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Abstract

In recent times, the focus of researchers worldwide has shifted from monolithic materials to
composite materials, primarily due to the need for high performance and affordable materials.
Amongst the various types of composite materials, aluminum metal matrix composites (AMMC)
are an excellent choice for manufacturing high-specific-strength automotive components, as well
as for various mechanical and tribological applications. They are preferred over other materials
because of their lighter weight, which is around one-third as much as steel per cubic meter. This
property not only ensures more energy-efficient automobiles but also facilitates their production
at a lower cost. This study was carried out to attain a deeper understanding of the structural
performance of AMMCs. For this purpose, a simple Al-H3BO3-TiO, system was utilized for
AMMC production through ball milling, cold pressing, and sintering. The ball milling process
was found to have a considerable impact on particle growth, and the in situ generated
reinforcements provide several benefits, including strong bonding and clean particle-metal
interface. During the sintering procedure, reinforcement particles were created and uniformly
distributed throughout the Aluminium matrix. AMMC's dual matrix structure was observed to
perform as a desired characteristic, increasing both ductility and toughness. The percentage of
added external aluminum varied from 0% to 25% to 50% to 75% of the total sample. Differential
thermal analysis of the green sample was performed up to 800°C, which indicated that the particle
development took place after 550°C. Consequently, the sintering temperature was chosen from
600°C to 800°C. Initial microstructural analysis was carried out using optical microscopy, while
scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques were utilized to
examine the morphological and structural reinforcing effects of AMMCs. The presence of various
in situ reinforcements, including yAl203, AlB2, B20s3, TiB2, and TiAl in aluminum matrix was
confirmed through X-ray diffraction (XRD) analysis. The mechanical properties were evaluated
using a diametral compression tester and a Brinell hardness tester. It was observed that hardness
increased with higher sintering temperatures. The sample sintered at 800°C with 0% unmilled
aluminum exhibited the highest hardness of 169.2 HV. The results showed that the highest
toughness , approximately 6.12 J/m=, was found in the 75% external aluminum dual matrix

composites sintered at 800°C .
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Introduction
Chapter 1: Introduction

1.1 Thesis Background and Present State

Aluminium is the favored material among designers for attaining better fuel efficiency and decreased
emission levels by 2025, according to a survey by Wards Auto and DuPont. The survey indicates
that using aluminum parts instead of steel reduces fuel consumption by 6.5% and vehicle mass by
10%. In addition, the vehicle's mass is lowered by 100 kg, which results in an 8 g/lkm reduction in
CO2 emissions. Additionally, the growth of electric vehicles has increased the demand for
aluminum. The global automotive market is projected to see a 30% increase in hybrid vehicle sales
by 2030. Ten million more aluminum will be needed to build electric and hybrid vehicles, according
to expectations [1].

According to the assessment, there is a significant need in the current industrial sector for
lightweight materials with superior mechanical and tribological capabilities, such as aluminum.
For automotive applications where fuel efficiency and enhanced engine performance are
becoming crucial, aluminum offers a good strength to weight ratio. It is rather challenging to
meet the application requirements for many current engineering systems employing monolithic
material systems since they call for materials with a wide range of qualities. Numerous
techniques are employed to improve aluminum because metal cannot be utilized directly in
automobiles. Although it is difficult to find reinforcements with high strength at a reasonable
price, one conventional improvement includes adding reinforcements to aluminum, resulting
in the creation of aluminium metal matrix composites (AMMCs). So, AMMCs are an excellent
choice for high-specific-strength automobile components because of enabling vehicles to be

light-weighted and save energy.

To compete with steel, aluminium needs to be reinforced with appropriate reinforcements to
improve physicomechanical properties. Reinforcements favor strength, wear resistance and
hardness at the expense of ductility [2 - 5]. In an aluminium dual matrix hybrid composite, a
"hard" composite zone made up of various reinforcements embedded in a milled aluminium
matrix is separated by a "soft" unmilled aluminium matrix in the microstructure. Because the
outer aluminium matrix surrounding the composite area plastically deforms and absorbs

energy, the concept of an aluminium dual matrix hybrid composites could be effective for
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ductility and wear resistance along with strength. In general, reinforcements are commonly
used to enhance strength and hardness. However, a drawback of reinforcements is that they
tend to reduce ductility. In order to address this issue, | have conducted research on the
development of a dual matrix composite, which offers a potential solution to increase
toughness. While producing composites through ex-situ route hurdles include poor matrix-
reinforcement bonding, floating, or sinking reinforcements, high processing temperatures,
complicated processing routes and particle agglomeration [5 - 7] . In situ powder metallurgy is
the most effective way to overcome these issues. In this process, high energy ball milling of
the powders ensures uniform mixing and better mechanical properties [3]. In the aluminium
matrix composites, the in situ generated phases Al,O3, TiC, TiBy, SiC, and AlsTi display strong
interfacial interaction with the matrix [8]. TiBz, TiC raise wear resistance and strength; AlsTi
increases high temperature oxidation; Al,Os assists hardness, specific strength, wear resistance,
high-temperature strength; SiC boosts stiffness, thermal properties, refractoriness [4 - 6], [8 -
10]. Construction of aluminium dual matrix hybrid composites from an Al-H3sBOs-TiO2 system
is yet to be explored. The resulting composites with two or more reinforcements are the
optimum strategy for attaining the synergistic strengthening effect and making these

composites appropriate for practical application.

1.2 Objectives with specific aims and Possible outcome

1.2.1 Objectives with specific aims
The objective with specific aims of this research can be enlisted as follows:
(i) Developing an economically feasible method of producing aluminium dual matrix hybrid

composite from a simple Al-HzBOs-TiO- system through ball milling, cold pressing followed

by sintering.

(if) Analyzing thermal, structural, morphological, and mechanical properties to compare the

findings with single matrix composites.

1.2.2 Possible outcome

The physicomechanical properties of dual matrix composites are expected to be superior to

single matrix composites. The possible outcome is the production of aluminum dual matrix
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hybrid composites employing a convenient and cost-effective powder metallurgy route. The
probable in situ reinforcements in the composites are Al2Os, TiB2, AlsTi, AlB,. Fabricating
dual matrix hybrid composites in a realistic manner while evaluating characteristics will aid us

in developing viable materials for usage in the automotive industry.

1.3 Thesis Structure

The thesis is organized into seven chapters, which include, Chapter 1-Introduction, Chapter
2- Literature Review, Chapter 3- Materials and Method, Chapter 4 - Results and Discussion,

Chapter 5- Summary and Conclusion, Chapter 6 - Recommendation to Future Work.

In Chapter 1, the research background and present state of the thesis are described, along

with the objective, specific aims, and probable outcome of this work.

In Chapter 2, the relevant literature is presented in a concise and informative approach. This
chapter includes different reinforcements contribution to aluminium matrix, discussion about
the dual matrix composites, hybrid composites, automotive industries, AMMC production
techniques and review of prior related works. This chapter also explains the required

characterization techniques.

In Chapter 3, each step of the sample preparation process is described in detail, including the
ball milling parameters, the mixing ratio for the formation of the dual matrix, the cold pressing
parameters, and the sintering temperature. This chapter also includes comprehensive

instructions for preparing samples for microscopy.

In Chapter 4, the outcomes of the sample testing are shown. The results of the work have also
been carefully evaluated and compared where necessary. Based on samples, differences in

microstructures are discussed with possible explanations.

In Chapter 5, a summary of the findings is presented. A conclusion focusing on the
novelties of this work is also presented here. Some future work scopes are also

recommended in this chapter.

In Chapter 6, future work and recommendations are listed.
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Chapter 2: Literature Review

AMMCs have significantly better mechanical properties than the base alloy alone [11].
AMMC:s therefore play a crucial role in the mechanical and tribological applications including
automotive, aerospace, and other industries because of the improved specific mechanical
properties, the typically low cost of their reinforcements and the well-developed production
methods [12].

Figure 2.1 (a) Yearly change of aluminum content in the light vehicle from 1975 to 2030
(North American market), data from Light Metal Age; (b) Predicted proportion of
different types of aluminum alloy in 2030; (c) Honda Pilot frontal crash test (from the
Insurance Institute for Highway Safety (1IHS)), where an extruded aluminum bumper
beam plays a significant role in impact protection (enlarged area); (d) New Mercedes
AMG SL with high aluminum content in the bodyshell architecture to lower weight while
achieving maximum rigidity (from Mercedes Benz)[13].
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From an automotive engineering standpoint, aluminum and its alloys have gradually moved
to the forefront of lightweight materials applied to automobiles in recent years (Figure 2.1 (a)).
In 2006, aluminum overtook cast iron as the second most-used automotive material (second
to steel) in the North American market [1]. Furthermore, the light vehicle aluminum content
of the market is targeted at about 570 net pounds per vehicle for 2030, where the cast
aluminum alloy may contribute more than 50% (Figure 2.1(b)). Specifically, an extruded
aluminum bumper beam was highlighted in the crashworthiness design of the Honda Pilot for
its significant role in impact protection (Figure 2.11(c)). To ensure low weight while
optimizing rigidity, Mercedes Benz employed intelligent material composition with high
aluminum content to manufacture the bodyshell architecture of the new AMG SL (Figure

2.1(d)). In Table 2.1 different parts of automobiles made of aluminium are shown.

Table 2.1 Aluminium for different parts of automobiles [13].

Typical components Model Application
Shock absorber, brake, Audi A8 Chassis
piston, tank, wheel rim,
fender, roof, door, Jaguar XE Monocoque
bumper, heat insulator,
handle, piping, steering Mercedes AMG GT Body
component, conrod,
. Ford F-150 Body panel
rotor, suspension
component, bonnet, Toyota GT86 Bonnet
chassis, spoke, valve, gas
cylinder, seat frame Mazda MX-5 Bumper
Nissan Leaf Battery case, sealing component
Tesla Model S Frame and heat exchangers

Production of diesel engine pistons at the Toyota automaker is a breakthrough in the
application of AMMC shown in Figure 2.2(a). In 1983, Japan began producing such pistons
in bulk. To reduce wear and enhance resilience to material fatigue at high temperatures, the

pistons' materials were composites made of aluminum alloy matrices reinforced by ceramic
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particles and fibers. The advantageous features of the materials being used are also positively
impacted by lighter piston weights. In addition, the AMMC casting procedure is much simpler

than the conventional method of fabricating pistons [13].

(a)

(b

(c

Figure 2.2 (a) Pistons made of AMMC , (b) Pushrods made of
AMMC at engine , (c) Piston connecting rod [14].
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Cast iron has less wear resistance than aluminum metal matrix composites , which is more wear
resistant. Application of MMC reduces the engine block’s overall weight by 20%. Furthermore,
since AMMC has higher thermal conductivity than other materials, it can operate at lower
temperatures for longer periods of time. Honda S2000 sport cars, Acura NSX automobiles, and
Porsche Bower motors all feature engines with cylinder barrels built of MMC composite.
Utilizing powder metallurgical techniques, such materials are created [14]. AMMC reinforced
by fibers is used for production of pushrods of valves at engines shown in Figure 2.2 (b). As
reinforcing material, fibers of Al.Osz are used. Piston connecting rod made of aluminium is

shown in Figure 2.2 (c).

Aluminium alloys have distinctive physical and mechanical properties such as high tensile, high
compressive strength and low weight. These materials are attractive due to some unique

characteristics such as high electrical conductivity and excellent corrosion resistance [15].

To date, many efforts have been made to develop new Aluminium matrix composites
(AMMC) benefiting a uniform microstructure, desirable phases and superior mechanical
properties compared to Aluminium alloys [16] .

Aluminium Metal matrix composites (AMMC) are classified into several distinct classes with

the type and shape of their reinforcements as shown in Figure 2.3.

Figure 2.3 Typical microstructures of AMMCs. (a) Al/AI203 platelets. (b) Al/AI203 continuous
fibres. (c) Al/SiCp. (d) Al/graphite with 20 vol.% graphite flakes taken along the basal plane [18].

Particle-reinforced AMMCs: Ceramic reinforcements, primarily oxides (for example, alumina,
Al>03), carbides (for example, silicon carbide, SiC), or borides (for example, titanium bromide,
TiBy), with an aspect ratio less than 5 and present in volume fraction less than 30%. They can
be created by mixing metal and ceramic powders, then either solid-state sintering or liquid-
metal procedures including stir casting, squeeze infiltration, and in situ processes can be used

to create them.
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Continuous fiber reinforced AMMCs: These have continuous fibers that are either relatively
fine, typically made of Al>Os, SiC, or carbon, and have a diameter under 20 m, or they have
coarser fibers. The bending flexibility restricts the variety of shapes that can be formed, while
the former can either be parallel or pre-woven prior to infiltration to form a composite. Large
diameter (100-150 m) fibers known as monofilaments are typically created by chemical
vapour deposition (CVD) of either silicon carbide (SiC) or boron (B) into a core of carbon
fiber or tungsten (W).

Whisker- and short-fiber-reinforced AMMCs: Although they are not continuous, these
reinforcements have an aspect ratio larger than 5. The majority of AMMCs used in pistons are
short Al2O3 fiber reinforced AMMCs. The majority of whisker-reinforced composites are
made to a net or nearly a net shape using either powder metallurgy or squeeze infiltration into
a fiber preform. However, because there are alleged health risks, using whiskers as

reinforcements is now prohibited.

Numerous researchers have examined the microstructural characterization of aluminum
composites with improvement in structural characteristics. The results of AMMCs after

considering various types and forms of reinforcements are noted in Table 2.2 [3].

Table 2.2 Commonly used reinforcements in AMMCs and outcome of the research [3]

Reinforcements Relevant Properties Application
SiC High hardness, stiffness, good Connecting rod, piston, shaft,
thermal properties, and refractoriness | rotors, brake disc, rubber,
tires, etc.
B,C High strength to weight ratio, Abrasives, nozzle, and
hardness, chemical resistance, and ballistic armor
good nuclear properties
TiC High wear resistance and good Brake disc, rotor, and cutting
strength tools
WC Wear and abrasion resistance, high | Machining tool, ammunition,
rigidity, impact resistance, and and surgical instrument
thermal conductivity
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Al ,0, High hardness and specific strength Automotive industries,
Aerospace, Aircraft,
Refractory material,
abrasives, and coatings
TiO, High tensile strength, impact Automotive applications
strength and hardness
ZrO, Wear and corrosion resistance and | Ceramic tubes, cylinder liner,
high fracture toughness connecting rods, and thermal
insulation
TiB2 Wear resistance and high strength Structural application in
aerospace and automobile
ZrB, Thermal stability and wear resistance Structural parts
CNT Low density, high strength to weight | Gears, cylinder liners, and
ratio, ductility, and corrosion sports utilities
resistance
Graphene High strength to weight ratio, Biomedical application and
energy storage
Red mud Tensile strength, hardness and Drive shaft, bicycle industry,
economical brakes, and fitting
Graphite Low density, high thermal Heat sinks, brake disc, and
conductivity, and good mechanical piston
strength

However, these composites suffer some constraining drawbacks to limit their properties.
Among the main limitations, low ductility originating from particle cracking and the formation
of voids into aggregates of particles, brittleness of ceramic particles, and significant difference
between thermal expansion coefficients of ceramic reinforcements and aluminium matrix is
the most important [16],[17]. Other factors such as agglomeration of ceramic particulates and
possible interfacial chemical reactions between the reinforcement and the matrix have an
important effect on effective load-bearing capacity of the reinforcements and their mechanical
properties [18]. To overcome these shortcomings, a high interfacial strength is required to

reduce the possibility of interfacial cracking and improve the practical efficiency of particles
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loading [2]. To avoid these issues in-situ synthesis can be applied. By using the in-situ
synthesis approach, which produces the reinforcing particles within the matrix by chemical

reactions occurring during the process, these disadvantages can be mostly eliminated.

Therefore, metal matrix composites reinforced by particles can generally be made using either
in situ or ex situ production techniques. The ex situ process inevitably causes several inherent
problems, such as a costly and complicated fabrication process, high synthetic temperature,
agglomeration of the reinforcements and poor interfacial bonding induced by chemical
reactions at the particle-matrix interfaces [19],[20] . It is generally known that agglomeration
of ceramic particulates which could occur during processing of ex situ MMCs, could lead to
the composites having poorer mechanical strength and toughness. Uniform distribution of
ceramic particulates in the matrices of MMCs is essential to achieve effective load-bearing
capacity of the reinforcement. Moreover, possible interfacial chemical reactions between the
reinforcement and the matrix could also degrade the mechanical properties of ex situ MMCs.

To resolve these issues that occurred during ex situ synthesis, ceramic particles or particles
are in situ fabricated to reinforce AMMC:s. In in-situ composites, the reinforcing phases are
formed within the matrix during composite fabrication and controlled by chemical reactions,
transformations, deformation, and type of processing. Recently, particle reinforced AMMCs
fabricated by the in situ reactive sintering process have attracted considerable attention from
materials scientists. The advantages of such a process include clean particle-matrix interface,
small size of particle reinforcements, good particle-matrix strength, and low fabrication cost.
The reduction in the particle size is generally known to exhibit a beneficial effect in improving
mechanical strength. Also, these reinforcers have a more uniform distribution, a lower average
particle size and an interface bearing higher thermochemical stability and lower impurity.
Using the preceding approach, AMMCs with a wide range of matrix materials and second-

phase particles can be produced[21].

In recent years, novel processing techniques based on the in-situ production of reinforced
ceramic particles have been developed. Ultrafine ceramic particulates are formed in situ by
the exothermic reaction between the element constituents of composites under hot pressing
conditions. So far, the in situ generated particles have been applied in Ti, Mg and Al matrix
composites, such as TiBaw/Ti [22],[23], MgOw/Mg [24] and MgAl204w/Al alloys [25], [26].
The reduction in the particle size is generally known to exhibit a beneficial effect in improving
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the mechanical strength[27].Using this approach, AMMCs with a wide range of matrix
materials and second-phase particles can be produced.

Al>03, TiC, TiB2, SiC, and AlsTi are some of the in situ formed phases that have exceptional
physicomechanical characteristics[8]. These characteristics include a low rate of coarsening
at high temperatures, a strong interfacial bond with the aluminium alloy matrix, excellent load

bearing capacity, and adequate oxidation and corrosion resistance.

High volume fractions of uniformly dispersed ceramic particles used to reinforce in-situ
AMMCs show an improvement in hardness and yield strength along with a sizable loss in
ductility. The existence of porosity, the development of brittle phases, or the emergence of
cracks during deformation, all of which impair the capacity of AMMCs to deform plastically,
are often linked to this reduction in ductility. To create high-performance aluminium-based
composites, it is still difficult to maintain the excellent flexibility of AMMCs while increasing
or optimizing their strength. As an alternative, inhomogeneous microstructure designs the
spatial arrangements of microstructures, is one of the potential solutions that has benefited in
having an ideal combination of ductility and strength. These composite materials display

macroscopically homogeneous but microstructurally inhomogeneous properties.

The types of in situ produced phases for hybrid composites containing Al2Os-/AlsTi-/TiBo-
are detailed in Table 2.3. Initial materials, additives, and alloying elements employed to

produce the in-situ phases are also listed .

Table 2.3 A summary of materials systems by which in situ hybrid AMMCs are fabricated[8]

In situ hybrid Starting Additives and In situ phases
composite materials alloying
elements
Al-(AlTi+X) Al-Ti Zn, Mg, Cu, X: AlxCu, Al,CuMg, MgZns,

Graphite, B, Ni TiC, AlsTi, AlsCs, TioMgsAls,
Mg2Si, TiB2, B4C, AlsNi

Al-TiO; C, B, Mg, Si X: Al,03, Al4Cs, TiBg, TiC,
MgO, Mg.Si

11
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Al-K>TiFs KBFs, Cu, Si, C X: TiB2, AloCu, Si, TiC
Al-AlLTiOs _ X: AlO3
Al-(Al,03+Y) Al-CuO SiO2, Mg, Y: Cu, CugAls, AlCu, Si, MgO
Al-SiO, C, Mg, Ca, Na Y: Si, Al.Cs, SiC, Al,03, MgO,
Mg2Si, MgAl;04
Al-ZrO; C, B, C, yttrium Y: AlzZr, AlsCs, ZrC, ZrB>
Al-TiO; C, Si, CuO, B4C Y: TiC, AlsCs, AlsTi, Al.Cu,
TiB>
Al-(TiB2+2) Al-B TiOy, C, Cu0, Z: AlsTi, AloOs, TiC, Al-Cu,
SiC AliC3
Al-B,03 TiOy, Z: AlbO3, AlisFes, AlsTi
ferrotitanium
Al-B4C TiO2, Ti Z: TiC In, Al203
Al-KBF4 KoTiFs, KoZrFs, | Z: ZrB,, AlCu, AlCuMg,

Cu, Mg, Li, Si

AlsCusMg2, AlsLi, AlsZr, AlzZr,
Al,CuLi, AlooCu2Mn3

The in-situ formed phases, including Al203, TiC, TiB2, SiC, and Al3Ti, have exceptional

physicomechanical qualities, such as a low rate of coarsening at high temperatures, a strong

interfacial bond with the aluminium alloy matrix, excellent load bearing capacity, and

adequate oxidation and corrosion resistance [28],[29].
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Hybrid composites have been designed with two or more types of in situ particles to take
advantage of the synergistic effects of several phases in AMMCs. For making Al-based in situ

hybrid composites, the most often used in situ produced phases are Al2O3, AlsTi, and TiB2 [8].

Figure 2.4 SEM micrographs of Single matrix composite [7].

Reinforcements are dispersed homogenously in single matrix composite shown in Figure 2.4.
The inhomogeneous form of composites' reinforcement distribution may be lean in some areas
and rich in others, as opposed to the homogenous distribution. Such inhomogeneous
microstructure design includes the bicontinuous , network [30], [31], and dual matrix

microstructure as some intriguing examples.

)

potl  20KU"  R2.¢

Figure 2. 5 The microstructure of the composite made from the MA130 foam (a) and strut
details at high magnification (b)[32].
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Bi-continuous alumina/aluminium composites were made by infiltrating an alumina preform
which had the structure of a reticulated ceramic foam. The low density preforms were prepared
from a polyurethane suspension of alumina powder which was pyrolyzed and sintered after
foaming. The microstructure of a partially sintered ceramic foam prepared from polyurethane
suspension (MA130) is shown in Figure 2.5 (a) in low magnification and 2.5 (b) in high
magnification [32].

Figure 2.6 Interface of SiC particles in pure aluminium after 5 min at 800°C [30].

Figure 2.6 shows the reaction product at the SiC-matrix interface after 5 min at 800°C, in a
pure aluminium matrix. The SiC particles have a high concentration of reaction products at
the interface, which energy dispersive X-ray analysis showed to be A14Cz and silicon, in
agreement with the previous equations. Some of the interaction appears to be occurring along

specific planes in the SiC [30].

Network microstructure is where reinforcement-rich regions are continuous in three
dimensions to form a grain boundary-like network with isolated reinforcement lean phase as

shown in Figure 2.7.

Dual matrix microstructure is where the composite region with a distinct inner matrix (i.e.,
fine grain size) is present in localized regions within the microstructure separated by a coarse
grained ductile unreinforced matrix shown in Figure 2.8, Figure 2.9, Figure 2.10 and Figure
2.11.
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Figure 2.7 SEM micrographs of hybrid 2024Al-(Al>Os + AlsZr) composites after a) sintering
at 600 C for 1 h under 25 MPa, b) sintering at 840 C for 1 h under 25 MPa, and c) sintering
at 900 C for 30 min with no external pressure; and d) a schematic illustration of the relevant
phase transformations resulting in the formation of a continuous composite network.

Reproduced with permission [31].

Figure 2.8 SEM micrographs of Dual matrix composites [7].
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This unique microstructural concept of “composite within a composite” (i.e., dual matrix
composite) has been applied to AI-CNT shown in Figure 2.9 , [33] , Ti-TiBw shown in
Figure 2.10, 2.11 [34],[35], Co-WC [39,40], Al6061-SiCp [41], Al-Sn-B4C [42] The main
advantage of such composites with inhomogeneous microstructure over the composites with
homogeneous microstructure is the significant improvement in toughness and wear

resistance.

The aim of the present investigation is to fabricate in-situ dual matrix composite, where the
microstructure contains a “hard” composite region comprising of reinforcements embedded
in a milled Al matrix, separated by outer “soft” unmilled Al matrix. For comparison, in-situ

single matrix composite with a homogeneous distribution of reinforcements in Al matrix

was also fabricated.

Aluminum
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Figure 2.9 (a) Optical image of dual matrix extruded sample (extruded at 442 -C) showing the
microstructural features along the extrusion direction, (b) FESEM image of the dual matrix

composite extruded at 442 oC showing CNTs within the Al inner matrix [33] .

A comparative study was done on microstructure evolution, compressive behavior and of both
the composites.
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Ti-TiB,, composite reinforcement

Porosity

Figure 2.10 Scanning electron micrographs of dual matrix composites with reinforcement
composite (Ti-TiBw) particle sizes (dark regions) (a) 90-120 m, (b) 63-90 m and (c) 45-63 m
[34].
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Figure 2.11 (a) Micrograph showing predominantly Ti matrix in between the Ti-boride
composite regions, (b) High magnification electron micrograph of the boride-rich region
generated in the Ti—TiB2/Ti (composition A) showing whisker interlocking within Ti inner
matrix [35] .

AMMCs are manufactured using both liquid and solid fabrication techniques shown in Figure
2. 12, each of which has advantages and disadvantages of its own. The use of liquid routes, such
as casting, is constrained by the low wettability of reinforcement in molten aluminum. Friction
stir processing (FSP) and powder metallurgy (PM) are solid approaches that address the
wettability problem, but due to their criticality and high cost, researchers must choose another
production method. Therefore, choosing a cost-effective processing approach is crucial to
supporting the use of synthetic AMMCs. Numerous studies have been published on the
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production of AMMCs using various techniques, including as gas pressure infiltration, equal
channel angular processing (ECAP), squeeze casting, FSP, and stir casting (GPI1)[36].

Figure 2.12 Fabrication routes for AMMCs [36].

In solid-state procedures, ceramic reinforcements are introduced into a solid phase and are
either left intact or permitted to interact with the matrix. In contrast, liquid-state techniques or
solidification-based methods include adding reinforcements to a metal melt while it is being
stirred mechanically or electromagnetically. In general, the processes of hot working, cold
working, casting, and machining are used to make components to the desired dimensions. The
fabrication of components with the appropriate qualities, however, is occasionally difficult
because metals and non-metals cannot be blended. By using a process known as powder

metallurgy, the aforementioned limitations can be eliminated.

This technique makes it simple to manufacture and combine non-metal and metal powders in
the proper ratio. The easiest and best approach for creating AMMCs is through the use of
powder metallurgy. It has a number of benefits, including the uniform distribution of

reinforcements throughout the matrix and the need for lower temperatures than with other
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melting techniques. Because intricate geometries with precise sizes and shapes can be
manufactured at high production rates in a cost-effective way, the powder metallurgy

technology is well-known[37], [38].

Powder metallurgy

Powder metallurgy is a metal processing technology in which parts are produced from metallic
powders by following the sequence of operations, the powders are compressed into desired
shape and then heating to temperature below the melting point to cause solid state bonding of
the particles into a hard-rigid mass called sintering. The main advantage of powder metallurgy
is that the matrix and reinforcement are mixed in the solid state which overcomes the problem
of non- wetting between the reinforcements and liquid metal and preventing the formation of
any undesirable phases. It is possible to achieve uniform distribution of reinforcement into the
matrix and better control of microstructure, unlike in other fabrication processes of MMCs,
where agglomeration of particles is the main problem in the fabrication of particulate reinforced
metal matrix composites. The powder metallurgy method gives excellent uniformity in
microstructure of the composite when compared with other manufacturing techniques.
Compared to other manufacturing techniques, powder metallurgy offers unique advantages due

to low manufacturing temperatures [39]. This can be achieved due to solid state diffusion of

Figure 2.13 Research Studies conducted on fabrication routes of MMCs for the last 10 years

[381.
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inter particle bonding, whereas the diffusion bonding plays a major role in controlling the
microstructure and mechanical properties of the compact [40]. The Reinforcement particle size
and shape plays a major role in the fabrication. According to Figure 2.13, over the past decade,
approximately 30% of all research studies were carried out through the powder metallurgy

approach.

Powder blending

Blending of ceramic particles with matrix is a key step of powder metallurgy, as it facilitates
the uniformity in the shapes of powder particles, controls the final distribution of the
reinforcement particles and porosity in green compacts after compaction [41]. Proper blending
of matrix and ceramic powders reduces the agglomeration of the powder particles. Over mixing
leads to reduction in flow characteristic of the mix, leading to poor homogeneity in particle
distribution. Before blending (or) mixing, the parameters mainly need to consider are
reinforcement shape and size, volume percentage, blending time and speed. The flow
characteristics of the particles can be improved by adding lubricants like zinc stearate (or)
stearic acid in 0.25 to 5 wt.%[42].

Powder compaction

The principal objective of compaction process is to apply pressurize and bond the particles to
form a cohesion among the powder particles. This is usually called green compact. For a good
compaction, irregular shaped particles are preferred as they give better interlocking and hence
high green strength. The indispensable amount of pressure depends upon the initial shape of the
matrix and reinforcement, the matrix and reinforcement material, the method of blending and

application of lubricants, additives, and desired density of green compact.

Sintering temperature

The main mechanism involved in sintering is the green compact is heated just above the melting
temperature of the matrix, the matrix powder melts and reacts with other elements
reinforcement in the powder mixture to form a liquid between the particles that engulfs the
more refractory phase [43]. The difficulty is due to the difference in thermal expansion
coefficients between the ceramic reinforcement and metallic matrix. This causes thermal
mismatch strain over the reinforcement and matrix interface while cooling in processing of

MMC. The associated strain is then sufficient to generate local plastic yield in the Al matrix
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[44]. If the MMC is then subjected to thermal cycling, microstructural/sub structural damage
can accumulate leading instability or under low loads to accelerated creep which amounts to
superplastic behavior [45]. The main controlling factor in sintering is sintering temperature.
The sintering temperature plays a major role in the structure of the composites, at higher
sintering temperatures a close compact structure is obtained due to higher diffusion rates [39],
[46]. This can be clearly understood by equation D = Do exp (-Q/RT) , where D is diffusion
coefficient, D, is constant, Q is activation energy, R is Boltzmann’s constant and T is
temperature. A proper interparticle bonding in composite is necessary for better mechanical

properties like strength, magnetic and corrosive properties.

Sintering time
The diffusion in conventional sintering process depends on the sintering time. This can be

clearly explained by equation r = 2.4V(Dt) where r is the radial distance, D is the diffusion
coefficient and t is the diffusion time. The radial distance is directly proportional to square root
of the sintering time which is responsible for the atomic diffusion leading to finer grain structure
[47].

Figure 2.14 illustrates the various stages involved in the powder metallurgy process.

Figure 2.14 Stages of the powder metallurgy process.
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Figure 2.15 indicates the schematic process diagram where AMMC is produces following

powder metallurgy route [6].

Figure 2.15 Schematic process diagram of AMMC [6] .
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Chapter 3: Materials and Method

This chapter will provide a detailed discussion of the production process for an in situ
aluminum-based dual matrix hybrid composite intended for automotive industries. The
composite was created using the Al-TiO2-HzBO3 system, where aluminum was the matrix.
AlLOs, AlsTi, and TiB2 were the most prevailing in situ formed phases to fabricate Al-based in
situ hybrid composites [8].Therefore, to incorporate these reinforcements into the aluminum
matrix, the Al-TiO2-H3zBO3 system was used.

3.1 Materials

Aluminium metal matrix composites (AMMC) were produced following powder metallurgy

route, which requires all the raw materials to be in powder form.

Aluminium metal powder: Starting materials for the production of the aluminum metal matrix
composites (AMMC) consisted of commercial aluminum metal powder obtained from Qualikems
in India. The powders had an average size of 75 um and a purity of 99% and no further purification

was necessary prior to use. The mesh size of aluminium powder was 325.

Titanium Oxide Powder:
Titanium oxide powder with 99% purity from Merck India was utilized as depicted in Figure 4.2
(@). The purpose of adding TiO2 to the mixture was to enable a reaction with aluminum and boric

acid, resulting in the formation of in-situ reinforcements.

Boric Acid Powder:
Boric acid powder with a purity of 99% from Research Lab was incorporated into the mixture to
facilitate a reaction with aluminum and titanium oxide, resulting in the formation of in-situ

reinforcements. Figure 3.2 (b) represents the boric acid powder.

Stearic Acid Powder:
To prevent cold welding of the metal powders during ball milling, stearic acid was included in
the mixture as a processing control agent. The stearic acid powder shown in Figure 3.3 was

added at a concentration of 0.2% of the total mixture.
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Reagents Used:

Aluminium metal powder is very sticky to use. During fabrication it was difficult to separate the

die components after cold compression. For that reason, mold release reagent spray was used.

Apparatus and Equipment for the fabrication:

(i)
(i)
(iii)
(iv)
v)
(vi)
(vii)

Digital Weight Machine (PScale P3.220)

Planetary Ball Mill (Biobase BKBM V-0.4)

10 mm Diameter Compression Die (MTI corporation, USA)
Cold Pressing Machine (P/O Weber, Germany)

Advanced wire chamber furnace (Lenton laboratory furnace)
Petri Dish, Conical Flask, Beaker (Pyrex, UK), Spatula
Aluminium foil (Local Market)

3.2 Fabrication Process:

3.2.1 Al - TiO2 - H3BO3s system

It has been found that Al and TiO: react in the temperature range from 650°C to 800°C forming
Al3Ti [50]. In Al-B203 system,the exothermic peak, in the range of 550-650 °C, is due to the
reaction of B2Os and Al to form gamma-Al.Oz [27],[51],[52], [53].[54],[55], [56].

2H3BOs = 3H:0 + B,0s

2Al + B203 = Al,O3 + 2B
3TiO2 + 4A1L = 2A1,05 + 3 [Ti]
[Ti] + 3AL = AlsTi

[Ti] + 2B = TiB

Al + 2B = AlB,
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3.2.2 Experimental Details

The following process diagram in Figure 3.1 shows how the dual matrix composites were
synthesized following powder metallurgy route. First powders are weighted using precision
weight machine.  Then the powders of calculated ratio are ball milled for a 12-hour period.
Then for the dual matrix composites production, ball milled powders mixed with unmilled
Aluminium powder. To produce the green product, cold compression using a hydraulic press

and a 10 mm diameter die were used. Finally sintering was done to get the finished product.

Figure 3.1 Processing route
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3.2.2.1 Ball Milling Parameters

Horizontal Section

Movemaent of tha
supporting disc

Centrifugal
tarce

Rotatien of the grinding bowl

High Energy Planetsry Grinding
Action of Planstary Mills

Figure 3.2 Ball milling of powders

The ball milling machine (Model: Biobase BKBM V- 0.4) shown in Figure 3.2 was used. High-
energy ball milling is a ball milling process in which a powder mixture placed in a ball mill is
subjected to high-energy collisions from the balls. It is a ball milling process where a powder
mixture placed in the ball mill is subjected to high-energy collision from the balls. The above
figure shows the motions of the balls and the powder. Since the rotation directions of the bowl
and balls are opposite, the centrifugal forces are alternately synchronized. Thus, friction resulted
from the hardened milling balls and the powder mixture being ground alternately rolling on the

inner wall of the bowl and striking the opposite wall.
The jar of the ball milling machine can be made of Zirconia , Tungsten ,Stainless steel ,PTFE

and so on. In my experiment , jar and balls are made of Stainless steel . In Table 3.1 the ball

milling parameters are enlisted.
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Table 3.1 Ball milling parameters

Ball milling parameters

Jar and balls material

The ball-to powder mass ratio
Rotation speed

Ball milling time

Ball diameter

Materials and Method

Stainless Steel
10:1

400 rpm

12 h

10 mm

Figure 3.3 Well dispersed TiO2, HsBO3z within Al

particles

12-hour ball milling ensures the generation of Al-TiO2-H3BOs mixed powders shown in Figure

3.3, which would react during sintering.
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3.2.2.2 Rotor Mixing Parameters

To produce dual matrix composites, the milled powder was mixed with unmilled aluminium
powder. After ball milling the powders were ready to mix with unmilled powders. For this

purpose, | used a planetary ball mill without balls shown in Figure 3.4 .

Figure 3.4 Planetary ball mill was used for rotor mixing.

External unmilled aluminium was added to the mixture in three different percentages:
(1)  25% unmilled aluminium to 75% milled powder.
@it)  50% unmilled aluminium to 50% milled powder.

(@iii)  75% unmilled aluminium to 25% milled powder.

Table 3.2 indicates the rotor mixing parameters.

Table 3.2 Rotor mixing parameters.

The rotor mixing parameters

Used jar material Stainless steel
Rotation speed 100 rpm
The mixture mixing time 30 minutes
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3.2.2.3 Composition of the samples

Table 3.3 Composition of the 12 types of samples

SAMPLE NO HsBO3 TI1O2 MILLED AL  UNMILLED AL
S1 7.78% 15.07% 77.15% 0%
S2 7.78% 15.07% 77.15% 0%
S3 7.78% 15.07% 77.15% 0%
S4 5.84% 11.30% 57.86% 25%
S5 5.84% 11.30% 57.86% 25%
S6 5.84% 11.30% 57.86% 25%
S7 3.89% 7.54% 38.58% 50%
S8 3.89% 7.54% 38.58% 50%
S9 3.89% 7.54% 38.58% 50%
S10 1.95% 3.77% 19.29% 75%
S11 1.95% 3.77% 19.29% 75%
S12 1.95% 3.77% 19.29% 75%

S1, S2, S3 have the same composition but they differ by sintering temperature.

3.2.2.4 Cold compression Parameters

Obtained Al-TiO2-H3BO3 composite powders were cold pressed in a steel mould of 10 mm

diameter under a pressure of 510 MPa.

\
e

Figure 3.5 10 mm diameter Compression die (MTI Corporation)
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In Figure 3.5 the die which was used for compression is shown. The die was cleaned with acetone
after every green tablet sample production. Initially, it was difficult to separate the parts of the
die. Then mold releasing reagent (dry molelube) was used before cold compression process. After
using this mold release agent, the problem was solved. After every piece synthesis, the die was

washed with acetone.

Figure 3.6 Different parts of die

Dimension of the die:

Dimension of the die is shown in Figure 3.6.
A: Support Plate Thickness: 11.5mm
B. Sleeve O.D.: 240mm
C. Die Sleeve Height: 247mm
D. Sleeve I.D.: 210 mm + 0.03-0.05mm
E. Top Pressing Rod Body Length: 28.6mm
F. Top Pressing Rod Head Thickness: 5.4mm
G. Pressing Rod Diameter: 210 + 0.1mm
H. Bottom Pressing Rod Body Length: 20mm
I. Bottom Pressing Rod Head Thickness: 8.2mm

Material of the die:
HRC 60 - 62 hardened steel
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Maximum Load:

8 metric Ton (at room temperature) 1000 MPa
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Figure 3.7 Cold Compression in a die using hydraulic press (P O/ Weber).

Figure 3.7 represents the cold compression process using hydraulic press.

Figure 3.8 shows the flow chart of cold compression .

The die was
washed with
acetone

=

=

The pressure
was set at 40
KN

1 gm powder The die was
was taken ‘ placed in the
hydraulic press
The die was

opened to get
the product

The pressure
was released
after 2 minutes

4

P

The timer was
set for 2
minutes
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Figure 3.8 Flow chart of cold compression
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The pressure is shown in the following equation.
o =F/A =40000N / (n* 5mm?) = 510 MPa

The pressure was applied for two minutes.

Here o indicates compressive strength in MPa. Force and Area are indicated by F and A

respectively. After this stage, green samples are found shown in Figure 3.9.

Figure 3.9 Green samples before sintering

GREEN SAMPLE
PARAMETERS

Cylindrical shape
10 mm diameter
5 mm height

1 gm weight
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3.2.2.4 Sintering Parameters

Sintering of samples were done using Lenton laboratory furnace (advanced wire chamber

furnace) . Figure 3.10 shows the sintering process.

3.2.2.4.1 Sintering Time & Temperature Selection

Sintering time: One hour

With increasing the sintering time more than one hour, the incomplete chemical reactions tend to
terminate and increase the released gas volume thereby escalate the volume fraction of
microcracks and porosities [2].

Sintering temperature Range: 600°C - 800°C
The density values increase with more Al,O3 particles nucleate and grow at Al/TiO> interfaces
along the preferred crystal orientation sintering above 630°C. The amorphous oxide layers

predominantly transformed to crystalline Al.O3 phases at 630°C [57].

Approximate temperature for TiB; formation was 750°C [38]. Sintering of the samples were

done at 600°C - 800°C temperature range for one hour.

Figure 3.10 Sintering of samples using Lenton laboratory furnace

(advanced wire chamber furnace)
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Both side panels shown in Figure 3.11 have some heating elements. Rapid heating and

maximum temperature uniformity are ensured by these wires.

Figure 3.11 Rapid heating and maximum temperature
uniformity are provided by two side panel heating elements.

3.2.2.4.2 Probable Reactions during Sintering

Orthoboric acid undergoes a dehydration reaction at 100°C, resulting in the formation of
metabolic acid. Further heating to 160°C converts metabolic acid into tetraboric acid. Upon
heating tetraboric acid to high temperatures, it decomposes to yield Boron trioxide, which is the
anhydrous form of orthoboric acid.

At 100 °C, 4H3BO3 = 4HBO; + 4H20
At 160 °C, 4HBO> = H2B407 + H20

From 162 °C to 430 °C, H2B407 = 2B203 + H20

From 550 °C to 650 °C, 2Al + B.O3= yAl.O3+ 2B

At 500 °C, Al + 2B = AIB:

34



Materials and Method

From 550 °C to 600 °C,

3TiO,+ 2Al = 3TiO +y Al,Os
3TiO + 2Al = 3[ Ti] + yAl0s
Ti + Al = TiAls

At 750 °C, Ti+ 2B =TiB2

Sintering temperature was selected between 600 °C to 800 °C .

3.3 Sample Types

In my experiment, for dual matrix preparation, | had added 0% , 25%, 50% and 75% external
aluminium. 0% external aluminium actually represents single matrix composite. For each
percentage of external aluminium , sintering temperature varies from 600 °C to 800 °C.

Eventually, | synthesized 12 types of sample shown in Figure 3.16.

Figure 3.12 12 Types of Samples

S1(0,600) indicates that this sample has 0% external aluminium, and it is sintered at 600°C.
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3.3.1 Sample Storage

After synthesis , the samples are stored as shown in Figure 3.13 for further characterization.

Figure 3.13 Samples after sintering

3.4 Characterization

Thermogravimetric analysis and Differential thermal analysis were performed using green
samples.

Phase identification and crystal structure were determined by X-ray diffractometer (Rigaku,
Model: SmartLab)

Morphology of the sintered samples were evaluated by Field Emission Scanning Electron
Microscopy (JSM-7600F, Tokyo, Japan) and Optical Microscopy.

Diametral Compression test and Vickers Hardness tests were done on sintered samples.
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3.4.1 Thermogravimetric analysis and Differential thermal analysis

To determine the sintering temperature for producing in-situ composites, thermal analysis was
performed using an alumina crucible under N2 atmosphere with a flow rate of 60 ml/min. The

analysis was carried out over a temperature range of 50-800°C with a heating rate of 10 °C/min.

3.4.2 X- Ray Diffraction Analysis

XRD analysis was carried out using Bruker [Bruker D8 advanced model] as shown in Figure
3.14. For XRD, Cu-Ka radiation with wavelength of 0.15478 nm was used for the inspection.

Figure 3.14 X-Ray Diffractometer (Bruker D8 Advance, Germany)
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3.4.3 Microstructure Analysis

The mirror-like surfaces were made ready for etching after polishing and grinding. Keller’s
reagent was used as an etchant to analyze the microstructures.

3.4.3.1 Sample Preparation for Optical & Scanning Electron Microscopy

Sintered samples need to be prepared for morphological analysis. The following stages were

followed for sample preparation.

Grinding — Polishing — Etching

Grinding
Silicon carbide grinding papers were used sequentially (320,600,800,1200 and 1500).

Polishing
Two step polishing was done until mirror like polished surface.

First step polishing followed by finer polishing cloth.

Etching

Keller’s reagent was used for etching.

Keller’s reagent formula:

95 mL water, 2.5 mL HNOs, 1.5 mL HCI, 1.0 mL HF.

3.4.3.2 Scanning Electron Microscopy Analysis

To observe the grain size and morphology of the samples, Field Emission Scanning Electron
Microscope [FESEM: JEOL JSM 7600F] was used shown in Figure 3.15.
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Figure 3.15 Field Emission Scanning Electron Microscope (JEOL JSM 7600F)

3.4.4 Mechanical Properties Analysis

3.4.4.1 Vickers Hardness Testing

The Vickers hardness test measured the microhardness of the samples.

In this test, a diamond pyramid indenter is pressed into the surface of the material under a specific
load for a fixed period of time. The size of the indentation is then measured under a microscope,

and the hardness value is calculated based on the dimensions of the indentation.

In this case, the Vickers hardness tester was used with a load of 1 kg for 10 seconds. This test

provides a quantitative measure of the hardness of the AMMC samples .

3.4.4.2 Indirect Tensile Strength

The diametral compression test is a method used to indirectly assess the tensile strength of a
material. In this test, the material is compressed diametrically, causing a tensile stress to develop
perpendicular to the applied force. By measuring the load and deformation during the test, the
indirect tensile strength of the material can be determined. Figure 3.16 indicates the diametral
compression test setup used for the testing of samples indirect tensile test.
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(@) (b) ()

q

Figure 3.16 (a) Diametral compression test setup (H100KS HOUNSFIELD UTM was used) (b) before

starting diametral compression test (c) during diametral compression test.
3.4.4.3 Toughness

Toughness is a measure of a material's ability to absorb energy before it breaks or fails. It is an
important mechanical property of materials, particularly for applications where the material may
be subjected to dynamic loads or impact. The toughness of a material can be determined from the
stress-strain curve, which plots the stress (force per unit area) experienced by the material as a
function of the strain (deformation) it undergoes. By analyzing the shape of the stress-strain curve,

the toughness value can be calculated as the energy absorbed by the material before failure.

The diametral compression test shown in Figure 3.20 provided information on the toughness
of the AMMC:s.In this case, the toughness value of the AMMC samples was calculated from
the stress-strain curve. This provides a more comprehensive understanding of the behavior of

the material under loading conditions and helps to assess its suitability for different applications.
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Chapter 4: Results and Discussion

4.1 Thermal Analysis

4.1.1. Thermogravimetric Analysis of Green Sample
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Figure 4.1 Thermogravimetric Analysis

If we observe the blue thermogravimetric analysis curve in Figure 4.1, we can notice significant
weight loss at about 100 °C. At this temperature , the boric acid powder which is known as
orthoboric acid loses water molecule to give metaboric acid which on heating 160°C give
tetraboric acid. From 162°C to 430 °C, tetraboric acid is converted to boron trioxide i.e. the

anhydrous form of orthoboric acid.
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At 100 °C , 4H3BO3 = 4HBO; + 4H20
At 160 °C , 4HBO? = H2B407 + H20

From 162 °C to 430 °C, H2B407 = 2B203 + H20

Near 550°C , the curve indicates weight gain due to oxidation. Weight gaining started with the
formation of in situ reinforcements. The probable in-situ reinforcements formation reactions
are:

From 550 °C to 650 °C, 2Al + B2O3= yAl0O3+ 2B
Near 500 °C, Al + 2B = AIB;
From 550 °C to 600 °C,

3TiO2 + 2A1 = 3TiO + y Al,03
3TiO + 2Al = 3Ti + yAl203
Ti +Al = TiAlz

Ti+ 2B =TiB:
So, the probable in-situ reinforcements are Y Al2O3, TiAls, TiB2, AIB2.

4.1.2 Derivative Thermogravimetry Analysis

The red derivative thermogravimetry curve in Figure 4.1 provides information about the onset
and completion of reactions that occur during sintering. Boric acid decomposition initiates at
approximately 110°C and finishes at around 162°C. The formation of in-situ reinforcements, on
the other hand, commences at about 550°C and 750°C. Based on these findings, the sintering

temperature range of 600°C to 800°C was selected.
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4.1.3. Differential Thermal Analysis of Green Sample

The green curve displayed in Figure 4.2 illustrates the Differential Thermal Analysis (DTA)

results of the green sample, covering a temperature range from 50°C to 800°C.

The first peak, indicated by 1, represents the melting of boric acid at around 100°C. The second
peak, indicated by 2, occurs at approximately 150°C and corresponds to the decomposition of
boric acid. The third peak, indicated by 3, occurs at 660°C and corresponds to the melting of
aluminum. The dashed line on the graph indicates the range of the exothermic peak, which

occurs between 550°C - 650°C and is attributed to the formation of reinforcements.
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Figure 4.2 Differential Thermal Analysis
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4.2 X-Ray Diffraction Analysis

4.2.1. XRD Analysis for Temperature Variation

The XRD results show that the sintering temperature plays a critical role in the formation of in-

situ reinforcements in AMMC.

Figure 4.3 XRD Analysis at three different sintering temperature 600°C, 700°C, 800°C.
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In Figure 4.3 ,the X-ray diffraction (XRD) results reveal that the sintering temperature
significantly impacts the formation of in-situ reinforcements in AMMCs. The data was obtained
by scanning an angular range of 10° to 90° using X- ray diffractometer ( Bruker), with a fixed
composition of the composites. The three samples, S1, S2, and S3, were subjected to sintering
temperatures of 600°C, 700°C, and 800°C, respectively.

The XRD data was presented in Figure 4.3 that compares the XRD peaks of the samples with
reference peaks. The observed peaks in the pattern, including (111), (200), (220), (311), and
(222), indicate the presence of Aluminium in all three samples. However, the peak at 20 =
25.275°C, which is only present in S1, suggests the existence of B2Os. This peak’s absence in

S3 indicates that B2Os reacts with aluminium to produce in-situ reinforcements.

Figure 4.4 XRD peak analysis of S1

According to XRD analysis shown in Figure 4.4 , it was found that sintering at 600°C led to the
formation of crystalline aluminium matrix. The in-situ phases observed in the sample were
vAl203, B2Og3, and TiAl. Peaks at 3, 4, 11, and 13 indicated the presence of YAl2O3, while peaks
atl,2,3,5,6,8, 12, and 13 indicated the presence of B,Os. Peaks at 2, 3, 8, 12, and 13 indicated

the presence of TiAl, which had a tetragonal structure [62] .
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So, when sintering temperature is 600°C, the matrix is Aluminium and the major in-situ phases

are B2Oz, yAI203 and TiAl structure.

B:0s crystallizes in the trigonal P3_121 space group. B*" is bonded in a trigonal planar geometry

to three O* atoms. [58].

Crystal System Trigonal
Lattice System Hexagonal
Hall Number p312"
International Number 152
Symbol P3 121
Point Group 32

The structure of y-Al203 has historically been described as a spinel similar to a traditional

AB04 spinel, where the oxygen atoms are arranged in a cubic close-packed lattice while the A

and B cations occupy the tetrahedral and octahedral interstitial sites (spinel sites) of the lattice,

respectively [59], [60]. However, in the case of spinel yAl.O3, 8/3 cation vacancies must be

introduced into each unit cell to maintain the correct stoichiometry [61].

(TiAl) has the tetragonal L1 structure, point Group 4/mmm [62].

Crystal System Tetragonal
Lattice System Tetragonal
Hall Number -P42
International Number 123
Symbol P4/mmm
Point Group 4/mmm
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Figure 4.5 Schematic binary Ti-Al phase diagram [63]

In the Ti-Al binary phase diagram shown in Figure 4.5 , TiAl (y ) phase was found [63].

Figure 4.6 XRD peak analysis of S2
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The XRD analysis conducted on sample S2 shown in Figure 4.6 revealed several important
findings. Firstly, the presence of aluminium was confirmed by the observed peaks at 5, 7, 11,
and 14.

Secondly, the sample was found to contain in-situ reinforcements of TiAl, as evidenced by the
peaks observed at 2, 5, 7, 11, 14, and 16. The presence of Al,Ozwas also detected, confirmed
by the peaks at 2, 4, 7, 10, and 15.

Thirdly, the peaks at 7 and 13 suggested the existence of AlB:.

Overall, the XRD analysis of sample S2 demonstrated the presence of TiAl, Al2O3z and AIB: as

the primary in-situ reinforcements.

AlB: is hexagonal omega structure structured and crystallizes in the hexagonal P6/mmm space
group [64].

Crystal System Hexagonal
Lattice System Hexagonal
Hall Number -P62
International Number 191
Symbol P6/mmm
Point Group 6/mmm

In Figure 4.7 ,the XRD analysis conducted on the sample S3 sintered at 800°C revealed

interesting findings.

Firstly, the number of peaks had increased compared to samples S1 and S2, suggesting that the

higher sintering temperature resulted in more in-situ reinforcements.
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The presence of aluminium was confirmed by the observed peaks at 6, 10, 16, 21, and 22. The
peaks at 3, 6, 9, 11, 17, 20, and 22 indicated the presence of TiAl, while Al,O3 was detected
and confirmed by the peaks at 1, 6, 10, 16, 19, 21, and 22.

Figure 4.7 XRD peak analysis of S3

Furthermore, the peaks at peaks at 2, 4, 10, 14, 19, and 24 indicated the presence of TiB2. This
suggests that TiB> is present as an in-situ reinforcement in the sample sintered at 800°C , which

is the most stable reinforcement found at this temperature.

Importantly, the absence of B20Os peaks at 800°C indicated that it had completely reacted with

aluminium to produce y Al20s.

In summary, the XRD analysis of the sample sintered at 800°C showed the presence of several

in-situ reinforcements, including TiB>, TiAl, and y Al>Oa.

2Al + B2Os = yAlL,O3 + 2B

3TiO2 + 2Al1 = 3TiO + y Al.03
3TiO + 2Al = 3Ti + yAl.03
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Ti+ Al =TiAl
Ti+2B =TiB>

Results and Discussion

TiB2 is hexagonal omega structure structured and crystallizes in the hexagonal P6/mmm

space group. [65]

Crystal System Hexagonal
Lattice System Hexagonal
Hall Number -P62
International Number 191
Symbol P6/mmm
Point Group 6/mmm

The results of the XRD analysis show that the sintering temperature has a significant impact on

the in-situ reinforcements. The higher sintering temperature at 800°C resulted in the presence

of TiB: reinforcement. The results emphasize the importance of controlling the sintering

temperature in achieving desired in-situ reinforcements.
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4.2.2. XRD Analysis for Different External Aluminium Percentages

Figure 4.8 The XRD pattern comparison for same sintering temperature but different

external aluminium percentages

In Figure 4.8 , the sintering temperature was kept constant at 700°C for four samples, namely
S2, S5, S8, and S11. These samples were prepared with varying percentages of external
Aluminium, specifically 0%, 25%, 50%, and 75%, respectively. While most of the XRD peaks
in these samples are observed at the same positions, the intensity of the peaks varies due to the

changes in the percentage of external Aluminium.
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The XRD analysis of sample S2 (external aluminium 0%) demonstrated in Figure 4.6 the

presence of TiAl, Al,03 and AlB; as the primary in-situ reinforcements.

Figure 4.9 XRD peak analysis of S5

In Figure 4.9 , the XRD analysis of sample S5 (external aluminium 25%) reveals the presence
of multiple reinforcements in aluminium matrix including aluminum oxide (Al203), titanium
aluminum (TiAl), aluminum boride (AlIB2), and boric oxide (B20s). The diffraction peaks
observed at 4, 5, 12, 18, and 19 suggest the presence of aluminum oxide, while the peaks at 4,
12, 14, and 19 indicate the presence of aluminum titanium. Moreover, the peaks at 6, 11, and
15 suggest the presence of aluminum boride, and the peaks at 1, 4, 5, 8, 12, 18, and 19 indicate

the presence of boric oxide.

Based on XRD analysis shown in Figure 4.10 , sample S8 (external aluminium 50%) contains
aluminum, boric oxide (B203), aluminum oxide (Al203), titanium aluminum (TiAl), and
aluminum boride (AIB>). The peaks at 3, 4, 10, and 16 indicate the presence of aluminum and
aluminum oxide, while the peaks at 1, 4, 6, 10, and 16 indicate the presence of boron oxide.
Furthermore, the peaks at 3, 10, and 11 indicate the presence of titanium aluminum, and the

peaks at 9 and 12 indicate the presence of aluminum boride.
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Figure 4.10 XRD peak analysis of S8

Sample S11 XRD analysis is shown in Figure 4.11 and the results indicate the presence of
aluminum, aluminum oxide (Al203), and titanium aluminum (TiAl). The peaks at 3, 4, 9, 14,
and 15 indicate the presence of titanium aluminum, while the peaks at 3, 6, and 15 indicate the

presence of aluminum oxide.

Figure 4.11 XRD peak analysis of S11
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4.2.3 XRD Result Comparison Table

Results and Discussion

Table 4.1 XRD Results Analysis of S1, S2, S3 (sintering temperature variable)

Sample No | Composition Sintering Phases present
Temperature
S1 H3BO3=7.78 % 600°C Al vYAlO3 B203 TiAl
TiO2 =15.07 % (matrix)
S2 Milled Al =77.1 5% 700°C Al vYAl203 AlB: TiAl
Unmilled Al =0 % (matrix)
S3 800°C Al vAl2O3 TiB: TiAl
(matrix)
Table 4.2 XRD Results Analysis of S2, S5, S7 and S11 ( composition variable )
Sample No Composition Sintering Phases present
Temperature
S2 H3BO3=7.78 % Al vYAl203 AlB: TiAl
TiO2=15.07 % (matrix)
Milled Al =77.1 5%
Unmilled Al =0 %
S5 H3BO3z=5.84 % Al vYAl203 AlB; , TiAl
TiO2=11.30 % (matrix)
Milled Al =57.86 % 700°C B203
Unmilled Al =25 %
S7 H3BO3z=3.89 % Al vAl203 AlB:, TiAl
TiO2=7.54 % (matrix)
Milled Al = 38.58 % B203
Unmilled Al =50 %
S11 H3BOz=1.95% Al vAl203 TiAl
TiO2=3.77% (matrix)
Milled Al = 19.29 %
Unmilled Al =75 %
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4.3 Morphological and Elemental Analysis

The samples were prepared initially to investigate their morphology and microstructure.

4.3.1 Optical Microstructure Analysis

All microstructures analyzed using optical microscopy are presented at two different

magnifications.

4.3.1.1 Sintering Temperature Effect

Reinforcement
200X
100 pm 100 pm 100 pm
Al
H00X
50 um 50 um 50 um

S1(0,600) 52 (0,700) S3 (0,800)

Figure 4.12 Optical microstructure comparison of S1, S2 and S3.

Figure 4.12 illustrates the microstructural changes observed at different temperatures sintered
samples S1, S2, and S3, all of which have an external aluminum content of 0%. As a result,
these samples are considered to be single matrix composites. The micrographs show an increase

in the amount of reinforcements present in the aluminum matrix as the temperature increases.
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Figure 4.13 Optical microstructure comparison of S4, S5 and S6.
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Figure 4.14 Optical microstructure comparison of S7, S8 and S9.
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Figure 4.13 shows a microstructure with 25% external aluminum added to the initial mixture of
75%. The microstructure is divided into two regions: reinforcements lean area (RLA) and
reinforcements rich area (RRA). RRA appears to have a normal microstructure like single
matrix composites, while RLA represents the external aluminum portion. The composite region
with a distinct inner matrix is present in localized regions within the microstructure, separated
by an outer ductile unreinforced matrix. The inner matrix is rich in reinforcements. In the Figure
4.13, the whitish portions represent the unreinforced outer matrix, while the composite regions

with reinforcements in the matrix are noted as RRA.

In Figure 4.14, as the percentage of external aluminum increases from 25% to 50%, the amount
of the outer ductile unreinforced matrix also increases from 25% to 50%. At a sintering
temperature of 800°C, significant changes in the microstructure are observed. The Figure 5.14
shows that the amount of in-situ reinforcements increases with increasing sintering temperature,

leading to an increase in the RRA portion at 800°C.
In Figure 4.15, with an external aluminum percentage of 75%, the unreinforced external matrix

of aluminum is interconnected. Sintering temperature plays the most significant role in the

microstructure as well properties of these composites.

200X /

RRA
lmm 1Wum 100_um
an -0‘:.
500X R
.".
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S10(75,600)  S11(75,700) S12 (75,800)

Figure 4.15 Optical microstructure comparison of S10, S11 and S12.
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4.3.1.2 External Aluminium Percentage Effect

To prepare the dual matrix, the external Aluminium percentage is categorized into four groups
ranging from 0% to 75%, including 0%, 25%, 50%, and 75%. The following figures illustrate
how the morphology changes with increasing external aluminium percentages at the same

temperature.

Figure 4.16 shows the change in microstructure with varying external aluminium percentages
at a sintering temperature of 600°C. As the external aluminium percentage increases, there is a

significant increase in the reinforcement lean area (RLA).

100 pm 100 pm RLA 100 pm 100 pm
50 um 50 um 50 um 50 um
S1(0,600) S54(25,600) S7(50,600) S10(75,600)

Figure 4.16 Microstructure analysis for samples sintered at 600°C

Figure 4.17 demonstrates that the morphology changes with increasing aluminium percentages
of samples sintered at 700°C. At lower external percentages of aluminium, the external matrix
is discrete and not connected, while at higher percentages of external aluminium, the outer

matrix becomes interconnected.
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200X
100 pm 100 pm RIA 100 pm 100 pm
500X
50 pm 50 um 50 um 50 um
S$2(0,700) S5(25,700) S8(50,700) S11(75,700)
Figure 4.17 Microstructure analysis for samples sintered at 700°C
In Figure 4.18, there is a sharp difference in morphology when samples are sintered at 800°C
compared to the previous samples sintered at 600°C and 700°C. XRD results confirmed that the
in-situ reinforcements are higher at 800°C compared to the other two temperatures. The Figure
4.18 shows that the area rich in reinforcements accumulates more reinforcements.
200X
100 pm 100 pm RIA 100 pm 100 pm
500X
50 um 50 um 50 um 50 um
S$3(0,800) 56(25,800) 59(50,800) S12(75,800)

Figure 4.18 Microstructure analysis for samples sintered at 800°C
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4.3.2 Field Emission Scanning Electron Microstructure Analysis

Figure 4.19 S3 SEM images (a) x 500 (b) x 1,000 (c) x 5,000 (d) x 10,000

The S3 sample underwent sintering at 800°C without the addition of external aluminium. The
above Figure 4.19 shows that the aluminium matrix contains TiAl, Al>O3, and TiB: particles
that are distributed within it.

According to Figure 4.20 , the EDS analysis of the S3 sample matrix shows an aluminium

percentage of 73.36%. In the matrix portion , aluminium is not 100%. So, the matrix is not

completely devoid of reinforcements.
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‘
Mass

Figure 4.20 S3 (0,800) structure and composition

The microstructures of S6 samples at different magnifications (x 500, x 1000, x 2000, and x
5000) are shown in Figure 4.21. At x 5000, the dispersed Al2O3, TiB>, and TiAl can be seen in

the aluminum matrix. At x 500, t 25% external aluminum is visible.

The dashed line in Figure 4.21 (b) marks the reinforcement lean area (RLA) and reinforcement
rich area (RRA). The RRA contains the reinforcements within the aluminium matrix, while the

RLA primarily comprises the outer external aluminium matrix.
Figure 4.22 illustrates that the outer matrix of this composite consists of 98.53% aluminium,

indicating that it is mainly an aluminium matrix. Additionally, the outer external matrix contains

only a small percentage of reinforcements.
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Figure 4.21 S6 SEM images (a) x 500 (b) x 1,000 (c) x 5,000 (d) x 10,000
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Figure 4.22  S6 (25,800) structure and composition.
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Figure 4.23 S9 SEM images (a) x 500 (b) x 1,000 (c) x 5,000 (d) x 10,000

Figure 4.23 displays the scanning electron microstructure of the S9 sample at four different
magnifications (a) x 500, (b) x 1,000, (c) x 5,000, and (d) x 10,000. The external aluminium
content in the sample is 50%, resulting in an increase in RLA compared to samples containing

0% and 25% external aluminium.

In Figure 4.24 , the reinforcement-rich area (RRA) of sample S9 is magnified at x5000. Figure
4.24 depicts the presence of Al.Ogz, TiAl, and TiB2 phases in the aluminium matrix.
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Figure 4.24 (a) x 500 magnified image of S9 (b) x 5, 000 magnified image of S9 (c) EDS

analysis of S9 (d) EDS analysis of S9
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Figure 4.25 S9 (50,800 ) structure and composition

The reinforcement-rich area contains a higher concentration of dispersed reinforcements within
the matrix, while the reinforcement-lean area comprises the outer aluminium matrix. The mass

percentage of aluminium in this RLA region is 96.52%, as indicated in Figure 4.25.

The scanning electron microscopic images of S12 are presented in Figure 4.26 , which
illustrates that the external aluminum matrix percentage is the highest. Here, it can be observed
that the external aluminium percentage is highest so that the highest external matrix. This matrix

is reinforcement leaned . However, the internal matrix is rich with reinforcements.
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Figure 4.27 S12 (75,800) structure and composition
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In Figure 4.27, the microstructures of S12 sample is shown . In the external matrix , aluminium
percentage is about 92.51 %. Additionally, the outer external matrix contains only a small

percentage of reinforcements.

With increasing the percentages of external aluminium, the outer ductile aluminium matrix is

become more connected . In Figure 4.28, the continuous outer aluminium matrix is shown.

It is also observed that the outer aluminium matrix is not completely devoid of reinforcement.
Some reinforcements can be seen, especially closer to the interface of composite region and
outer aluminium matrix. This may be due to the fact that TiO, and HsBO3z present at the
surface of the ball milled Al-TiO, -HsBOs powder agglomerates has entered the aluminium
outer matrix powder during the rotator mixing stage and reacted to form the reinforcements

during sintering.

RRA RLA

Figure 4.28 S12 Dual matrix composite
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4.4 Mechanical Properties Analysis

To evaluate the mechanical properties of the AMMCs, two different testing were used: Vickers
hardness testing and diametral compression testing. Both of these tests were utilized to obtain

a comprehensive understanding of the mechanical characteristics of the AMMC samples.

4.4.1 Vickers Hardness Test

Figure 4.29 Hardness values with percentage of external aluminium and temperature.

Figure 4.29 displays the correlation between sample hardness and temperature, as well as the
influence of external aluminum matrix on hardness. The graph illustrates that the samples sintered
at 800°C show the highest hardness, while the samples sintered at 600°C demonstrate the lowest
hardness. Furthermore, as the proportion of external aluminum in the matrix increases, the
hardness of the samples decreases. The most substantial reduction in hardness occurs at a sintering
temperature of 800°C. Conversely, at 600°C, the decline in hardness is more gradual as the

external aluminum percentage increases.
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For samples that lack any external aluminum (S1, S2, S3), the average Vickers hardness values
for samples sintered at 600°C, 700°C, and 800°C are approximately 53 HV, 86 HV, and 125 HV,

respectively. The rise in hardness with increasing sintering temperature is remarkable.

However, for samples containing 25% external aluminum, the average hardness declines from
125 HV to about 60 HV when the sintering temperature is 800°C. Beyond this point, the decline
in hardness becomes less pronounced. For samples containing 75% external aluminum and

sintered at 800°C , the hardness value is approximately 32 HV.

Overall, Figure 4.29 accurately represents the relationship between sample hardness, temperature,
and the proportion of external aluminum in the matrix. Specifically, for samples sintered at 800°C,
the addition of external aluminum substantially affects hardness, while for samples sintered at
600°C, the effect is less noticeable.
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4.4.2 Tensile Strength Analysis

Figure 4.30 illustrates the tensile strength of the samples. Sample S3, sintered at 800°C without
any external aluminum, exhibits the highest tensile strength of approximately 94 MPa.
However, the addition of 25% external aluminum reduces the tensile strength to around 55 MPa
and increasing the proportion of external aluminum beyond 25% does not significantly affect
the tensile strength. Moreover, the external aluminum has a minor impact on the tensile strength

when samples are sintered at 600°C and 700°C.

Figure 4.30 Temperature and external aluminium effect on tensile strength
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4.4.3 Comparison Between the Tensile Strength and Hardness

Figure 4.31 displays the changes in hardness and tensile strength with increasing external
aluminum percentage for samples sintered at 600°C. Both the tensile strength and hardness
decrease with increasing external aluminum proportion, but the reduction is more pronounced

for hardness than for tensile strength.

Figure 4.31 Tensile strength and hardness change with increasing external
aluminium at 600°C

In Figure 4.32, the changes in tensile strength and hardness with external aluminum addition
are shown for samples sintered at 700°C. The tensile strength decreases steadily, while the

hardness decreases more rapidly.

Figure 4.33 depicts the highest changes in both tensile strength and hardness with external
aluminum addition, observed for samples sintered at 800°C. At this temperature, more in situ
reinforcements, including TiBy, are formed, which play a significant role in increasing both the

tensile strength and hardness.
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Figure 4.32 Tensile strength and hardness change with increasing external
aluminium at 700°C

Figure 4.33 Tensile strength and hardness change with increasing external
aluminium at 800°C
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4.4.4 Toughness Analysis

4.4.4.1 Effect of Sintering Temperature
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0.5 1

0.0
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Figure 4.34 Toughness of sample S1, S2, S3

In Figure 4.34, stress-strain curves of three samples with 50% external aluminum are analyzed
to understand the effect of sintering temperature on the samples with a fixed composition. The
results show that the toughness of the samples increases with increasing temperature, and
sintering temperature has a significant effect on the toughness. This is because at higher
sintering temperatures, more in-situ reactions can occur, which were not possible at lower
sintering temperatures. As a result, the formation of reinforcements was affected by

temperature, which significantly changed the toughness of the samples.

The tensile strength was mainly affected by sintering temperature, as seen in Figure 4.30. The

change in toughness for the three samples was primarily due to the change in tensile strength.
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4.4.4.2 Effect of External Aluminium Percentage
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Figure 4.35 Toughness of samples S3, S6, S9 and S12 sintered at 800°C

In Figure 4.34, the sample sintered at 800 °C showed the highest toughness. In Figure 4.35, the
toughness of all four samples sintered at 800 °C was analyzed, where each sample had a
different external aluminum percentage: sample S3 has 0%, sample S6 has 25%, sample S9 has
50%, and sample S12 has 75%. Sample S3 exhibited very high strength but low strain compared
to the other three samples. The ultimate tensile strength values for the other three samples were
not significantly different, but the area under the curve values varied greatly. The toughness
values were analyzed based on the area under the curve values, and the highest toughness was

observed for sample S12, which was approximately 6.12 J.m=,

The outer aluminium matrix plays a great role in increasing the toughness value shown in Figure
4.36 . The external ductile matrix can improve the toughness of a material in two ways, known

as Type | and Type Il toughening mechanisms.
Type | toughening mechanism involves the crack propagating through the composite region and

coming in contact with the outer aluminum matrix. The matrix deforms and absorbs energy,

delaying crack propagation and shielding the crack tip.
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Type 1l toughening mechanism involves the crack being generated in the particle-rich
composite region, which is more susceptible to cracking. The crack is then deflected by the
matrix near the composite region and propagates along the interface between the composite
region and the outer aluminum.

Crack
deflecting

Delaying of
crack

Figure 4.36 schematic of crack propagation in DMC [7]
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4.5 Analyzing How the Research Aligns or Differs from Other

Works

Pure aluminium showed micro hardness value of 25.9HV [67]. Table 4.3 indicates how the

hardness of the AMMC changes with increasing the percentages of Al,Oz and TiO2. The hybrid

composite (Al-Al.O3-TiO2) was prepared by mechanical stir casting with equal proportion of
reinforcement (2.5, 5.0, 7.5 and 10 wt.%).

Table 4.3 Vickers hardness of AIAIT (Al-6351-Al,03-TiO2) hybrid single metal

composite samples [68]

Sample Al-6351 Al203 TiO2 Vickers Hardness
No. (Wt. %) (Wt. %)  (Wt. %)
1 95 25 2.5 49
2 90 5 5 55
3 85 75 75 68
4 80 10 10 79
140 - B8 SMC
B DMC
= 120- B
2 % T
~ 100 7
> 4
T - /
@ ] : /
& 60+ 3 /
= - B
T 40- R /
s . SRS
= 20 - %
0 ! BERER ’1!1 /7.:
SMC DMC
Composite

Figure 4.37 Variation of bulk hardness of SMC and DMC [7]
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In Figure 4.37 Single matrix composite ( SMC ) composition is Al + AlsTi + Al2O3 and dual

matrix composite (DMC) composition is ( Al + AlzTi + Al203) + 50% external aluminium .

Figure 4.38 indicates the hardness of dual and single-matrix CNT—AIl composites and milled
aluminum processed via Spark Plasma Extrusion (SPE) . Here the composition of single matrix
composite is aluminium + 5% CNT. The composition of dual matrix composite is (aluminium

+ 5% CNT)+ 50% external aluminium of total sample.

Figure 4.38 Effect of extrusion onset temperature on Vickers hardness of the investigated
materials (all hardness values represented in the figure are for micro-hardness except for the dual
matrix composites which are macro-hardness data, each data point in the figure represents the
average of at least 3 readings except for the dual matrix data point for the extrusion onset

temperature of 442 -C which is the average of two readings) [33].

In Figure 4.29, Vickers hardness analysis bar chart represents that a single matrix exhibits a
hardness range of 90-150 HV when sintered at 800°C. Additionally, a dual matrix composite
shows a hardness range of 30-70 HV. It is noteworthy that the hardness values vary with the

percentage of external aluminum present and sintering temperature of the samples.
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Chapter 5: Summary and Conclusion

This study focused on the production and analysis of dual matrix hybrid composites of

aluminum using a simple Al-H3BOz-TiO2 system through ball milling, cold pressing, and

sintering. The composites' thermal, structural, morphological, and mechanical properties were

analyzed and then compared to those of single matrix composites (0% external aluminium) .

The findings from this study are summarized as follows :

a)

b)

d)

Accordingto TG, DTA, and DTG data, in situ reinforcements started forming after 550°C,

and a DTG curve showed an exothermic peak at 750°C for TiB2 production.

The XRD results showed that the hybrid composites were indeed formed. At 600°C
sintered samples , the main reinforcements in the aluminum matrix were B2O3, Al,O3, and
TiAl. At 700°C sintered samples, the main reinforcements in the aluminum matrix were
Al>O3, TiAl, and AlB.. Finally, at 800°C sintered samples, the main reinforcements in the

aluminum matrix were Al;O3, TiAl, and TiB-.

The morphology of the samples was revealed by SEM and Optical microstructures. As
the sintering temperature increased, there was an increase in in-situ reinforcements.
Furthermore, as the external aluminium percentage increased, the outer ductile matrix

became more connected.

The EDS results revealed that the inner matrix of the composites contained higher
amounts of reinforcements compared to the outer matrix. However, the outer matrix was

not entirely without reinforcements, but had lower concentrations of them.

The microhardness of the samples was found to be dependent on both the sintering
temperature and the external aluminum percentage. The highest microhardness value was
observed for the samples sintered at 800°C without the addition of external aluminum,
which was approximately 1 3 VH, with an average value of 125 VH. However, when

external aluminum was added, the microhardness value sharply decreased to 60 VH.
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f)

9)

h)

Summary and Conclusion

The tensile strength of the composites also showed a similar trend as the microhardness,
with the highest value observed for the 800°C sintered samples with no external aluminum
added. However, the change in tensile strength with the addition of external aluminum

was more gradual compared to the sharp decrease in microhardness.

The dual matrix composites had lower hardness and tensile strength compared to the
single matrix composites. However, the toughness of the 50% and 75% external
aluminium dual matrix composites was higher than that of the single matrix. This
indicates that while the dual matrix composites may not be as strong as the single matrix,
they are more resistant to crack propagation and deformation, which makes them more

durable under certain conditions.
Interconnected outer matrix was observed for the composites with 75% external

aluminum. As a result, these composites exhibited the highest toughness among all the

samples studied.
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Chapter 6: Recommendation to Future Work

As the field of aluminum alloys and composites as a construction material is rapidly
advancing, future research should aim to bridge the gap between theoretical knowledge and
practical applications. This would involve conducting studies that can effectively address

the challenges encountered in real-life structures.

1. One critical area of research that requires attention is the evaluation of properties ,
such as tensile strength. To achieve this, future research should focus on systematic
evaluations of in situ hybrid aluminum composites. Such evaluations should compare
the mechanical properties of the composites with published results and industrial
specifications to avoid repetitive and self-evident reports. The findings from these
studies would provide a foundation for the practical application of hybrid in situ

aluminum alloys.

2. Another interesting area of future research is the examination of the ductility and
energy dissipation capabilities of structural members under cyclic loading. This will
help to enhance the understanding of the behavior of aluminum composites under real-

life conditions.

3. Mathematical modeling techniques could be used to improve the prediction of
mechanical and wear properties of aluminum alloys. This approach would enable
researchers to better understand the underlying mechanisms that govern the behavior
of these materials and develop more accurate models to predict their properties.

4. In addition, surface morphology analysis using techniques such as AFS, XPS, and
EBSD is also an important aspect of future research. Such studies would help to
enhance the understanding of the microstructure of aluminum composites and their

relationship with their mechanical properties.

5. Finally, the study of fracture toughness is also a crucial area that requires attention in
future research. Understanding the fracture behavior of aluminum composites is
critical for predicting their failure under different loading conditions, and this
knowledge can be used to enhance the design of aluminum-based structures.
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