaller is better were used for the analysis of the result. For the analysis
of the effect of process parameters analysis of variance (ANOVA) was carried out as
shown in Table 4.1. Results depicted that a higher F-value and lower p-value indicate
that the results are statistically correct [23]. A multi-variable regression model was
developed in terms of process parameters shown in Equation 1. The value of R-sq was
0.98 and R-sq (adj) was 0.97 respectively. The R-squared value is close to 1. Table 8
shows the response table for the mean. It can be observed that the most influencing

process parameter is load and the least influencing process parameter was found to be
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Sliding distance (m). The order of influencing process parameters was decided based

on rank shown in Table 4.2.

Table 4.1 Analysis of Variance for the response variable wear rate

Source DF Adj SS Adj MS F-Value
Regression 5 255.238 51.0475 117.55
TiB2(wt.%) 1 50.880 50.8805 117.17
Waste glass powder 1 53.465 53.4645 123.12
(Wt.%)

Load (N) 1 68.450 68.4500 157.63
Sliding velocity (m/s) 1 54.120 54.1205 124.63
Sliding distance (m) | 28.322 28.3220 65.22
Error 10 4.343 0.4343

Total 15 259.580

Table 4.2 Response table for means

Level TiB2(wt.%) | Waste glass Load (N) | Sliding Sliding
powder(wt.%) velocity (m/s) | distance
(m)
1 13.325 13.275 8.050 8.225 8.925
2 11.625 11.975 10.200 10.100 10.400
3 10.150 9.800 11.600 12.300 11.875
4 8.500 8.550 13.750 12.975 12.400
Delta 4.825 4.725 5.700 4.750 3.475
Rank 2 4 1 3 5
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Wearrate = 12.03 - 1.595 TiBa(wt.%) - 1.635 Waste glass powder (wt.%)
+ 1.850 Load (N) + 1.645 Sliding velocity (m/s)

+ 1.190 Sliding distance (M).........cceevrivrieiiiniiiieiennn, (1)

4.6.2 Effect of process parameters on wear loss

The results of the investigation into the effect of process parameters on the wear
behaviour of AA2024/TiB; + Waste glass powder (wt.%) and CuO composites reveal
that the most influential factor in determining wear performance is the load (N). As
depicted in the main effect plot of the Signal-to-Noise (SN) ratio in Figure 4.10(a) and
4.10(b), the load has the greatest impact on the wear rate of the composites, which can
be attributed to the fact that increasing load intensifies the contact stress between the
sliding surfaces, leading to higher frictional forces and greater wear. This result
highlights the critical role of load in the tribological performance of the material.
Following load, sliding velocity (m/s) is the second most influential parameter, as
higher velocities exacerbate frictional forces, causing more rapid wear by increasing
the temperature at the interface and accelerating material degradation. Waste glass
powder (wt.%) emerges as the third most significant parameter, contributing to the
overall wear resistance of the composite due to its hard, reinforcing nature. However,
excessive amounts of Waste glass powder may negatively affect the matrix-
reinforcement bonding, potentially reducing the effectiveness of this reinforcement.
Lastly, sliding distance (m), while still affecting wear, shows the least influence on
wear behavior in comparison to the other parameters. The wear accumulation over
distance is less significant when the immediate effects of load and sliding velocity are

more pronounced. Diagnostic plots shown in Figure 4.11, further support the analysis
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of these findings Figure 4.11 shows normal probability plot of wear rate, residual vs
fitted value, frequency vs residual and residual vs observation order.. The normal
probability plot suggests that the residuals follow a normal distribution, validating the
assumptions made in the analysis and confirming the appropriateness of the model for
the data. The residual vs. fitted values plot indicates that the residuals are randomly
scattered around the horizontal axis, demonstrating that there is no discernible pattern
or bias, which is a key indicator of the model's accuracy and the homoscedasticity of
the residuals. The frequency plot of residuals vs. observation order reveals that the
residuals are evenly distributed across observations, suggesting no autocorrelation and
confirming that the residuals are independent of each other. Collectively, these plots
reinforce the reliability of the model and the significance of the identified process
parameters in influencing the wear performance of AA2024/TiB> + Waste glass

powder (wt.%) and CuO composites.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means
TiB2fwt.%) Waste glas (wt.%) Load (N) Sliding velodity (m/4)| Sliding distance [m) - TiB2(wt.%) Waste glass [wt%) Load (N) Sliding velocity (m/s) Sliding distance (m)

Mean of SN ratios
) =3 >
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Figure 4.10(a) Main effect plot of means for wear rate (b) Main effect plot for SN
ratios
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Figure 4.11 (a) Normal probability plot of wear rate (b) residual vs fitted value (c)

frequency vs residual (d) residual vs observation order

4.6.3 Effect of reinforcement percentage on frictional coefficient

The experimental results indicate that the inclusion of TiB,, Waste glass powder, and
CuO into AA2024 significantly affects the coefficient of friction (n). As the percentage
of reinforcement percentage of TiB: increases, the coefficient of friction decreases.
Figure 4.12 shows the effect of reinforcement on the frictional coefficient of the
fabricated composite. This can be attributed to the friction-reducing properties of the
reinforcements. TiB; particles, being harder and more stable, tend to create a smoother
surface by reducing the contact area between the composite and the opposing material,
leading to a reduction in friction. Similarly, CuO, despite being present in a fixed
amount of 0.25 wt.%, further enhances the frictional behaviour due to its ability to

form a lubricating layer on the surface, reducing wear and friction during sliding
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contact. Waste glass powder, although not as effective as TiB> or CuO, contributes to
lowering the (1) when combined with these reinforcements. The physical mechanism
behind this trend is likely the formation of a low-friction layer on the surface of the
composite, as well as the increased hardness of the material which helps to minimize
surface deformation during contact, resulting in lower friction. Overall, the
combination of TiB> and CuO is particularly effective in reducing friction, while the

presence of Waste glass powder further improves the overall tribological performance

of the AA2024 composite.
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Figure 4.12 Effect of reinforcement on frictional coefficient
4.6.4 Effect of reinforcement percentage on the wear rate
The experimental results reveal that the inclusion of TiB>, Waste glass powder, and
CuO into AA2024 significantly affects the wear rate of the composite material. As the
percentage of TiB; increases, the wear rate decreases. This is due to the high hardness

and wear resistance of TiB» particles, which enhance the composite's ability to

112



withstand wear and reduce material loss during frictional contact. Figure 4.13 shows
the effect of reinforcement percentage on the wear rate of the fabricated composite. In
contrast, the addition of Waste glass powder as a reinforcement tends to increase the
wear rate. This could be because waste glass powder, while contributing to the overall
structure, may not provide sufficient hardness or strength compared to TiB>, leading
to higher wear and material degradation. On the other hand, the fixed inclusion of CuO
(0.25 wt.%) helps reduce the wear rate. CuO is known for its ability to reduce friction
and enhance wear resistance due to its hardness and potential to form a protective layer
during wear, thus reducing material loss. Overall, while TiB: effectively reduces the
wear rate due to its hardness, the combination of TiB, and CuO improves the wear
resistance of the AA2024 composite, while Waste glass powder has a detrimental

effect on the wear performance when added alone.

- 25

£

=) 20

7

S 15

>

2 10

o]

—

g 5

= 0

Al2024 + | Al2024+ | Al2024+2 | Al2024+ | Al2024 +
owt.% owt.% .5wt. % 5wt.% 7.5wt. %
TiB2 + TiB2+ TiB2 + TiB2 + 2.5 TiB2 +
owt.% 7.5wt. % 5wt.% wt.% owt.%
Waste Waste Waste Waste Waste
glass + glass + glass + glass + glass +
0.25wt.% | 0.25wt.% | 0.25wt.% 0.25 0.25wt. %
CuO CuO CuO wt.%CuO CuO
B Average wear rate x10-3 (g/m) 17.5 19.5 13.4 10.3 7.3

Figure 4.13 Effect of reinforcement percentage on wear rate
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4.6.5 Microstructural examination of composite material

The microstructural analysis of AA2024 reinforced with TiB,, waste glass powder,
and CuO composite material, prepared by the stir casting method was carried out to
ensure fairly dispersion of reinforcements. After casting, the samples are prepared by
cutting, mounting in resin, grinding, polishing, and etching to obtain a smooth, defect-
free surface for analysis. For microstructural examination, an Olympus BX53 optical
microscope was used at 100x and 200x magnifications to observe the dispersion of
reinforcements and the matrix structure. Figure 4.14 (a) shows the optical micrographs
of Sample 1 at 100x showing a general distribution of TiB: particles and waste glass
powder, with some regions exhibiting agglomeration and minor porosity. Figure
4.14(c) shows the micrographs of sample 1 at 200x, finer details like the interface
bonding between the matrix and reinforcements become visible, revealing some voids
or poor bonding at certain areas. Figure 4.14 (b) shows the micrographs of sample 2,
at both 100x and Figure 4.14 (d) shows the micrographs at 200x magnifications. It
shows improved in the dispersion of the reinforcements and a more consistent matrix-
reinforcement interface. Micrographs at these magnifications highlight the presence of
TiB2, CuO, and glass phases, their morphology, and the phase boundaries, providing
a clear picture of the composite’s microstructure, which aids in understanding its

mechanical properties and potential performance.
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Figure 4.14 (a) Nol 100 X (b) No.2 100 X (c) Nol1 200 X (d) No2 200 X

4.6.6 EDS elemental mapping of the composite material

For the elemental mapping examination of AA2024 + wt.% TiBz + wt.% Waste glass
powder + wt.% CuO composite material, the EDAX Apollo X EDS machine was used
in conjunction with Scanning Electron Microscopy (SEM) to analyze and map the
distribution of elements such as carbon (C), oxygen (O), copper (Cu), iron (Fe), and
magnesium (Mg). This machine provides high sensitivity and accuracy in detecting
elements across various phases in developed composite materials. The results from the

elemental mapping typically highlight the presence of specific elements like Cu, Fe,

115



and Mg, which were expected in the tested samples, along with the characteristic
distribution of TiB,, waste glass powder, and CuO phases in the AA2024 matrix.
Figure 4.15 EDS spectrum of the fabricated composite material. Figure 4.16 shows the

different elements present in the EDS elemental mapping.
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Figure 4.15 EDS spectrum of the fabricated composite material
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Figure 4.16 EDS Analysis of developed composite material
4.6.7 FESEM analysis of worn-out surface

Field Emission Scanning Electron Microscopy (FESEM) analysis of the worn-out
surface of AA2024 + wt.% TiB; + wt.% Waste glass powder + wt.% CuO composite
material was conducted by using the JEOL JSM-7100F FESEM machine. Advanced
FESEM systems offer high-resolution imaging, which is essential for examining the
wear surfaces of composite materials in great detail. The results from the wear surface
analysis highlighted key points such as the extent of wear, surface roughness, and the
presence of wear debris. The specific observations i.e. formation of microcracks, and
delamination are shown on the worn surface. The distribution of TiB», CuO, and Waste
glass powder particles on the worn surface shows how these phases contribute to wear

resistance. The FESEM analysis provides crucial insights into the relationship between
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the material’s microstructure and its wear behavior under specific conditions. Figure

4.17 FESEM analysis of worn-out surface (a)500x (b)1000x (c) 5000x(d) 200x

EHT = 20.00 kV Mag 00 X Signal A | 20 pm* EHT = 20.00 kv Mag X Signal A = SE2
WD =483 mm  System Vacuum = 3.31¢-06 mbar NIT Srinagar 2 WD =483 mm  System Vacuum = 3.31e-06 mbar NIT Srinagar

(a) - (b)

5 um* BHT = 20.00 kv Mag= SOH0KX Signal A= SE2 100 jm* EHT = 20.00 kv Mag= 200X signal A= SE2
WD =483 mm  System Vacuum=331¢-06 mbar  NIT Srimagar WD = 483 mum__ System Vacuum = 331¢-06 mbar __ NIT Stinagar

Figure 4.17 FESE%\(/:I) analysis of worn-out surface (a)500x (b)(ii())OOx (c) 5000x(d)
200x
4.6.8 Confirmation test
The confirmation test for the wear test has been conducted at the optimum level of
process parameters. The optimum level of process parameters was found to be TiB»

(wt.%) at 7.5%, Waste glass powder (wt.%) at 7.5%, a load of 15 N, a sliding velocity

of 0.75 m/s, and a sliding distance of 1000 meters. To check the repeatability of the
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experimental result, three experiments were conducted at the optimum level of process

parameter and their average value is compared with the model value

Table 4.3 Confirmation test

Process parameters Optimum level Model value Experimental
of wear rate value wear rate
x107 x107

TiBo(wt.%) 7.5

Waste glass powder 7.5

(Wt.%)

15 3.795 4.133

Load (N)

Sliding velocity (m/s) 0.75

1000

Sliding distance (m)

The optimum level of process parameters and their model, experimental value is
presented in Table 4.3. The model value for the wear rate is 3.795x10™> and the
experimental value of wear rate was found to be 4.133x10°, which is close to the
experimental value. The test validate that the experimental results align with the

expected wear behavior as predicted by the model

4.7. Effect of Reinforcement Particles on CTE

The Figure 4.18 demonstrates the variation of the coefficient of thermal expansion
(CTE) of eight different composites of the AA2024 with TiB,-mixed with Waste glass
powder and nano-CuO. Sample 1, the base alloy, has the highest CTE about 23.4 x 10
0 K-! which is typical for aluminium alloys because they expand relatively much as the
temperature changes. When 7.5 wt.% TiB2 and 0.25 wt.% nano- CuO are added
(Sample 2), CTE is reduced to about 22.8*10° K'! indicating that the ceramic

reinforcement reduces the expansion of the aluminium matrix. As the mix changes
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from higher TiB: content to higher waste glass powder content from Samples 3 to 8,
there is a slightly greater decrease in the CTE which levels off between 21.8 to 22.4 x
10 K*!. This drop is due to the lower thermal expansion of the ceramic particles and

the high bond between particles and matrix.

a (X107 /K)

1- AA2024 + Owt.% TiB2 + Owt.% Waste Glass Powder + Owt.% Nano-CuO
2- AA2024 + 7.5wt.% TiB2 + Owt.% Waste Glass Powder + 0.25wt.% Nano-CuO
16 3- AA2024 +6.25wt.% TiB2 + 1.25wt.% Waste GlassPowder + 0.25wt.% Nano-CuO
| AA2024 + 5wit.% TiB2 + 2.5wt.% W aste Glass Powder + 0.25wt.% Nano-CuO
5- AA2024 +3.75wt.% TiB2 + 3.75wt.% Waste GlassPowder + 0.25wt.% Nano-CuO
6- AA2024 +2.5wt.% TiB2 +5wt.% Waste Glass Powder + 0.25wt.% Nano-CuO
7- AA2024 + 1.25wt.% TiB2 +6.25wt.% Waste GlassPowder + 0.25wt.% Nano-CuO
12 8—[ AA2024 1: Owt.% TiIBZ +7.5Wt.[% Waste Glass Powder + 0.25w|t.% .\'ano-ICuO
1

2 3 4 5 6 7 8 9

=

Sample No.

Figure 4.18 Coefticient of Thermal Expansion
Moreover, fairly distribution of TiB; and waste glass along with the nano-CuO aids in
controlling the lattice expansion and improving the thermal dimensional stability. In
sum, the use of these hybrid reinforcements fairly reduces the expansion of AA2024
composites, which is convenient for applications that require dimensional stability

over temperature variations.
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Chapter 5

Conclusions, Future Scope and Social Impact

In this study, the development, characterization, optimization and numerical validation
of a hybrid aluminium matrix composite based on AA2024-T6 reinforced with TiB,
waste glass powder (WGP), and nano-CuO has been carried out. The main goal was
to investigate the synergistic strengthening effect of the hybrid reinforcements and to
find out an optimum reinforcement composition with enhanced mechanical,
tribological and thermal performance while keeping ductility at an acceptable value.
Through systematic experimental investigation, microstructural characterization,
statistical optimization using Taguchi methodology, and finite element simulation,
shows that the structural performance of AA2024 based composites can be
significantly improved using properly engineered hybrid reinforcement and

established a predictive model for advanced engineering applications.
5.1 Conclusions

» AA2024-T6 was effectively used as the matrix material for the preparation of
the hybrid metal matrix composites due to its higher strength for its application
in structural materials with high requirements of mechanical and tribological
performance.

» The addition of TiB., waste glass powder (WGP) and nano-CuO has created
an effective hybrid reinforcement system at different scales to achieve a

synergistic strengthening effect in the aluminium matrix.
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Stir casting was found to be a suitable and economic fabrication method to
prepare hybrid composites of AA2024 based materials that contain adequate
reinforcement incorporation and distribution.

Microstructural modification of the matrix material was promoted by the
reinforcement system, which resulted in grain refinement, matrix constraint
and dislocation strengthening to improve and contribute to overall composite
performance.

It was observed that beyond the optimum WGP content, any further increase
in WGP resulted in a reduction in mechanical performance and deterioration
of the microstructural integrity.

The mechanical performance of AA2024 was significantly improved by the
addition of hybrid reinforcement, especially for the 5 wt.% TiB2 + 2.5 wt.%
WGP + 0.25 wt.% nano-CuO composition, which was found to be best
combination for tensile, and flexural strengths.

The strain-hardening capability of the composite was evaluated by using
Hollomon parameters and it was found that the addition of reinforcement
increased the resistance to localized plastic deformation up to the optimum
reinforcement level.

The decrease of strain-hardening properties with increasing WGP contents
suggested that interfacial weakening and reinforcement clustering have
adverse effects on the deformation behaviour.

Hardness measurements showed that the addition of reinforcement material
significantly enhanced the resistance to localized plastic deformation, with the

highest hardness value at the highest composition of the WGP.
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Fractographic investigations showed that the best composite had a significant
ductile fracture characteristic, which proves that the stress transfer was good
and there was a good interaction between reinforcement and matrix.

The higher WGP composites showed progressively brittle fracture
characteristics and demonstrated ‘direct link between the reinforcement
agglomeration and failure mechanisms.

The best wear condition obtained by Taguchi analysis has shown the ability of
the reinforcement system to enhance the wear resistance considerably in
comparison to the base alloy.

The regression model produced was found to be reliable in predicting the wear
behaviour and also good agreement was obtained between the regression and
experimental results, thereby validating the statistical methodology used.

In the case of the reinforced composites, the decrease in coefficient of friction
that was obtained verified the positive effect of the use of ceramic
reinforcements on the sliding wear performance.

Worn surface analysis showed that the addition of reinforcement was an
effective method to reduce severe adhesive wear and promote mild wear
mechanism in sliding contact.

Restriction of matrix thermal expansion was shown to be an effective method
of enhancing the dimensional stability of AA2024 via thermal expansion
studies of the hybrid reinforcement.

The developed constitutive model was found to be suitable for describing
composite behaviour as it was able to reproduce the experimental tensile

response with finite element simulation.
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» The developed composite achieved the required properties of strength,
hardness, wear resistance and thermal stability within the acceptable level of
ductility, which were successfully achieved using the hybrid reinforcement
system.

The developed hybrid composite was tested extensively with experimental, statistical
and numerical analysis to demonstrate technical potential for the use of industrial
waste glass powder with TiB; and Nano-CuO as an effective reinforcement for
sustainable material for advanced engineering applications.

5.2 Future Scope

The present study successfully demonstrated the development and characterization of
AA2024 based Hybrid composites with TiB2, waste glass powder (WGP) and nano-
CuO. While the mechanical, wear and thermal properties have been improved to a
great extent, there is still a need for further research to increase the understanding of
strengthening mechanisms, long term performance and industrial applications of the
developed composites. The following research directions are suggested for further
research:

» Advanced fabrication techniques like ultrasonic assisted stir casting,
electromagnetic stirring, spark plasma sintering and friction stir processing can
be considered for better dispersion of particles, less porosity and a more
homogeneous microstructure.

» Advanced characterisation methods like TEM, STEM, EBSD and Atom Probe
Tomography (APT) can also be applied for the investigation of strengthening

mechanisms at the nanoscale, dislocation behaviour and interfacial phenomena.
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Further research on fatigue life, fracture toughness testing, crack propagation and
damage evaluation can be done to ensure long-term structural reliability.

The composite performance can also be assessed under service-relevant
conditions by conducting the following tests: High-temperature mechanical
testing, creep behaviour analysis, thermal aging and thermal stability studies.
Complete corrosion and environmental durability tests such as potentiodynamic
polarization, electrochemical impedance spectroscopy and salt spray testing can
also be conducted to study corrosion in detail.

For a wider range of understanding about wear mechanisms, advanced
tribological studies can also be extended to the following lubricated, fretting and
multi-body wear conditions.

More advanced numerical methods like the representative volume element
(RVE) modelling, cohesive zone modelling, and multiscale modelling can be
done to accurately predict the evaluation of deformation and damage.

Artificial intelligence and machine learning techniques assisted by artificial
neural network or the optimization algorithms can also be used for reinforcement

composition optimization and property prediction.

5.3 Social and Industrial Impact

The use of Waste glass powder (WGP) as reinforcement provides a valuable pathway

in the utilization of industrial wastes to value-added engineering materials. The new

hybrid composite material can be used to increase the sustainability of material

development, while retaining improved engineering properties and conserving

resources.
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Introduction of WGP fosters the concept of circular economy by recycling and reusing
waste resources and minimizing the use of virgin raw materials. Use of industrial waste
material helps in reducing the amount of waste disposed in landfills and helps reduce
the environmental impact of waste management.

The obtained composite materials have the potential to be used in lightweight
structural applications due to their enhanced strength to weight ratio. The use of
lightweight composites in the transport sectors can help to enhance fuel efficiency and
lower operating expenses. Minimized components mass can contribute to reduced fuel
consumption and carbon emissions, ensuring environmental sustainability.

The composites developed possess better mechanical, tribological and thermal
properties, suitable for applications in aerospace, automotive, defence and other
engineering applications. The research encourages the application of green
manufacturing process using sustainable and ecological reinforcement materials. This
successful adoption of industrial waste for advanced composite means that more effort
1s going into developing new materials and methods for composites, which is good for
sustainable materials engineering.

Use of low-cost waste derived reinforcements provides opportunities for economical
large-scale production of advanced composite materials. The developed composite
system is an opportunity for future research and development in the field of sustainable
technologies and high-performance materials in industry.

Overall, the study represents an effort to achieve sustainable engineering practices, as
it aims to balance the performance of the materials used, environmental sustainability,

and efficient use of resources.
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